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1. Summary

The serpins constitute a superfamily of proteins that fold into a conserved tertiary structure
and employ a sophisticated, irreversible suicide-mechanism of inhibition. More than 6000
serpins have been identified, occurring in all three forms of the life- the eukaryotes, the
prokaryotes and the archea. Vertebrate serpins can be conveniently classified into six groups
(V1-V6), based on three independent biological features - gene organization, diagnostic
amino acid sites and rare indels. In the present work, the phylogenetic relationships of serpins
from Nematostella vectensis, Strongylocentrotus purpuratus, Ciona intestinalis, four
fish species, frog, chicken and mammals were investigated, using gene architecture analyses
and stringent criteria for identification of orthologs. With some deviations, all vertebrate
serpin genes fit into one of the six exon/intron gene classes previously identified, dating the
existence and maintenance of these gene organizations before or close to the divergence of
fishes. Group V1 and V2 gene families underwent rapid adaptive radiation along the lineages
leading to mammals as indicated by an up to nine-fold increased number of family members,
accompanied by a rapid functional diversification. In contrast, gene groups V3 to V6 display a
rather conservative evolution with little changes since the divergence of fishes and the other
vertebrates. The orthology assessment indicates that all vertebrates are equipped with a subset
of strongly conserved serpins with functions that can be clearly correlated with basic
vertebrate-specific physiology.

None of serpin genes from C. intestinalis shares a common exon-intron architecture
organisation with any of the vertebrate serpin gene classes, nor was it possible to identify
orthologs of vertebrates. The lack of gene architecture similarity and the complete absence of
orthology between urochordate and vertebrate serpins indicate that major changes with bursts
of character acquisition must have occurred during evolution of serpins in the time interval
separating urochordates from chordates, indicating massive intron gains or losses and events
providing C and N-terminal sequence extensions characteristic for today’s vertebrate serpins.
Lancelets and sea urchin genomes, in contrast, share one orthologous serpin with vertebrates.
Rare genomic characters are used to show that orthologs of neuroserpin, a prominent
representative of vertebrate group V3 serpin genes, exist in early diverging deuterostomes
and probably also in cnidarians, indicating that the origin of a mammalian serpin can be
traced back far in the history of eumetazoans. A C-terminal address code assigning
association with secretory pathway organelles is present in all neuroserpin orthologs,
suggesting that supervision of cellular export/import routes by antiproteolytic serpins is an
ancient trait.

Phylogenomic comparisons show that, after establishment of canonical exon-intron patterns in
the serpin superfamily at the dawn of vertebrate evolution, multiple intron acquisition events
have occurred during diversification of a lineage of actinopterygian fishes. The novel introns
were acquired within a limited time interval (on an evolutionary timescale), and no such
events were observed in other groups of vertebrates. Examination of the sequences flanking
the intron insertion points revealed that the genetic requirements for acquisition of novel
introns might be less stringent than previously suggested. Finally, we argue that genome
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compaction, a phenomenon associated with the fish lineage depicting preferential intron gain,
might promote intron acquisition.
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2. Introduction

2.1 Overview of serpins

The serpins (serine protease inhibitors) are a superfamily of proteins that cover a highly
divergent spectrum of functions. Serpins are primarily inhibitors of serine and/or cysteine
proteases, but some family members have completely other tasks (Silverman et al., 2001).
Serpins are either classified into 16 different clades, designated A through H, based on
sequence homology (Silverman et al., 2001) or, based on intron-exon-structures, rare indels
and diagnostic sites, they are categorized into six groups, V1-V6 (Ragg et al., 2001). Table 1
lists major vertebrate serpins.

Table 1: Classification of vertebrate serpins.

Groups Clade Serpins
V1 B Ovalbumin, Gene Y Protein, Gene X Protein, Plasminogen activator inhibitor-2 or PAI-2,
Squamous cell carcinoma antigen 1 or SCCA-1, SCCA-2, Protease Inhibitor 2 or PI-2, PI-6,
PI1-9, Bomapin, Headpin, Maspin, Megsin, Epipin, Yukopin
V2 A ou-antitrypsin, Corticosteroid-binding globulin, Protein C inhibitor, Angiotensinogen,
at-antichymotrypsin, Pl-4, Thyroxine-binding globulin

D Heparin cofactor I

V3 E PAI-1, Nexin-1, SerpinE3,
| Neuroserpin, Pancpin

V4 F oz-antiplasmin or A2AP, Pigment epithelium derived factor or PEDF
G C1-inhibitor

V5 c Antithrombin Il or ATIII

V6 H Heat shock protein 47kDa or HSP47

2.1.1 Structure and mechanism of action

Serpins are single domain proteins with a conserved core of ~350-400 residues often
possessing N- or C-terminal extensions, resulting in an overall molecular mass of ~40-60
kDa. N- and/or O-glycosylations are frequently observed in extracellular serpins (Gettins et
al., 1996; Gettins, 2002). The conserved three-dimensional structure of serpins is composed
of three B-sheets (BA-BC) and 8-9 a-helices (aA-al) (Figure 1). The hallmark of the serpin
inhibitory mechanism is a large scale conformational change involving the reactive center
loop (RCL). The RCL is an exposed flexible loop of about 17-20 residues, which interacts
with a target protease (Figure 1). The RCL acts as a bait imitating a protease substrate that is
cleaved between the positions P1 and P1’. Starting from the scissile bond, residues are
designated P1, P2, P3.... and P1’, P2’, P3’,... in the N- or C-terminal direction, respectively,
according to the standard nomenclature (Schechter and Berger, 1967). Considering the
interaction with serine proteases, composition and conformation of the RCL and especially
the P1 residue are the major determinants of target specificity (Carrell and Travis, 1985).
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Figure 1: Three-dimensional structure of
uncleaved as-antitrypsin (PDB code 1HP7),
a member of the serpin family. There are
nine o-helices (aA-aul) colored in green and
three B-sheets (BA-BC) illustrated in magenta,
yellow, and blue, respectively. The structure is
visualized with YASARA'.

RCL - Reactive Center Loop.

In the native state, serpins adopt a metastable, stressed conformation that can undergo
substantial structural rearrangements upon cleavage by the target protease. The inhibition of
proteases by serpins is described by the “branched pathway” mechanism (Figure 2),
(Lawrence et al., 2000; Gettins, 2002).

In the first step, the protease [E] recognizes the exposed RCL bait of the serpin [I] and forms
a reversible, non-covalent Michaelis complex [E-I]. Serine and cysteine proteases are
characterized by an active site that contains a nucleophilic serine or cysteine residue. The
nucleophilic attack of the protease at the scissile P1-P1° bond of the serpin results in cleavage
of the RCL and release of the C-terminal part of the serpin, followed by formation of a
covalent acyl-enzyme intermediate [E-I], as described by the catalytic triad mechanism
(Nelson and Cox, 2005). From this point on, the reaction can continue in two different
directions. If the protease is able to fulfill its catalytic action, deacylation occurs (non-
inhibitory pathway), leading to a release of the active protease [E] and the cleaved, inactive
serpin [I*]. In the inhibitory pathway, the serpin adopts its relaxed, thermodynamically
favored conformation (Silverman et al., 2001). The N-terminal part of the RCL (residues P1-
P14) inserts into B-sheet A and extends the B-sheet structure to form a fully anti-parallel sheet
with six instead of five P strands.

! YASARA webpage, www.yasara.org
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Figure 2: Branched pathway model. The protease E (cyan) binds reversibly to the RCL of the serpin I (grey) and forms a
non-covalent Michaelis complex [E-I]. Cleavage of the RCL results in formation of a covalent acyl-enzyme intermediate [E-].
Insertion of the RCL into B sheet A leads to inactivation of the protease by deformation (E-I+, inhibitory pathway), whereas
deacylation produces inactive serpin I* and active protease E. This figure is adopted from Huntington et al. (2000).

During this process, the covalently bound protease is translocated by 70 A to the opposite
pole of the serpin and compressed against the inhibitor body. According to the X-ray structure
of the trypsin/a;-antitrypsin complex [E-I+] (Huntington et al., 2000), the conformational
change leads to a significant deformation of the protease and its catalytic center (Figure 2).
As a result, deacylation rates are decreased by 6—8 orders of magnitude, kinetically trapping
the acyl-enzyme intermediate, and inactivating both protease and serpin. In vitro, the enzyme-
inhibitor complexes [E-I+] have half-lives between hours and weeks. In vivo, the complexes
are recognized by receptors and cleared by proteolysis of both components (Silverman et al.,
2001; Gettins, 2002). The length and flexibility of the RCL, especially the hinge region
(residues P15-P9), are important determinants for successful inhibition. Inhibitory serpins
have a highly conserved hinge region with small residues to facilitate strand insertion. The
positions P15 and P12-P9 are usually occupied by glycine and alanine residues, respectively.
Mutations in this region result in a loss of the inhibitory function (Huber and Carrell, 1989).
Partial insertion of the RCL, leads to an inactive, latent state of the serpin.
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2.1.2 Physiological functions
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Figure 3: Physiological functions of selected serpins in vertebrates (A) or invertebrate model organisms (B).

Serpins are major factors in regulating proteolytic activities within our body to avoid
excessive proteolysis. Figure 3 depicts some important roles of human and Drosophila
melanogaster serpins. A highly divergent functional spectrum is covered by serpins both with
vertebrates (Figure 3A) and with invertebrates (Figure 3B). Serpins for example, regulate
dorsal-ventral axis formation and immune regulation in insects such as Drosophila (Levashina
et al., 1999; Ligoxygakis et al., 2003), embryo development in nematodes (Pak et al., 2004),
or proprotein convertases in lancelets (Bentele et al., 2006).



2. Introduction 7

2.1.3 Evolution of serpins

In metazoans, serpins have undergone divergent evolution over a period of about 650-700
million years (Kumar and Ragg, 2008). A number of phylogenetic studies have been
undertaken using sequence analysis of the serpins. Early investigations suggested the
establishment of this multigene family through inter- and intra-chromosomal gene
duplications. Several gene clusters have arisen; encoding functionally diverse serpin proteins
(see previous section). In metazoans, serpin genes display highly variable exon-intron patterns
that, however, may be strongly conserved within some taxa. Gene architecture and other rare
genetic characters constitute a robust basis to group vertebrate serpins. Based on number,
positions, and phases of introns, serpins have been classified into six groups maintained at
least since the fish/tetrapod split (Figure 4). Most known serpin genes contain a non-coding
first exon and a partly non-coding last exon (Ragg et al., 2001). However, the genes encoding
a;-antitrypsin and heat shock proteins (HSP47) contain an alternatively spliced first exon.
Computational analysis showed a strong similarity in the classification of vertebrate serpins
either according to classical phylogenetic analysis of amino acid sequences or gene structure-
based categorization (Atchley et al., 2001; Ragg et al., 2001). Vertebrate serpin genes with
equivalent gene structures often tend to be organized in clusters (Benarafa and Remold-
O'Donnell, 2005); however, close physical linkage is not always found.

Interestingly, none of altogether 24 intron positions mapping to the core domain of vertebrate
serpins is shared by all of these six gene groups; however, characteristic amino acid indels
provide some further cues for unraveling phylogenetic relationships (Ragg et al., 2001). None
of the group-specific vertebrate gene architectures is found in earlier diverging animal taxa,
though a few vertebrate-specific intron positions are present in a scattered fashion in some
basal metazoans.

Indel of two amino acids

PAL-2
THe 128¢ I6'."n| 212¢ 262c Maspin
— Group V1 l l 1 Ovalt
SCCA-1
I e 2831 331 a-antitrypsin
9ia » RERLS = =
=3 Il(‘h\'n]l)tr\'l)snl
—_— i 7 | | | o 2an L E
Group V2 Heparin cofactor 11
Angiotensinogen
~90a I67n| 230a 290b  323a 352a 380a Neuroserpin
_ Group V3 1 1 1 1 1 Pancpin
Nexin-1
— PAI-1
. ﬁij‘:s 12[3:3 I 1‘i1.- 23IRC .\l'i'a‘;l a.-antiplasmin
e Group V4 PEDF
C1 inhibitor
THe 148¢ I 191¢ 320a 330¢
p— Group V5 L L Antithrombin
I 192a 225a 300c
Group Vo6 I I I HSP47

Figure 4: Gene structure-based phylogenetic classification of vertebrate serpins. Positions of introns refer to the
human as-antitrypsin sequence. A two amino acid indel present between positions 173 and 174 (as-antitrypsin numbering)
suggests that groups V1, V3, and V5 (indicated by green bar) are more closely related to each other than to the other
groups. Groups V2, V4, and V6 lack the 173/174 indel (marked by red bars) and depict an intron at position 192a, implying
shared ancestry. Some group V1 members contain an additional intron at position 85¢ (not shown). This figure is based on
three publications of Ragg’s group (Atchley et al., 2001; Ragg et al., 2001; Kumar and Ragg, 2008).
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In order to investigate the evolution of vertebrate serpin genes, I considered representative
genomes of all classes of vertebrates with exception of reptiles, for which only a single initial
genome draft version (lizard) is available. Figure 5 shows the position and evolution of
vertebrates within the Tree of Life (TOL), based on data from Kumar and Hedges (1998),
Hedges (2002) and Ponting (2008). Together with urochordates and cephalochordates,
vertebrates constitute the phylum Chordata.

Animals
WLL. = ~ . Human
Apis, Drosophila, * e e *
" o " - 0]
¢ ; . % Rodents' Mouse
& u‘?r; ..... E MRBI
Scallops , &5 NG o - .. g 4
. % - * . . o
‘ N, L D e s R « oo Chicken
4 N P S N S >
E " N i 3 ZReptild | izards
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NN N\ = éo@/ . e XENOPUS
- i * Teleostei Sl
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oo q"e’}’g;; Terraodon
Shihy 2 Lung Fish
L]
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. N '

\ ¢ + Ciona

*Sea urchin
*

Figure 5: The phylogenetic tree of animal evolution. The last common ancestor (yellow center) of multicellular life was
split about 800 millions of years ago (Mya) into three main branches — animals, fungi, and plants. The evolution of animals
started with branching out of Pseudocoelomata (PSC) followed by divergence into Proteostomia (P) and Deuterostomia (D).
Higher invertebrates include echinoderms, cephalochordates, and urochordates. The position of cephalochordates and
urochordates is still in debate (indicated by ?) culminating in the question which are being closer to vertebrates (connecting
link between vertebrata and invertebrata). Vertebrates (red) arose about 500-520 Mya. About 336-404 Mya, a fish-specific
whole genome duplication (WGD) is believed to have occurred. Genomes considered in this work are marked with bold
letters. For simplicity, plants and fungi branches are not expanded here. Geological time periods are also shown. CE,
Cenozoic, ME, Mesozoic PA, Palaeozoic, NP, Neoproterozoic. Time lines and geological time periods are taken from Kumar
and Hedges (1998), Hedges (2002) and Ponting (2008).
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At the dawn and during evolution of chordates, genome duplications are believed be
responsible for bringing in diversities. During vertebrates evolution, whole genome
duplication (WGD) events happened after separation of fishes from tetrapods (Figure 5) as
proposed by Susumu Ohno (Ohno, 1970; Ohno, 1999).

2.2 Rare genomic changes

Rare genomic changes (RGC) are mutational changes that have occurred in the genomes of
particular clades. These changes may serve as phylogenetic markers for characterization of
particular clades (Rokas and Holland, 2000). Table 2 gives an overview on RGCs —
indicating types, taxonomic resolution, extent of homoplasy' and taxa in which RCGs are
applicable.

Table 2: Overview of rare genomic change (RGC) markers for phylogenetic purposes. Modified from Rokas and
Holand (2000). $ = mitochondrial, # = chloroplast

Marker Taxonomic resolution ~ Homoplasy Taxa in which RGCs
are applicable
Intron indels Wide ranging Low Eukaryotes
Retroposons (SINEs and LINEs)? Within orders Zero to very low Animals
Signature sequences Wide ranging Unknown All branches of the life
mtDNAS genetic code variants Phyla to classes Low to moderate Eukaryotes
Nuclear DNA genetic code variants ~ Phyla Low to moderate All branches of the life
mtDNA gene order Wide ranging Low to moderate in Eukaryotes
(phyla to families) animals, Higher plants,
fungi and protists
cpDNA* gene order Families Low Plants
Gene duplications Wide ranging Unknown All branches of the life
Comparative cytogenetics Within phyla Unknown All branches of the life
Overlapping genes Wide ranging Low All branches of the life

2.2.1 Intron gain and loss

Gains or losses of introns are important evolutionary markers. The mechanisms of intron gain
(Figure 6) and intron loss ((Figure 7) have been reviewed in detail (Roy and Gilbert, 2006).

! Acquisition of the same character state in two taxa is not because of common descent.
2 SINEs, short interspersed elements; LINEs, long interspersed elements.
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Figure 6: Models and examples of intron gain. Different models A (Aa-Ae) and examples B and C (taken from Roy and

Gilbert, 2006).
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Figure 7: Models (A-B) and example (C) of intron loss (taken from Roy and Gilbert, 2006).

2.2.2 Rare indels

Events of insertion-deletion are well-commented examples of rare genomic changes. Indels
can include gain/loss of few nucleotides and gain/loss of introns. For instance, vertebrate
serpins are classified into six groups, based on sequence indels and intron indels (Ragg et al.,

2001)

2.2.3 Gene duplications and fates of duplicated genes

Gene duplications are considered to be major genetic basis for producing novel genetic
variations. There are three types of gene duplications: whole genome, segmental and small
scale duplications (Conrad and Antonarakis, 2007).
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Figure 8: Fate of duplicated single genes (A-C) and duplicated gene families (D-E). Modified from Conrad and
Antonarakis, 2007. Gene loss/inactivation is indicated by a red X.

About four decades ago, Susumu Ohno developed an insightful hypothesis arguing that gene
duplication is a key factor shaping evolution. His model and its general predictions continue
to attract much attention (Ohno, 1970; Ohno, 1999) in the post-genomic era with hundreds of
genomes being available to test this hypothesis.

On an evolutionary scale, gene duplication may result in new functions via different scenarios
(Figure 8) including: (i) Nonfunctionalization - predominant outcome is loss of function in
one of the two gene copies (Figure 8A). (ii) Neofunctionalization - one gene copy may retain
the original function while the other acquires a novel, evolutionarily advantageous/adaptive
function (Force et al., 1999). (iii) Subfunctionalization - after duplication, mutations may
occur in both genes that specialize to perform complementary functions (Lynch and Conery,
2000; Lynch and Force, 2000).

The question of how duplicate genes are retained in a population remains controversial.
Classical duplication-degeneration-complementation/subfunctionalization models do not
invoke positive selection, but stipulate a higher retention rate of duplicate genes in small
rather than larger populations. Considerably more retentions and fewer losses of duplicate
genes in rodents as compared with humans indicate that positive selection may play a more
important role than originally anticipated (Shiu et al., 2006). If two redundant gene copies
were retained in the genome without significant functional divergence, the organism may
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acquire increased genetic robustness against harmful mutations (Figure 8C). In multigene
families descended from a common ancestor, individual genes in the group exert similar
functions and have similar DNA sequences (Nei ef al., 2000; Nei and Rooney, 2005). One
concept, concerted evolution, applies particularly to localized and typically tandem copies of
a gene. The concept posits that all genes in a given group evolve coordinately, and that
homogenization is the result of gene conversion (Figure 8D). For most multigene families,
the currently favored model is birth-and-death evolution, according to which similarity in
protein sequence among the members of a family is assured by strong purifying selection,
such that individual genes evolve essentially via silent synonymous nucleotide substitutions
(Figure 8E), (Nei ef al., 2000; Nei and Rooney, 2005).

2.2.4 Exonization of non-coding regions in genomes

New exons are normally created by duplication of genes or exons in metazoan genomes.
However, the most intriguing processes are exonization events, where intronic sequences are
converted to de novo exons (Figure 9), (Schmidt and Davies, 2007).

Figure 9: Exonization of intron
AN AN sequences to generate novel gene
products. A simple gene is depicted

/’) \.‘\ ;i’ \“\
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| acceptor (red )signals, promoter P

sequences (yellow), initiation site (red
bent arrow), poly-A signals (violet), and

Acquisition (by point mutatin or splicing  pattern  (dashed lines).
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{

|
Novelexon can shuffle to otherloci
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Exonization of intronic sequences, particularly those originating from repetitive elements such
as Alu repeats (Figure 10), are now widely documented in different vertebrate genomes
(Sorek, 2007).
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Figure 10: Exonization of an Alu
element. (A) Alu element is inserted into
intons  of primate  genes by
retrotransposition. (B) During the course
of evolution, mutations within pseudo-
splice sites in the intronic Alu activate
these sites (black arrows). Mutations
changing splicing regulatory elements
are also possible (arrow). (C) Following
these mutations, part of the Alu
sequence is recognized as a new exon
(“exonized”), and spliced into the
transcript. Typically, the Alu-containing
transcript is the minor splice form, as in
most cases the created splice sites are
weak. Most exonizations involve the
antisense  orientation of the Alu
sequence, presumably because of the
preceding long poly-T that serves as a
strong poly-pyrimidine tract necessary for
the 3'SS recognition. This figure is taken
from Sorek (2007).

It can be mediated by RNA-editing (Figure 11) (Lev-Maor et al., 2007).

NARF gene

New exon
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E’ < +«—25nt—> I > E’

Alu antisense Alu sense

5'ss
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Figure 11: Exonization through RNA
editing (Lev-Maor et al., 2007; Sorek,
2007). Shown is a schematic illustration
of the genomic region spanning exons
7-9 of the human NARF gene (not to
scale). Exons are depicted as cylinders.
The Alu element that is the source of
the new exon is orange; an intronic,
antisense orientation Alu sequence
(light blue) is 25 bp upstream of the
exonized Alu. Sense and antisense Alus
fold to form a double-stranded RNA
(dsRNA) secondary structure, thus
allowing RNA editing to take place
(lower panel). RNA editing changes an
AA dinucleotide into a functional AG 3’
splice site and also changes a UAG
stop codon into a UGG Trp codon.
Thus, RNA editing leads to the creation
of a new functional exon. This figure is
taken from Sorek (2007).

Such de novo appearance of exons is very frequently associated with alternative splicing, with
the new exon-containing variant typically being the rare one. This allows the new variant to
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be evolutionarily tested without compromising the original gene product, and provides an
evolutionary strategy for generation of novel functions with minimum damage to the existing
functional repertoire. With multiple genomes available to study, it is becoming clear that
exonizations of introns or intergenic sequences are an efficient way to produce novel gene
products and are not as rare as expected before (Sorek, 2007).

2.3 Intron evolution theories

Spliceosomal introns are present in the nuclear genomes of all characterized eukaryotes. The
discovery of introns and splicing in the 1970s led to debates about their origin. The most
prominent hypotheses are the ‘Introns Early’ and the ‘Introns Late’ hypothesis (Jeffares ef al.,
2006; Roy and Gilbert, 2006). However, there are compromised or mixed models. The
‘Introns Early’ theory proposed that introns were already present in the last universal common
ancestor (LUCA) of prokaryotes and eukaryotes (‘E’ in Figure 12), where they were merely
the genomic regions between genes (Darnell, 1978; Gilbert, 1978). These regions then
suffered different fates in the different lineages: they were lost in all prokaryote lineages,
while in eukaryotes they were maintained as introns by the appearance of the spliceosome.
According to this theory, a modern protein is a concatenation of earlier, smaller proteins
achieved by one of these two evolutionary processes. The ‘Intron first’ hypothesis proposes
that introns

Bacteria Archaea Eukaryotes

Gradual
loss

LUCAwith introns o
RNA world °

Figure 12: Intron early (E) hypothesis and intron first (F) hypothesis during evolution of life. The green branches
indicate lineages containing introns; the black branches denote pre-intron stages and the red branches indicate secondary
loss of introns. This figure is modified from Jeffares et al. (2006).

and the spliceosome are remnants from the RNA world (‘E’ in Figure 12) (Jeffares et al.,
1998; Poole et al., 1998) and it is similar to intron-early model. This model was initiated from
the observation that putatively ancient snoRNA genes are often encoded by introns. Because
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RNAs were the only catalysts for the assembly of an all-RNA ribosome before the advent of
proteins, snoRNAs must have been used for the assembly of the proto-ribosome as it evolved
towards full protein producing capacity (Poole et al., 1999). Thus, the introns that contain
snoRNAs pre-date the protein-coding exons that surround them. The splicing of snoRNA-
encoding introns from transcripts without protein coding potential, and the processing of pre-
rRNA and pre-tRNAs by RNase P are examples of how RNA processing might have occurred
before proteins evolved (Jeffares et al., 1998; Poole et al., 1998).

In contrast to above hypotheses, the ‘Introns Late’ hypothesis proposes that spliceosomal
introns only appeared in eukaryotes (‘L’ in Figure 13), where they were derived from self-
splicing introns that invaded previously undivided genes, and that the spliceosome evolved as
a way of removing them (Cavalier-Smith, 1991; Palmer and Logsdon, 1991; Boeke, 2003).
Self-splicing introns/retrointrons are a type of genomic parasite: they insert themselves into
the host genome and, when transcribed, their RNA catalyses its own excision — although
sometimes assisted by a protein translated from sequences within the intron (Lambowitz and
Zimmerly, 2004).

Bacteria Archaea Eukaryotes

Gradual
loss

Intron Invaslion
and evolution of
spliceosomal complex

LUCA with no introns

t

RNA world

Figure 13: Intron late (L) hypothesis during evolution of life. The green branches indicate lineages containing introns;
the black branches denote pre-intron stages and the red branches indicate secondary loss of introns. This figure is modified
from Jeffares et al. (2006).

Mixed or compromised models of intron evolution include aspects of both the ‘Intron Early’
and the ‘Intron Late’ hypothesis. According to SW Roy, some introns are recent, most are
ancient (Roy, 2003) whereas Rogozin et al. proposes that most introns are recent and some
are ancient, but not necessarily very old (Rogozin et al., 2003).
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24 Aim of this study

Serpins are involved in a wide array of physiological processes amongst different taxa in the
tree of life. Understanding evolutionary history of serpins is a challenging task and poses
notorious problems in animal genomes. Notably, vertebrate serpins were classified into six
groups (V1-V6) based on rare indels, diagnostic sites and gene structures (Ragg et al., 2001) .
However, this classification was based on a limited set of genomic data, although it is a more
reliable classification system than other sequence-based classification systems for serpins.
Therefore, the aim of present study is to examine an extended set of genomes from vertebrates
of evolutionary importance in order to unravel whether this classification system holds in all
vertebrates or whether during over 450-500 million years of vertebrate evolution deviations
occurred. In order to extend our understanding of this classification to additional non-
mammalian vertebrates, we chose the following evolutionary important genomes: i) Gallus
gallus (bird), 1) Xenopus tropicalis (frog), and fish genomes - iii) Fugu rubripes, iv)
Tetraodon nigroviridis, v) Danio rerio, vi) Petromyzon marinus (lamprey). The serpins from
these genomes are to be characterized and compared with two more fish genomes - medaka
and stickleback. Orthologs and paralogs of human serpins are to be assigned based of
sequence features, indels, gene architectures, and syntenic analysis from above mentioned
genomes.

A further aim of this study is to analyze intron gain/loss in different serpin genes in non-
mammalian vertebrate genomes. There are 25 conserved intron positions as differentiating
markers for six groups (V1-V6). An additional objective of this study is to extend this
analysis to non-vertebrate model organisms such as Branchiostoma floridae (lancelet), Ciona
intestinalis (sea squirt), Strongylocentrotus purpuratus (sea urchin) and Nematostella
vectensis (sea anemone). This comparative analysis of serpins from metazoan genomes might
provide some clues to the origin and ancestry of vertebrate serpin genes.
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3. Materials

3.1 Genomes

The genomes analyzed in our study are listed in the Table 3, which includes vertebrate
genomes as well as the genomes of evolutionarily important animals.

Table 3: Genomes analyzed.

Genome Major database used ' Reference

Homo sapiens http://www.ncbi.nlm.nih.gov/genome/guide/human/ (Venter et al., 2001)
Mus musculus http://www.ncbi.nlm.nih.gov/genome/guide/mouse/ (Waterston et al., 2002)
Rattus norvegicus http://lwww.ncbi.nlm.nih.gov/genome/guide/rat/ (Gibbs et al., 2004)
Gallus gallus http://www.ncbi.nlm.nih.gov/genome/guide/chicken/ (Hillier et al., 2004)
Xenopus tropicalis http://genome.jgi-psf.org/Xentr4/Xentr4.home.html

Fugu rubripes http://genome.jgi-psf.org/Takru4/Takru4.home.html (Aparicio et al., 2002)
Tetraodon nigroviridis http://lwww.genoscope.cns.fr/externe/tetranew/ (Jaillon et al., 2004)
Danio rerio http://lwww.ensembl.org/Danio_rerio/index.html (Birney et al., 2006)
Petromyzon marinus http://pre.ensembl.org/Petromyzon_marinus/Info/Index

Branchiostoma floridae http://genome.jgi-psf.org/Brafl1/Brafl1.home.html (Putnam et al., 2008)
Ciona intestinalis http://genome.jgi-psf.org/ciona4/ciona4.home.html (Dehal et al., 2002)
Drosophila melanogaster http://www.fruitfly.org/ (Adams et al., 2000)
Strongylocentrotus purpuratus | http://www.hgsc.bcm.tme.edu/projects/seaurchin/ (Sodergren et al., 2006)
Nematostella vectensis http://genome.jgi-psf.org/Nemve1/Nemve1.home.html (Putnam et al., 2007).

3.2 Databases

Table 4: Major databases used.

Database URL References
NCBI http://www.ncbi.nlm.nih.gov/ (Wheeler et al., 2006)
RefSeq http://lwww.ncbi.nlm.nih.gov/RefSeq/ (Pruitt et al., 2005)
Entrez http://www.ncbi.nlm.nih.gov/Entrez/ (Maglott et al., 2005)
Swissprot WWW.expasy.org (Bairoch et al., 2004, Schneider et al., 2004)
UniProt http://lwww.uniprot.org (Apweiler et al., 2004b; Wu et al., 2006)
PROSITE http://www.expasy.org/PROSITE/ (Hulo et al., 2006)
ENSEMBL www.ensembl.org (Birney et al., 2006; Hubbard et al., 2007)
The Serpin http://www-structmed.cimr.cam.ac.uk/serpins.html
Database
3.2.1 NCBI

The National Center for Biotechnology Information [NCBI] provides analysis and retrieval
resources for the data in GenBank (Pruitt ez al., 2003; Pruitt et al., 2005) and other biological
data (Wheeler et al., 2005; Wheeler et al., 2006). There are many databases and tools from
NCBI which are extensively used in this work including- Entrez, My NCBI, PubMed,
PubMed Central, Entrez Gene, the NCBI Taxonomy Browser, BLAST, BLAST Link
(BLink), Electronic PCR, OrfFinder, Spidey, Splign, RefSeq, UniGene, HomoloGene,
ProtEST, Entrez Genome, Genome Project and related tools, the Trace and Assembly
Archives, the Map Viewer, the Conserved Domain Database (CDD) and the Conserved
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Domain Architecture Retrieval Tool (CDART). There are many other databases and tools
available from NCBI that are not related to our work and are not mentioned above.

3.2.2 RefSeq

The Reference Sequence database (RefSeq)' is maintained and curated at the NCBI. It aims to
provide a non-redundant collection of reference protein sequences (Pruitt et al., 2003; Pruitt et
al., 2005). RefSeq sequences exist for several species (Pruitt ef al., 2003; Pruitt et al., 2005)
including genomes analyzed in this work (Table 3). The main features of the RefSeq
collection include non-redundancy, explicitly linked nucleotide and protein sequences,
updates to reflect current knowledge of sequence data and biology, data validation and format
consistency. In November 2006, the database contained 3,000,705 entries with approximately
40 % manually reviewed entries (Apweiler ef al., 2004a).

3.2.3 Entrez

NCBI's Entrez Protein® is another exhaustive sequence repository (Wheeler et al., 2005;
Wheeler et al., 2006). The database contains sequence data translated from the nucleotide
sequences of the DNA Data Bank of Japan [DDBIJ] (Tateno et al., 1998), the European
Molecular Biology Laboratory [EMBL] Nucleotide Sequence Database (Stoesser et al.,
1997), GenBank database (Benson ef al., 2005; Benson et al., 2006), as well as sequences
from SWISS-PROT (Bairoch and Apweiler, 1996; Bairoch and Apweiler, 2000), the Protein
Information Resource [PIR] (Barker et al., 1987), RefSeq (Pruitt et al., 2003; Pruitt et al.,
2005) and the Protein Data Bank [PDB] (Berman et al., 2000). The entries list additional
information that can be extracted from curated databases such as SWISS-PROT and PIR.
Sequence collection in the database is redundant (Apweiler et al., 2004a).

3.2.4 SWISS-PROT

SWISS-PROT?® (Bairoch and Boeckmann, 1991) is an annotated protein sequence database
established in 1986 and maintained collaboratively, since 1988, by the Department of Medical
Biochemistry of the University of Geneva and the EMBL Data Library. The SWISS-PROT
protein knowledgebase (Boeckmann et al., 2003) represents carefully curated amino acid
sequences providing an interdisciplinary overview of relevant information by bringing
together experimental results and computed features. The SWISS-PROT database
distinguishes itself from other protein sequence databases by three distinct criteria (Bairoch
and Apweiler, 2000): (a) annotation, (b) minimal redundancy in the sequence data and (c)
integration of other 66 databases with cross-referencing facilities. In this work, SWISSPROT
was extensively used because of these features, which helped us in understanding about
orthologs.

1 http://www.ncbinlm.nih.gov/RefSeq/
2 http://www.ncbinlm.nih.gov/entrez/query.fcgi?db=Protein

3http://expasy.org/sprot/
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3.2.5 UniProt

Universal Protein Resource (UniProt') is a comprehensive catalog of information on proteins
(Apweiler et al., 2004b; Wu et al., 2006). It joins the information contained in Swiss-Prot,
TrEMBL, and PIR. UniProt is comprised of three components, each optimized for different
uses (Apweiler et al., 2004a). The UniProt Knowledgebase [UniProt] is the central access
point for extensive curated protein information. The UniProt Non-redundant Reference
[UniRef] databases combine closely related sequences into a single record to speed searches.
The UniProt Archive [UniParc] is a comprehensive repository, reflecting the history of all
protein sequences. Protein sequences are retrieved from predominant publicly accessible
resources. All new and updated protein sequences are collected and loaded daily into UniParc
for full coverage (Leinonen et al., 2004).

3.2.6 PROSITE

PROSITE? is a database of protein families and domains defined on the basis of signatures
(Bairoch, 1991). From a multiple sequence alignment, it is possible to derive a signature for a
protein family or domain, which distinguishes its members from all other unrelated proteins.
Biologically significant patterns and profiles are formulated in such a way that with
appropriate computational tools it can help to determine to which family of proteins (if any) a
new sequence belongs, or which known domains are found in the new sequence (Hulo et al.,
2004; Hulo et al., 2006). These signature sequences are regular expressions in pure
computational sense and can be easily searched in the protein sequences using Unix grep or
using simple perl script for searching regular expressions of a specific length. ScanPROSITE
is a new and improved version of the web-based tool for detecting PROSITE signature
matches in protein sequences using ProRul (Henikoff and Henikoff, 1991; de Castro et al.,
20006).

3.2.7 ENSEMBL

ENSEMBL’ is a comprehensive database in the area of chordate comparative genomics with
coverage of 33 different genomes (Birney et al., 2006; Hubbard et al., 2007). It includes
facilities for annotation, synteny, and automatic orthology assignment. It has an excellent
genome browser with the ability of aligning different genomes at a time. In this work, we
have been using ENSEMBL as a platform for comparing the serpins from different
vertebrates and for building synteny around different serpins.

* Uniprot website, http://www.uniprot.org
? Prosite website, http://expasy.org/prosite/
3 Ensembl website, http://www.ensembl.org/
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3.2.8 Serpin Database

The Serpin database' has information exclusively about serpins in terms of the sequences,
known structures, and known mutations. This database is used in this work for gathering
information about gene specific features.

33 Searching Tools
3.3.1 BLAST

BLAST [Basic Local Alignment Search Tool] is a heuristic approach to find the highest
scoring locally optimal alignments between a query sequence and sequences of a database
(Altschul et al., 1990). The overall approach of the BLAST algorithm is shown below with a
random example of a reaction center loop region (RCL) in a serpin (Figure 14a). The
heuristic search strategy of the BLAST is to find words of length W [e.g., W = 3 for proteins]
that score at least T when aligned with the query and scored with a substitution matrix. The
words in the database that score T or greater are extended in both directions in an attempt to
find a locally optimal ungapped alignment called high-scoring segment pair (HSP) with a
minimal score S or a minimal specified threshold E-value or a combination of the score S and
E-value. The HSPs that meet these criteria are reported in BLAST output.

QueryW=3

Query Sequence
GTEASAATGAVFKFRCARRTETFVADHPFLFF

. !

REA
RAA 18
m U BLAST search of a database
Neighborhood w }i
ward RRA 13 1
RKA 13
ROA 13
RHA 13
RMA 12 Sequences with high scores collected _
RSA__ 12 Threshold scare
T=12
:3 ( ) l New
RCK
Rk . . . sequences
Multiple alignment and profile created added and
- process
Query 1  GTEASAATGAVFKFRCARRTETFVADHPFLEF 32 l iterated
GTEA+AATG RA+ EF DHPFLFF

Sbjct 338 GTEAAAATGVEVSVRSAQTAEDFCCDHPFLFF 369

Database searched with profiles d

Figure 14: BLAST algorithm. (a) BLAST approach (Altschul et al., 1990) for a reactive center loop (RCL) region of a
randomly chosen serpin. (b) PSI-BLAST approach (Altschul et al., 1997).

High-scoring Segment Pair (HSP)

Table 5 shows different versions of the BLAST approach which are used in this work.

' Serpin database website, http://www-structmed.cimr.cam.ac.uk/serpins.html
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Table 5: Variants of BLAST suite.

BLAST variant \ Query sequences Database
BLASTP Protein Protein
BLASTN Nucleotide Nucleotide
BLASTX Translated nucleotide Protein

TBLASTN Protein Translated nucleotide

TBLASTX Translated nucleotide Translated nucleotide

PSI-BLAST Protein Protein
MEGABLAST Nucleotide Nucleotide

3.3.2 PSI-BLAST

PSI-BLAST (Position-Specific Iterated BLAST) was developed with three main goals - (a)
speed, (b) simplicity and (c) automatic operation (Altschul et al., 1997). The PSI-BLAST
approach is summarized as follows (Figure 14b). The approach is basically a gapped BLAST
of a protein sequence (Altschul et al., 1997). From the gapped BLAST multiple alignments,
the profiles of a length equals to the query length are created. From these profiles, the
database is repeatedly searched until convergence. Since these steps are repeated or iterated
and so, these steps are called as iteration [I]. In this work, we used PSI-BLAST with iteration
I = 5 because after 5 iterations, there was no significant change observed in the PSI-BLAST
search. Unlike most profile-based search methods, PSI-BLAST runs as one program, starting
with a single protein sequence and the intermediate steps of multiple alignment and profile
construction are invisible to the user.

3.3.3 FASTA

Fasta compares one protein sequence to another protein sequence or to a protein database or a
DNA sequence to another DNA sequence or a DNA library (Pearson and Lipman, 1988;
Pearson, 1990). The algorithmic approach of FASTA (Figure 15) is a four-step process:

| (a)

b

=25 -
- / < / Figure 15: Overview of FASTA
N I algorithm. The FASTA algorithm is four
/' e R P step process:
CO 2 2w (@) Finding identities between two
P - sequences A and B.
SeqB BEgH (b) Top scoring segments are selected
based on a substitution matrix.
(c) Applying “joining threshold” to remove
| (o (d) = parts, which are not likely to be part of
the alignment.
/ e (d) Optimizing the alignment by joining
-~ Z top segments in a narrow band with help
- -~ of dynamic programming.
-~ ~
Seq B Seq B
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(a) Search: Finding identities between two sequences A and B (where, B = a sequence in a
searching database).

(b) Rescan: Top scoring segments are selected based on a rescanning using a substitution
matrix. Now only the regions or segments of high density of identity are considered.

(¢) Join threshold: The “joining threshold” is applied to remove parts, which are not likely to
be part of the alignment.

(d) Optimization: The alignment is optimized by joining top segments in a narrow band with
help of dynamic programming.

The FASTA variants used in this work are listed in Table 6.

Table 6: Variants of FASTA.

FASTA variant \ Query sequences ‘ Database
FASTP Protein Protein
FASTN Nucleotide Nucleotide

TFASTA Protein Translated nucleotide
FASTF Protein Fragment Protein
TFASTF Protein Fragment Translated nucleotide
FASTS Protein Fragment Protein
TFASTS Protein Fragment Translated nucleotide
FASTX Translated nucleotide Protein
FASTY Translated nucleotide Protein

3.3.4 Superfamily HMM library

The Superfamily HMM library was developed with the aim to provide structural and hence
implied functional assignments to protein sequences at the superfamily level (Gough et al.,
2001). The online server and the software is available for local use from superfamily website'
(Gough and Chothia, 2002). Figure 16 shows the basic approach of a statistical model called
HMM (Hidden Markov Model) for sequence alignment (Krogh et al., 1994) which is similar
as that used in a sequence search of superfamily database.

34 Multiple sequence analysis tools

Multiple sequence alignments (MSA) of protein sequences are important in many
applications, including phylogenetic tree estimation, structure prediction, and critical residue
identification. About 30 different multiple sequence alignment tools are available which are
used up till now as summarized in Figure 17. Traditionally, the most popular approach has
been the progressive alignment method. A multiple alignment is built up gradually by
aligning the closest sequences first and successively adding the more distant ones (Feng and
Doolittle, 1987; Doolittle and Feng, 1990).

! Superfamily website, http://supfam.mrc-Imb.cam.ac.uk/SUPERFAMILY/
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Figure 16: An example of the Hidden
Markov Model for protein sequence
alignment based on SAM (sequence
alignment and modeling) (Krogh et
al., 1994). The HMM consists of a
series of states associated with the
alignment probabilities. The match
states are from begin to end, with in
between M1-M4 (red squares), and are
columns of the multiple sequence
alignment. The “insert states” are
insertions in the alignment (green
diamonds). The delete states (yellow
circles) are deletions or gaps marked
D1-D4. Seql to Seqd are input
sequences, and the final output of the
alignment of the same sequences is
shown in the same colour as of all
three states as match, insert and
delete state, respectively.
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Figure 17: Summary of multiple
sequence alignment algorithms
(Thompson et al, 1999). The
progressive alignment strategy is
based on Feng and Doolittle (Feng and
Doolittle, 1987; Doolittle and Feng,
1990) where first the closely related
sequences are aligned and then the
distant sequences. Re-aligning and
improving is called iterative, used in
DIALIGN (Morgenstern, 2000;
Morgenstern, 2004). This figure is an
: updated modified of version published
— where T-Coffee (Notredame et al.,
: 2000) and MUSCLE algorithms
(Edgar, 2004a; Edgar, 2004b) are
included and the broken oval circles
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There are many tools, which follow this approach, mainly differing in the method used to
determine the order of alignment of the sequences. A common point of interest has been the
application of iterative strategies to refine and improve the initial alignment and this is called
iterative approach. Table 7 summarizes the MSA tools used in this work.

Table 7: Tools for multiple sequence alignment.

Approach Sequence Alignment References

Type* Type**

DIALIGN Iterative alignment (Brudno et al., 2004)
CLUSTALW Progressive alignment PN L/G (Thompson et al., 1994)
MUSCLE Progressive/iterative alignment PN L/G (Edgar, 2004a; Edgar, 2004b)
T-COFFEE More sensitive progressive alignment | PN L/G (Notredame et al., 2000)

*Sequence type: protein(P) / nucleotide (N), both (PN)
**Alignment Type: local(L) / global(G)

3.4.1 CLUSTAL

CLUSTAL (CLUSTer ALignment) has been first developed in 1988 (Higgins and Sharp,
1988) and has been subsequently improved (Higgins et al., 1996; Chenna et al., 2003).
CLUSTAL performs a global multiple alignment using following steps (Figure 18):

(1) Perform pairwise alignment of all the sequences.

(2) Use the alignment scores to produce the phylogenetic tree

(3) Align the sequences sequentially, guided by the phylogenetic relationships indicated by
the tree.

Thus, the most closely related sequences are aligned first, followed by additional sequences
and groups of sequences are added guided by the initial alignments.

j Pairwise alignment: Calculate distance
J Rooted neighbor-joining tree (zuide tree)
[ Progressive alignment: Align following the :

Figure 18: Steps in CLUSTAL algorithm.
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CLUSTALW' (Thompson et al., 1994) is the most recent version (where W stands for
"weighing"), providing the ability of the program to provide weights to sequence and program
parameters. The sensitivity of the CLUSTAL has been greatly improved for the alignment of
divergent protein sequences using following steps with following four enhancement
strategies:

(a) Individual weights are assigned to each sequence in a partial alignment in order to down
weigh near-duplicate sequences and up weigh the most divergent ones.

(b) The amino acid substitution matrices are varied at different alignment stages according to
the divergence of the sequences to be aligned.

(c) The residue specific gap penalties and locally reduced gap penalties in hydrophilic regions
encourage new gaps in potential loop regions rather than regular secondary structure.

(d) The positions in early alignments where gaps have been opened receive locally reduced
gap penalties to encourage the opening up of new gaps at these positions.

The graphical interface of CLUSTALW is called CLUSTALX (Thompson et al., 1997). The
CLUSTALX is a windows interface that makes it easy to use, provides an integrated system
for performing multiple sequence, profile alignments, neighbor-joining tree building with
bootstrapping facility and analyzing the results. A versatile sequence-coloring scheme allows
the user to highlight conserved features in the alignment.

Overall, CLUSTALW and CLUSTALX are good tools for the multiple alignments performed
in this work, because of the possibility to use diverse sequences and user-friendly graphical
interfaces.

3.4.2 DIALIGN

DIALIGN® (DIagonal ALIGNment) is an automatic alignment tool that constructs pairwise
and multiple alignments by comparing segment to segment of the sequences (Morgenstern,
1999; Morgenstern, 2004). DIALIGN's strength is in the comparison of sequences that share
only local similarities.

3.43 MUSCLE

MUSCLE® (MUIti Sequence Comparison by Log-Expectation) is a multiple sequence
alignment tool (Edgar, 2004a; Edgar, 2004b) that first makes a draft progressive alignment
using a guided UPGMA (Sneath and Sokal, 1973) tree, further improvement using the another
guided UPGMA (Sneath and Sokal, 1973) tree and finally refinement and re-alignment
(Figure 19). MUSCLE provides a range of options that provide improved speed and / or
alignment accuracy compared with CLUSTALW (Edgar, 2004a).

1 ClustalW website http://www.ebi.ac.uk/clustalw/
2 Dialign website, http://bibiserv.techfak.uni-bielefeld.de/dialign/
3 http://www.drive5.com/muscle/
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Draft progressive alignment using UPGNMA trees :

Improved progressive alignment using UPGNMLA trees !

Prefile based refinement and re-aligmment i

1

Alignment Output !

Figure 19: Algorithm of MUSCLE.

3.44 T-COFEE

T-COFFEE' (Notredame et al., 2000) is a sequence alignment package that allows the
combination of a collection of multiple/pairwise, global or local alignments into a single
model. It also enables estimation of the level of consistency of each position in the new
alignment with the rest of the alignments (Figure 20). The strength of T-COFFEE is that it
copes better with large gaps than CLUSTAL.

|

Figure 20: Algorithm of T-COFFEE.

! T-Coffee website, http://www.igs.cnrs-mrs.fr/Tcoffee/tcoffee_cgi/index.cgi
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A new extension of T-Coffee called M-Coffee is a meta-method for assembling multiple
sequence alignments (MSA) by combining the output of several individual methods into one
single MSA (Wallace et al., 2006).

3.5 Sequence editing tools

Table 8 shows the multiple sequence alignment editing and representation tools used in this
work.

Table 8: Tools for multiple sequence alignment editing and representation.

Tool URL Reference
GENEDOC http://www.psc.edu/biomed/GENEDOC/ (Nicholas et al., 1997)
Jalview http://www.jalview.org/ (Clamp et al., 2004)
ESPrint2.2 http://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi (Gouet et al., 1999)

3.6  Phylogenetic tools

There are many phylogenetic tools developed over the years in order to understand molecular
evolution. The tools used in this work are summarized in Table 9 and are described below.

Table 9: Major phylogenetic tools.

Tool URL Reference
MEGA3.1 http://www.MEGAsoftware.net/ (Kumar et al., 2001; Kumar et al., 2004)
PHYLIP http://evolution.genetics.washington.edu/PHYLIP.html (Felsenstein, 1993; Felsenstein, 1996)
Phylodraw http://pearl.cs.pusan.ac.kr/phylodraw/ (Choi et al., 2000)
Phylowin http://pbil.univ-lyon1.fr/software/phylowin.html (Galtier et al., 1996)
TREEVIEW http://taxonomy.zoology.gla.ac.uk/rod/ TREEVIEW .html (Page, 1996)
NJPLOT http://pbil.univ-lyon1.fr/software/NJPLOT .html (Perriere and Gouy, 1996)

3.6.1 MEGA3.1

MEGA (Molecular Evolutionary Genetics Analysis) is a comprehensive tool for automatic
and manual sequence alignment, inferring, editing and formatting phylogenetic trees, mining
web-based databases, estimating rates of molecular evolution, and testing evolutionary
hypotheses (Kumar et al., 2001; Kumar ef al., 2004). MEGA3.1 is the most advanced version
(Kumar et al., 2004) which was extensively used in generating phylogenetic trees and editing
for the purpose of the visualization of the trees in this work.

3.6.2 PHYLIP

PHYLIP' (PHYLogeny Inference Package) contains programs for inferring phylogenies and
is available for free (Felsenstein, 1993; Felsenstein, 1996). This package contains parsimony,
distance matrix, and likelihood methods including bootstrapping, and consensus trees. It is a
computational approach presented for minimizing the weighted sum of square of the

' Phylip website, http://evolution.genetics.washington.edu/phylip/software.html
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differences between observed and expected pairwise distances between species, with the
expectations are generated by an additive tree model. The method considers both Fitch and
Margoliash criteria (Fitch and Margoliash 1967) along with Cavalli-Sforza and Edwards
factor (Cavalli-Sforza and Edwards 1967). The parameters are weighted based on the least
squares, with different weights. PHYLIP iterates lengths of adjacent branches in the tree three
at a time. The weighted sum of squares never increases during the process of iteration, and in
the iterative approach acquires a stationary point on the surface of the sum of squares. This
approach makes it easy to maintain the constraint that branch lengths never become negative,
although negative branch lengths can also be allowed. The PHYLIP approach is useful in
studying the phylogenetic relationship among diverse sequences belonging to a particular
family.

3.6.3 Phylodraw
Phylodraw' is a tree editor and manipulator (Choi et al., 2000).

3.6.4 Geneious

Geneious® is a new bioinformatics tool which includes software for sequence analysis,
phylogenetic methods, phylogenetic tree editing and literature mining (Drummond et al.,
2006).

3.6.5 Phylowin

Phylowin’ is a graphical colour interface for molecular phylogenetic inference which
performs neighbor-joining, parsimony and maximum likelihood methods and bootstrap
(Galtier et al., 1996).

3.6.6 TREEVIEW

TREEVIEW* (Page, 1996) is an useful tree editor which can read and manipulate many
formats of the trees.

3.6.7 NJIPLOT

NJPLOT’® is a tree editor able to draw any phylogenetic tree. It allows zooming, branch
swapping, display of bootstrap scores and printing in the PDF format (Perriere and Gouy,
1996).

' Phylodraw website, http://pearl.cs.pusan.ac.kr/phylodraw/

2 Geneious website, http://www.geneious.com/

3 Phylowin website, http://pbil.univ-lyon1.fr/software/phylowin.html

4 Treeview website, http://taxonomy.zoology.gla.ac.uk/rod/treeview.html
5 NJplot website, http://pbil.univ-lyon1.fr/software/njplot.html
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3.7  Comparative genomics tools

3.7.1 Genome browsing tools

Genome browsers are tools for visualizing genomic regions on the genome. There are
different genome browsers, which differ in way of visualization. Table 10 lists different
genome browsers, which we have used in this work.

Table 10: Major genome browsers.

Genome Browser
ENSEMBL

URL

www.ensembl.org

Reference

Birney et al., 2006; Hubbard et al., 2007)

UCSC genome browser

http://genome.ucsc.edu/cgi-bin/hgGateway

Kent et al., 2002)

NCBI mapviewer

http://www.ncbi.nlm.nih.gov/mapview/

Pruitt et al., 2005)

JGI Fugu Genome Browser

http://genome.jgi-psf.org/cgi-
bin/browserLoad/455749f979df66204c138bf7

JGI Xenopus Genome
Browser

http://genome.jgi-psf.org/cgi-
bin/browserLoad/45574b9a2a40b9db4 1abc15f

JGI Ciona Genome Browser

http://genome.jgi-psf.org/cgi-
bin/browserLoad/45574d7a16b35bd737¢c994e2

Tetraodon Genome Browser

http://lwww.genoscope.cns.friexterne/tetranew/

Figures 21 to 23 show examples of the applications of genome browsers.
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Figure 21: The UCSC genome browser as seen in Firefox 2.0 web browser. The structure of the heparin cofactor Il gene
on human chromosome 22 is illustrated.
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Figure 22: The Ensembl browser as seen in Firefox 2.0 web browser. The genomic organization of clade B serpins on
chicken chromosome 2 is illustrated.
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Figure 23: The NCBI mapviewer as seen in Firefox 2.0 web browser. The genomic organization of clade B serpins on
human chromosome 18 is illustrated.

3.7.2 GENLIGHT

GENLIGHT is an extremely versatile system for comparative genomics and differential
sequence analysis (Beckstette, 2004). It is a Client/Server based program suite build on the
object relational database system on for large scale sequence analysis and comparative
genomics and supports the management of nucleotide sequences as well as protein sequences.
The assessment methods are complemented by a large variety of visualization methods for the
evaluation of the results (Beckstette ef al., 2004). During this work, GENLIGHT was used
extensively for benchmarking the sequence analysis using different filter parameters. The
major usage of GENLIGHT in this work included using for quick BLAST and FASTA
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searches, automatic orthology assignment using two way BLAST approach and for finding
novel introns in different genomes using FASTA and SSHA searches provided in the
GENLIGHT (Beckstette et al., 2004).
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4. Methods

An overview on the methods used in this work is shown in Figure 24.
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Figure 24: Protocol for the phylogenetic study of vertebrate serpins. We selected different animal genomes and
searched serpin genes from these genomes. The data was cross-validated from NCBI, ENSEMBL, SUPERFAMILY,
SWISSPROT and UCSC genome browsers. The probable genomic sequences carrying serpin genes were collected and the
gene structures were predicted using GENSCAN, GENOMESCAN and GENEWISE. Introns positions were mapped using
GENEWISE or SoftBerry's PROT_MAP tool and they were aligned with mature as-antitrypsin using CLUSTALW. The
alignments were edited with help of GENEDOC alignment editing software. Based on protein alignment percentage identity,
reactive center loop characteristics, gene-specific motifs, diagnostic sites for group specific features of serpins were
implemented and analyzed. The synteny amongst different genomes was build using different genome browsers. The
phylogenetic trees were built. The final conclusions were made based on these trees and orthology assignment. The boxes
show the steps used in this work in a generalised form. Double headed arrows indicate data verification stages while the
backward and broken arrow indicate multiple repeating steps.
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4.1 Database searching and evaluations

4.1.1 Searches with BLAST

The BLAST searches were performed with each of the genomes under consideration using

(a) BLASTP with default expect value (E-value) 10 and word size 3 and repeated
successively for E-value 0.01 and 0.001

(b) PSI-BLAST with E-value 0.01 and 0.001, word size 3 and number of iteration 5.

The different E-values were used to make the search more stringent. The use of multiple

rounds of BLAST helped in avoiding false positives. During all BLASTP and PSI-BLAST

searches, a;-antitrypsin was used as a standard protein for search. In some cases, a different

serpin was used as standard serpin. For instance, for the search of group V1 serpins in a

genome, MNEI was used. These searches were made both using standalone BLAST as well

GENLIGHT incorporated BLAST (Beckstette et al., 2004) where one can store and

benchmark the data.

4.1.2 Searches based on motifs

Many serpins may be recognized by the presence of signature sequences. There are the

following types of serpin signatures:

a) One type is based on serpin sequence alignments (Irving et al., 2000; Ragg et al., 2001).
The deduced serpin signature is shown in Table 11.

Table 11: Locations of signature sequences in a typical serpin. The positions refer to human as-antitrypsin. The search
patterns (amino acid codes) are shown in the AGREP-Notation: ". " stand for a wildcard symbol; "#" stands for a variable
number of positions.

Location Position Signature ‘

s3A-breach-s4C 186 -208 | [NS] - -[HYF]JF[KR]J[GA]-W...F....T....F
SSASAA 334-351 | [HQILKRIA --..[DNJ[DEILDEIGLTSIEAA. -[TS]
S1C-turn-s4B 364386 |F- . [DN] [HRKIPF. [FLVI#F .G

This signature is spread across three major regions of serpins; namely (i) region - s3A-breach-
s4C; (ii) B-sheets s5A, s4A and its hinge region and (iii) between B-sheets s1C, s4B and their
turn region - s1C-furn-s4B (Figure 1).

b) The PROSITE serpin signature: PROSITE' is a database of signature and profiles (Hulo ez
al., 2006). The PROSITE serpin signature (id = PS00284) and is 11 amino acid long, as
shown below:

[LIVMFY]-{G}-[LIVMFYAC]-[DNQ]-[RKHQS]-[PST]-F-[LIVMFY|-[LIVMFYC]-x-[LIVMFAH]
where,

[LIVMFY] = any one of the amino acid enclosed in the bracket [].

{G} = any amino acid but not G.

! Prosite website, http://expasy.org/prosite/



4. Methods 35

X = a position where any amino acid is accepted
The signatures were searched in newly identified sequences using following searching tools:
AGREP 3.37 (Wu and Mander, 1992), DNA2AA with AGREP format (Krueger, 2003).

4.2 Sequence alignment

Protein alignments were generated with CLUSTALW/CLUSTALX 1.83 (Higgins et al.,
1996; Chenna et al., 2003), or DALIGN 2.2.1(Morgenstern, 1999; Morgenstern, 2004), or T-
COFFEE (Notredame et al., 2000), or MUSCLE (Edgar, 2004a; Edgar, 2004b) or a
combinations of all these tools. The alignments were then visualized and edited using
GENEDOC (Nicholas ef al., 1997) as described in appendix 8.2.

4.3 Gene structure analysis
4.3.1 Gene structure prediction

Gene structure prediction was done using GENSCAN' (Burge and Karlin, 1997; Burge and
Karlin, 1998), GENOMESCAN?® (Burge and Karlin, 1997; Burge and Karlin, 1998) and
GENEWISE® (Birney et al., 2004) or using a combination of all.

4.3.2 Mapping of intron positions

Mature human o;-antitrypsin was used as standard sequence for mapping of intron positions.
Intron-exon structures were determined with the aid of GENEWISE (Birney et al., 2004)
and/or PROT_MAP (softberry software’). The pairwise alignment of mature human a;-
antitrypsin and putative serpins was created using CLUSTALW (Higgins and Sharp, 1988;
Thompson et al, 1994; Higgins et al., 1996). Intron positions were marked semi-
automatically, with manual inspection (Figure 25).
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Figure 25: Generalised scheme of intron mapping. Intron positions are marked with respect to the conserved part (amino
acids 32-391) of as-antitrypsin. The intron position 192a means that the intron maps to amino acid 192 of the mature a1-
antitrypsin and then its phasing is after the first base of the codon specifying amino acid 192.
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'GENSCAN website, http://genes.mit.edu/GENSCAN.html

2 GenomeScan website, http://genes.mit.edu/genomescan.html
3 Wise2 website, http://www.ebi.ac.uk/Wise2/

4 Softberry, http://www.softberry.com/berry.phtml
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In some cases, there were novel introns inserted in the genes, such introns were analyzed with
the aid of FASTA and SSHA searches incorporated in GENLIGHT (Beckstette et al., 2004).

4.4 Gene specific features

The alignment of serpins was built using CLUSTALW (Higgins ef al., 1996; Chenna et al.,
2003). Gene specific information was gathered from inspection of various publications and /
or gathered from the serpin database'. Data were incorporated with help of the GENEDOC
editor (Nicholas et al., 1997).

4.5  Orthology assignment
4.5.1 Sequence identity and sequence similarity values from protein alignments

From gene specific sequence alignment the percentage of sequence identity and the
percentage of sequence similarity values were calculated. This was one of the parameters used
for orthology assignment.

4.5.2 Group specific diagnostic sites

The group specific diagnostic sites were marked on the genes as described earlier for
mammalian serpins (Ragg et al., 2001).

4.5.3 Rare indels

Rare indels were marked on the genes as described for mammalian serpins (Ragg et al., 2001).

4.6 Synteny analysis
4.6.1 Synteny analysis of group V1 serpins

The group V1 synteny maps were built using following steps:

i. Using NCBI mapviewer’, the human genome was scanned for the presence of group V1
serpins by zooming in and out. The genomic organization, location, and orientations of all
group V1 serpins were marked. Some other genes were also marked as reference at the
boundaries on the both sides of the clusters.

i1. The genomic organization of serpins from the mouse and rat genomes was also built up with
use of the corresponding NCBI mapviewer. Conserved markers were considered with
respect to human genome.

iii. The chicken genome was scanned for location and orientation of group V1 genes and for

marker genes using the NCBI mapviewer. This analysis was repeated using the UCSC

genome browser to confirm the accuracy of conservation.

iv. The Xenopus tropicalis genome was scanned for group V1 genes using JGI Xenopus

genome browser. The experiment was repeated using the ENSEMBL and the UCSC genome

' Serpin database website, http:/www-structmed.cimr.cam.ac.uk/serpins.html
2NCBI Map Viewer, http://www.ncbi.nih.gov/mapview



4. Methods 37

browsers. The use of multiple genome browsers aided in assigning proper gene location and
orientation.

v. The Fugu genome was analyzed for group V1 genes using the JGI Fugu genome browser.
The analysis was repeated using the ENSEMBL and the UCSC genome browsers. Group V1
serpin genes in the Fugu genome were found to be scattered on different scaffolds. The
scaffolds were compared with human, chicken and frog.

vi. The Danio genome was also scanned for group V1 genes and the marker genes, which

formed the boundary of the cluster, using ENSEMBL as well as UCSC genome browsers.

vil. The Tetraodon genome was searched for the group V1 genes using Tetraodon genome

browser, the ENSEMBL and the UCSC genome browsers.

The tentative orthology of the marker genes was confirmed by bi-directional BLAST

approach using the NR (non-redundant) database from NCBI. This step was considered

because (i) this provided a confirmation of genes that are really conserved and (ii) there was
no wrong annotation in NCBI mapviewer. Finally, the clusters from all vertebrates were
compared with each other. The multiple genome syntenies were repeatedly built using the

ENSEMBL genome browser and the UCSC genome browser. This step was useful in

resolving the problematic cases that arose during genome specific cluster building.

Table 12: List of genomes and corresponding genome browsers used in building synteny maps of different serpins.

Genomes Genome browsers

Homo sapiens NCBI mapviewer

Mus musculus NCBI mapviewer

Rattus norvegicus NCBI mapviewer

Gallus gallus NCBI mapviewer, UCSC genome browser and ENSEMBL genome browser

Xenopus tropicalis JGI Xenopus genome browser, ENSEMBL genome browser and UCSC genome browser.
Fugu rubripes JGI Xenopus genome browser, ENSEMBL genome browser and UCSC genome browser
Tetraodon nigroviridis Tetraodon genome browser, ENSEMBL genome browser and UCSC genome browser
Danio rerio ENSEMBL genome browser and UCSC genome browser

4.6.2 Group V2 serpin synteny analysis

Synteny of group V2 serpins was built as described in section 4.6.1 using the genome
browsers summarized in Table 12. There are three genes in the group V2 serpin genes, which
are not located in the common cluster of the group V2 serpin gene, namely heparin cofactor II
genes, serpinA7 genes and angiotensinogen genes. The synteny for these three genes was built
using similar strategies as described in section 4.6.1.

4.6.3 Synteny analysis of serpin groups V3-V6

The synteny of serpin groups V3-V6 was determined using the different genome browsers
listed in Table 12 are described in the section 4.6.1.
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4.7  Analysis of the Ciona intestinalis genome
4.7.1 Searching serpins in the Ciona intestinalis genome

The Ciona intestinalis genome (version v1') was searched for serpins with following

homology search tools, using human a;-antitrypsin as standard:

a) Using BLAST variants (Altschul and Lipman, 1990; Altschul ef al., 1997) as described in
section 4.1.1.

b) Using the Superfamily HMM library2 (Gough and Chothia, 2002) search with default
settings.

4.7.2 Determination of the exon-intron structure

Using human a;-antitrypsin as reference sequence, the exon-intron structures of all Ciona
serpin genes were determined with help of GENEWISE and/or PROT MAP. The pairwise
alignment of Ciona serpins and human a,-antitrypsin was created using CLUSTALW
(Higgins et al., 1996; Chenna et al., 2003). Intron positions and phasing were assessed as
described in section 4.3.2 and Figure 25. The exon-intron structures were manually checked
for accuracy.

4.7.3 Synteny Building

The Ciona serpins were collected on the scaffolds using the Ciona genome browser and the
location of the serpin genes and their orientation were determined. The location and
orientation of neighboring genes of Ciona serpin was marked. The data was then compared
with that of human and fish serpin genes.

4.7.4 Analysis of serine codon dichotomy at position 56

The Ciona serpins were analyzed for serine codon dichotomy at position 56° (Krem and Di
Cera, 2003) using CLUSTALW alignment (Higgins et al., 1996; Chenna et al., 2003) as well
as the GENEWISE protein-nucleotide alignment (Birney et al., 2004).

4.8  Analysis of the Branchiostoma floridae genome

The Branchiostoma floridae genome was analyzed for presence and characterization of serpin
genes in a similar fashion as described in section 4.7, using B. floridae genome database®.

4.9 Analysis of the Strongylocentrotus purpuratus genome

The Strongylocentrotus purpuratus genome was analyzed for presence and characterization of

' Ciona genome v1 website, http://genome.jgi-psf.org/cionad/ciona4.home.html

2 Superfamily website, http://supfam.mrc-Imb.cam.ac.uk/SUPERFAMILY/

3 The numbering in mature region of human as-antitripsin.

4 B. floridae genome database website, http://genome.jgi-psf.org/Brafl1/Brafl1.home.html
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serpin genes in a similar fashion as described in section 4.7, using S. purpuratus genome
database' and NCBI sea urchin genome resources’.

4.10 Analysis of the Nematostella vectensis genome

The Nematostella vectensis genome was analyzed for presence and characterization of
serpin genes in a similar fashion as described in section 4.7, using N. vectensis genome
database’.

4.11 Phylogenetic analysis and bootstrap analysis

A phylogenetic tree is a two dimensional graph composed of branches and nodes which show
evolutionary relationships between genes/proteins. Only one branch (or an edge) connects any
two nodes. The nodes represent the taxonomic units called as taxa; the node is the intersection
or terminating point of two or more branches. For instance, DNA/protein sequences are
considered as taxons. An OTU (Operational Taxonomic Unit) is an extant taxon present at an
external node, or leaf: the OTUs are the available nucleic acid or protein sequences. There are
two principal methods of making trees: character-based methods and distance-based methods.
Table 13 summarizes the different phylogenetic methods.

Table 13: Summary of the phylogenetic methods.

Phylogenetic methods Summary

Character based methods

Maximum Likelihood (ML) The most likely output tree, given a probabilistic model of evolutionary
changes in DNA or protein sequences.
Maximum parsimony (MP) The minimum number of evolutionary steps required to generate the

observed variation in a set of sequences, as found by comparison of the
number of steps in all possible phylogenetic tree.

Distance based methods

Neighbor joining (NJ) Heuristic search algorithm that finds a minimum evolution tree from the
distance between each pair of taxa in the tree (Saitou and Nei, 1987).

Unweighted pair group method with A simple method for tree construction that assumes the rate of change along

arithmetic mean (UPGMA) the branches of the tree is a constant and the distances are approximately

ultrametric (Sneath and Sokal, 1973).

Bootstrapping is a statistical method for testing how well a particular data set fits a model. For
instance, a sequence may be left out of an analysis to determine how much the sequence
influences the results of that analysis. The phylogenetic analysis of serpins was done using
following methods: Maximum parsimony (MP), Neighbor joining (NJ), and UPGMA [see
Table 5] with bootstrapping values 500 and 1000, respectively, with the help of MEGA 3.1
(Kumar et al., 2004) and/or PHYLIP* (Felsenstein, 1993; Felsenstein, 1996). Phylogenetic

''S. purpuratus genome database website, http://www.hgsc.bcm.tmc.edu/projects/seaurchin/
2NCBI sea urchin genome resources website, http://www.ncbi.nlm.nih.gov/genome/guide/sea_urchin/

3N. vectensis genome database website, http://genome.jgi-psf.org/Nemve1/Nemve1.home.html
4 Phylip website, http://evolution.genetics.washington.edu/phylip/software.html
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trees were built at gene level, group level, within a genome, or sets of genomes. Different
phylogenetic trees were built with serpins from selected genomes (Table 3). The original
trees were extensively edited for visualisation using TREEVIEW' (Page, 1996), NJPLOT*
(Perriere and Gouy, 1996), GENEIOUS tree editor’ and MEGA 3.1 tree editor* (Kumar et al.,
2004).The individual cases are explained in the results section when visualising a tree.

" Treeview website, http:/taxonomy.zoology.gla.ac.uk/rod/treeview.html
2 NJplot website, http:/pbil.univ-lyon1.fr/software/njplot.html

3 Geneious software, http://www.geneious.com/

4 Mega3.1 website, http://www.megasoftware.net/
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5. Results

5.1. Gallus gallus and its serpins

The chicken is an important model organism for agriculture, biomedical research,
developmental and aging research. Birds have been evolved separately from mammals for
about 310 Mya (Hedges, 2002; Reisz and Muller, 2004). The chicken genomic sequence is
released as draft version with the 6.6X coverage. The size of the chicken genome is about one
third of mammalian genomes with lesser intergenic repeats, pseudogenes, and segmental
duplications (Bourque et al., 2005). Several rounds of homology searches revealed 27 serpin
genes in the chicken genome, as listed in Table 14. These serpins are further characterized in
section 5.11. to 5.16.

Table 14: List of serpins of Gallus gallus.

length

Gene Name  Accession Id Protein | Homology to known serpin in NR database

Gga-Spn-1 XP_418980 (LOC4) | B 378 MNE1
Gga-Spn-2 XP_418981 B 379 SPB6
Gga-Spn-3 XP_426040 B 378 BOMAPIN
Gga-Spn-4 NP_990228 B 410 MENT
Gga-Spn-5 XP_418982 B 412 SERPINB2
Gga-Spn-6 NP_990483 B 386 Ovalbumin
Gga-Spn-7 XP_418983 B 388 Gene Y protein
Gga-Spn-8 XP_418984 B 388 Gene X protein
Gga-Spn-9 XP_418985 B 422 SPB12
Gga-Spn-10 | XP_418986 B 375 Maspin
Gga-Spn-11 | XP_426460 A 374 as-AT
Gga-Spn-12 | XM_001235489 A 419 as-AT
Gga-Spn-13 | XP_421345 A 432 as-AT
Gga-Spn-14 | XP_421344 A 437 as-AT
Gga-Spn-15 | XP_421343 A 425 as-AT
Gga-Spn-16 | XP_421342 A 425 as-AT
Gga-Spn-17 | XP_421341 A 439 ZPI
Gga-Spn-18 | XP_419584 A 464 AGT
Gga-Spn-19 | AAC16324 D 489 HCII
Gga-Spn-20 | gi:50730899 E 395 GDN
Gga-Spn-21 | XM_417070 E 396 SERPINE3
Gga-Spn-22 | gi:521387191 | 410 NEURO
Gga-Spn-23 | gi:50758202 F 423 PEDF
Gga-Spn-24 | XP_415807.2 F 514 A2AP
Gga-Spn-25 | gi:50747972 G 448 C1IN
Gga-Spn-26 | XP_422282 C 453 AT
Gga-Spn-27 | gi:45384240 H 405 HSP47
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5.2. Xenopus tropicalis and its serpins

The frog Xenopus tropicalis has the smallest genome of all known amphibians. It is a
connecting link between mammals and fish. Therefore, it is of phylogenetic interest, in
addition to its importance in early embryonic development and cell biology.

Figure 26: Xenopus tropicalis. This picture is taken from NCBI Xenopus genome resources’.

The Xenopus tropicalis genome assembly (release v4.1) was assembled using JAZZ, the JGI
assembler, indicating a genome of approximately 1.5 Gb. The assembly contains 19,501
scaffolds with an average coverage of 7.65 fold. Roughly half of the genome is contained in
272 scaffolds, all at least 1.56 Mb in length. Gene models and associated transcripts/proteins
are predicted or mapped using a variety of tools based on cDNA, protein homology and ab
initio methods. The current release contains approximately 28,000 gene models, supported by
EST and cDNA data of both X. tropicalis and the closely related species X. laevis. Homology
searches detected 25 serpins in X. tropicalis genome, listed in Table 15. These serpins are
further characterized in section 5.11. to 5.16.

Table 15: List of serpins from Xenopus tropicalis genome.

Accession Id Protein Homology to known serpin in NR

length database

Xtr-Spn-1 fgenesh1_kg.C_scaffold_95000011 B 379 SPB5
Xtr-Spn-2 fgenesh1_kg.C_scaffold_95000012 B 374 SPB12
Xtr-Spn-3 fgenesh1_kg.C_scaffold_95000013 B 379 SPB6
Xtr-Spn-4 fgenesh1_kg.C_scaffold_95000014 B 377 MNEI
Xtr-Spn-5 estExt_fgenesh1_pm.C_2110010 B 370 MNEI
Xtr-Spn-6 fgenesh_pm_kg.C_scaffold_211000008 | B 392 MNEI
Xtr-Spn-7 fgenesh1_kg.C_scaffold_185000010 A 437 o1-AT
Xtr-Spn-8 e_gw1.185.72.1 A 435 o1-AT
Xtr-Spn-9 estExt_fgenesh1_pg.C_1850041 A 435 o-AT
Xitr-Spn-10 | estExt_fgenesh1_pg.C_1850042 A 414 o-AT
Xtr-Spn-11 | C_scaffold_185000011 A 434 o-AT
Xtr-Spn-12 | e_gw1.185.79.1 A 413 as-AT
Xtr-Spn-13 | e_gw1.185.80.1 A 384 as-AT
Xtr-Spn-14 | e_gw1.49.222.1 A 390 ZPI
Xtr-Spn-15 | fgenesh1_pg.C_scaffold_2000123 A 458 AGT
Xtr-Spn-16 | ENSXETP00000048524 D 484 HCII
Xtr-Spn-17 | estExt_Genewise1.C_7340032 E 356 PAI1

" NCBI Xenopus genome resources website, http://www.ncbi.nlm.nih.gov/genome/guide/frog/
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Xtr-Spn-18 | fgenesh1_kg.C_scaffold_750000001 E 397 GDN
Xtr-Spn-19 | e_gw1.233.93.1 E 404 SERPINE3
Xtr-Spn-20 | ENSXETP00000049461 | 411 NEURO
Xtr-Spn-21 | ENSXETP00000049481 I 410 PANC
Xtr-Spn-22 | ENSXETP00000050413 F 409 PEDF
Xtr-Spn-23 | ENSXETP00000029676 F 400 az-AP
Xir-Spn-24 | estExt_fgenesh1_pm.C_10068 C 456 ATII
Xir-Spn-25 | estExt_fgenesh1_pg.C_2770030 H 425 HSP47

5.3.  Danio rerio and its serpins

D. rerio is a blue spotted fresh water tropical fish (27a). The main habitat of the zebrafish is
Southeast Asia. It serves as a model organism in developmental biology (Detrich et al., 1999),
embryogenesis (Driever and Fishman, 1996) and in genetics. D. rerio has a short life cycle

and its transparent embryos and early adults (Figure 27b-d) can be used for light microscopy
(Kari et al., 2007).

Figure 27: Danio rerio. (a) Adult zebrafish. (b) embryo at one-cell stage, (c) embryo at 24 h post-fertilization and (d) embryo
3 days at post-fertilization.

The D. rerio genome sequencing project was started at Wellcome Trust Sanger Institute in
2001. About 73% of genome sequence was finished by May 2007 as reported on the D. rerio
genome sequencing webpage'. The sixth assembly of the zebrafish genome (Zv6) was
released in March 2006. The zebrafish genome assemblies are automatically annotated and

' Danio rerio genome sequencing webpage, http://www.sanger.ac.uk/Projects/D_rerio/
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are accessible from Ensembl'. Table 16 lists 31 serpins as detected in the D. rerio genome
after several rounds of homology searches.

Table 16: List of serpins from Danio rerio genome.

Gene Accession id Clade Protein Homology to known
Name length serpin in NR database

Dre-Spn-1 | CAI20749 B 380 MNEI
Dre-Spn-2 | CAI20745 B 382 MNEI
Dre-Spn-3 | AAH53300 B 380 SBP6
Dre-Spn-4 | AAQ97848 B 384 MNEI
Dre-Spn-5 | AAH66740 B 382 SBP6
Dre-Spn-6 | AAH64292 B 433 MNEI
Dre-Spn-7 | NP_001013277 A 429 as-AT
Dre-Spn-8 | NP_001071226 A 429 as-AT
Dre-Spn-9 | XP_001104678 A 372 as-AT
Dre-Spn-10 | NP_001099059 A 372 as-AT
Dre-Spn-11 | XR_029524 A 304 as-AT
Dre-Spn-12 | XP_695000 A 372 as-AT
Dre-Spn-13 | NP_001038536 A 391 ZPI
Dre-Spn-14 | XP_001343164 A 396 ZPI
Dre-Spn-15 | NP_932329 A 454 AGT
Dre-Spn-16 | NP_878300 D 507 HCII
Dre-Spn-17 | XP_690192 E 392 PAI1
Dre-Spn-18 | Q7ZVL5 E 392 GDN
Dre-Spn-19 | ENSDARP00000074162 E 407 SERPINE3
Dre-Spn-20 | ENSDARP00000017430 I 412 NEURO
Dre-Spn-21 | ENSDARP00000069366 F 406 PEDF
Dre-Spn-22 | ENSDARP00000078640 F 480 A2AP
Dre-Spn-23 | ENSDARP00000041512 G 403 C1IN
Dre-Spn-24 | ENSDARG00000042684 C 452 ATIII
Dre-Spn-25 | ENSDARP00000037780 H 405 HSP47
Dre-Spn-26 | ENSDARP00000028177 H 403 HSP47
Dre-Spn-27 | ENSDARP00000052941 H 414 HSP47
Dre-Spn-28 | AAI53324 B 377 MNEI
Dre-Spn-29 | AAI52147 (Zgc: 173729) B 439 MNEI
Dre-Spn-30 | XP_001331039 B 384 MNEI
Dre-Spn-31 | XP_697505 B 440 MNEI

These serpins are further characterized in section 5.11. to 5.16.

5.4. Tetraodon nigroviridis and its serpins

Tetraodon nigroviridis, the green spotted freshwater pufferfish is highly popular as aquarium
fish (Figure 28). It belongs to largest genus of the order Tetraodontiformes in the pufferfish
family Tetraodontidae.

' The zebrafish genome at Ensembl website http://www.ensembl.org/Danio_rerio/index.html
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Figure 28: Tetraodon nigroviridis.

This pufferfish has a very small genome of approximately 350 Mb, consisting of 21
chromosomes. About 45,000 contigs were assembled in more than 12,000 scaffolds covering
332.5 Mb at a depth of about 8-fold (Jaillon et al., 2004). The T. nigroviridis genome serves
as a model system to study whole genome duplication (WGD) events and synteny to the
genomes of mammals. Table 17 lists 19 serpins detected in the 7. nigroviridis genome after
several rounds of homology searches. These serpins are further characterized in section 5.11
to 5.16.

Table 17: List of serpins from Tetraodon nigroviridis. * Partial sequence, # Due to missing sequence

Accession Id Protein

Gene Name

length

Homology to known serpin in NR
database

Tni-Spn-1 GSTENP00015677001 B 380 MNEI
Tni-Spn-2 GSTENP00015675001 B 303 MNEI
Tni-Spn-3 GSTENP00007903001 A 401 at-AT
Tni-Spn-4 GSTENP00018460001 A 416 at-AT
Tni-Spn-5 GSTENP00008425001 A 394 at-AT
Tni-Spn-6 GSTENP00018459001 A 413 at-AT
Tni-Spn-7 GSTENP00031597001 A 201* AGN
Tni-Spn-8 GSTENT00032260001 A 400 ZPI
Tni-Spn-9 GSTENP00028636001 D 504 HCII
Tni-Spn-10 GSTENP00026727001 E 397 GDN
Tni-Spn-11 GSTENP00034604001 I 374 NEURO
Tni-Spn-12 GSTENP00013159001 F 60" PEDF
Tni-Spn-13 GSTENP00014689001 F 411 02-AP
Tni-Spn-14 GSTENP00009345001 G 593 C1IN
Tni-Spn-15 GSTENP00004792001 c 453 ATII
Tni-Spn-16 GSTENP00006756001 H 287 HSP47
Tni-Spn-17 GSTENT00003787001 E 356 PAI1
Tni-Spn-18 GSTENT00016647001 B 405 SBP6
Tni-Spn-19 GSTENT00029213001 E 364 SERPINE3

5.5. Fugu rubripes and its serpins

Fugu rubripes is a poisonous marine fish (Figure 29). It has one of the smallest genomes out
of all known vertebrates (390Mb) around one eighth the size of the human genome, but as a
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vertebrate, it has a similar complement of genes to that of mammals (Elgar et al. 1996). Fugu
genomic sequences are available in the form of 12,381 scaffolds, ranging in size from 657 to
2 kb with approximately 30,000 potential genes (Aparicio et al., 2002).

Figure 29. Fugu rubripes.

Table 18 lists 21 serpins detected in the F. rubripes genome after several rounds of homology
searches. These serpins are further studied in section 5.11 to 5.16.

Table 18: List of serpins from Fugu rubripes.

Fugu Gene Identifier in Fugu v4 [Fugu v3] Scaffold Id Clade Protein Homology
Serpins Size to known
serpin in NR
database
Fru-Spn-1 | e_gw2.131.10.1 [FRUP00000156735] scaffold_131 [scaffold_2913] | H 405 HSP47
Fru-Spn-2 | e_gw2.111.104.1 [FRUP00000155065] scaffold_111 [scaffold_757] |A 423 | ar-AT
Fru-Spn-3 | fgh5_pm.C_scaffold_488000001 scaffold_488 [scaffold_2007] || 407 NUERO
[FRUP00000161527]
Fru-Spn-4 | e_gw2.88.117.1 [FRUP00000132180] scaffold_88 [scaffold_188] | A 397 PZI
Fru-Spn-5 | e_gw2.123.110.1 [FRUP00000137160] scaffold_123 [scaffold_417] |E 408 NEXIN
Fru-Spn-6 | FRUP00000149263 scaffold_385 D 502 HCII
Fru-Spn-7 | FRUP00000160285 scaffold_6239 A 413 | ar-AT
Fru-Spn-11* | FRUP00000140727 scaffold_508 A 462 | AGT
Fru-Spn-12 | FRUP00000141273 scaffold_1026 F 420 PEDF
Fru-Spn-14 | FRUP00000162952 scaffold_154 F 435 | a-AP
Fru-Spn-15 | e_gw2.417.16.1 scaffold_417 F 455 | AP
Fru-Spn-17 | FRUP00000155064 scaffold_111 [scaffold_757] |A 435 | ar-AT
Fru-Spn-18 | FRUP00000146289 scaffold_641 A 392 | ar-AT
Fru-Spn-35 | estExt_GW.C_1290044 [FRUP00000131353] | scaffold_129 [scaffold_110] |B 380 MNEI
Fru-Spn-36 | FRUP00000163136 scaffold_2405 B 480 MNEI
Fru-Spn-37 | e_gw2.671.2.1[FRUP00000138778] scaffold_671 [scaffold_5139] | B 411 SBP6
Fru-Spn-38 | e_gw2.269.120.1 [FRUP00000165249] scaffold_1226 C 447 | ATII
Fru-Spn-39 | FRUP00000133449 scaffold_3139 G 492 C1IN
Fru-Spn-40 |e_gw2.275.54.1 scaffold_275 E 419 PAI
Fru-Spn-41 | fgh5_pg.C_scaffold_186000009 scaffold_188 H 378 HSP47
Fru-Spn-42 | FRUP00000142610 Scaffold_1209 E 201 SerpinE3

* Numbering is not continuous since the same gene has two accession id detected.
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5.6.  Petromyzon marinus and its serpins

Petromyzon marinus is an aquatic eel-like, blood-sucking parasitic animal (Figure 30). It
belongs to the most basal extant group of vertebrates and is supposed to have existed largely
without any change for >500 million years. This organism serves as a model system for
evolutionary biology since its study is expected to provide information on the early evolution
of vertebrates. In addition, it serves as a model organism in developmental biology.

Figure 30: Petromyzon marinus. (A) Adult sea lamprey. (B) Sucking disc (mouth). (C) A lamprey attached to a trout!.

A preliminary 5.9-fold assembly of the sea lamprey genome (Feb 2007) is available via the
Ensembl website>. Homology searches in this genomic assembly of the lamprey genome
detected only serpins of groups V1, V2, V4, and V6 as summarized in Table 19. The
inability to detect members of group V3 and V5 is most probably due to the incompleteness
of this genomic assembly. These serpins are further analyzed in section 5.11 to 5.12.

Table 19: List of serpins from Petromyzon marinus.

Name Ensembl Accession id ‘ Group Clade ‘ Protein Size ‘ RCL ‘
Given P1-P?1’
Pma-Spn-1 | GENSCAN00000114312 | V1 B 280 R-C
Pma-Spn-2 | GENSCAN00000029305 | V1 B 430 R-C
Pma-Spn-3 | GENSCAN00000124947 | V1 B 369 M-C
Pma-Spn-4 | GENSCAN00000089208 | V2 A 479 I-S
Pma-Spn-5 | GENSCAN00000067410 | V2 D 517 L-T
Pma-Spn-6 | GENSCAN00000047295 | V4 F 443 M-S
Pma-Spn-7 | GENSCAN00000097429 | V4 F 447 T-N
Pma-Spn-8 | GENSCAN00000147606 | V6 H 435 M-R

' Source: National human genome research institute www.genome.gov.
2 Ensembl website, www.ensembl.org.
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5.7. Characterization of serpins from Ciona intestinalis genome

Ciona intestinalis (sea squirt) belongs to the urochordata (tunicates) in the class ascidiacea. It
is a non-vertebrate chordate that diverged very early from the other chordates, namely
cephalochordates and vertebrates, approximately 550 million years ago. Therefore, it is
considered highly important for the understanding of the evolution of the vertebrates. Ciona
species live in flat water areas of the oceans and go through two phases of the life cycle — an
adult stage (Figure 31a) which metamorphoses from free swimming tadpole stage (Figure
31b). The tadpole is built of approximately 2500 cells, whose development can be observed
easily under the microscope on the basis of the transparency of the larva (Corbo et al., 1997)
(Figure 31c). Additionally, this organism has the relatively short life cycle of approximately
three months, making it a good system for developmental research.

(b)

Nerve cord

Sensory \

vesicle \» ‘Muscle
- cells

Notochord

-

Figure 31: Ciona intestinalis. (a) Adult. (b) Early tadpole larva stage. (c) a LacZ gene expressed in tadpole larva using
electroporation technique for functional analysis (Corbo et al., 1997). The figure is adopted from a review on Ciona
intestinalis (Canestro et al., 2003).

A whole genome shotgun assembly of C. intestinalis was released by the JGI with 11-fold
coverage with estimated genome size of 173 Mb, which contains ~16,000 genes (Dehal et al.,
2002). Using C. intestinalis genomic assembly v1.95 (October 2002), serpins were searched
and further analyzed for gene structure and synteny mapping as described in section 4.7.1.

This analysis and summary of Ciona serpins are similar to analysis of Ciona serpins carried
out by Olaf Kriiger (Kriiger, 2003), with some exceptions as summarized below. There are
eleven serpins in the C. intestinalis genome as summarized in Table 20.

The majority of Ciona serpins have AGY as codon for S56, except for Ci-Spn-1 and Ci-Spn-
2 where it is TCN. Ci-Spn-4 and Ci-Spn-5 do not have serine at position 56. The presence of
AGY codon in the majority of Ciona serpins indicates that it is an excellent case of TCN-
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AGY usage dichotomy (Krem and Di Cera, 2003) being Ciona a deuterostome, with
exception of two serpin genes.

Table 20: List of serpins from Ciona genome draft version v1.95". The gene name with the prefix is enlarged Ci (for
Ciona intestinalis) and Spn (for Serpin). Presence of Expressed tag sequence (EST) and S56 codon dichotomy, and P1-P1’
residues in RCL is indicated. $ indicates that ci0100146394 is accession id for Ci-Spn-8, Ci-Spn-7 and Ci-Spn-8 in database
for Ciona genome draft version v1.95!. The serpin Ci-Spn-10 shows two variations of the RCL exon, named A and B,
respectively.

Gene name JGI protein Protein  EST $56 Codon dichotomy RCL
accession id length TCN AGY  Comment P1-PT
Ci-Spn-1 ci0100132788 449 E TCG R-S
Ci-Spn-2 ci0100132818 412 E TCG R-S
Ci-Spn-3 ci0100134682 402 E AGT R-S
Ci-Spn-4 ci0100141118 441 E No S56 R-S
Ci-Spn-5 ci0100143209 413 E No S56 S-v
Ci-Spn-6 €i0100146394% 377 E AGC R-S
Ci-Spn-7 ¢i0100146394$ 380 E AGC S-M
Ci-Spn-8 ¢i01001463948 379 E AGC R-S
Ci-Spn-9 ci0100148346 409 E AGT D-S
Ci-Spn-10A ci0100154072# 408 E AGT R-S
Ci-Spn-10B ci0100154072# 407 E AGT P-L

Ciona serpins have unique gene structures as compared to vertebrate serpins (Figure 32).
Some of the vertebrate intron positions were found to be conserved in Ciona serpins, such as
intron positions 67c¢ and 191c¢ in Ci-Spn-1 and Ci-Spn-2. In case of Ci-Spn-5, introns at
position 191c and 339c¢ have counterparts in vertebrate group V5 (ATIII). The introns at
positions 225a and 339c were present in Ci-Spn-9 and Ci-Spn-10, which tally with known
introns of vertebrate group V6 and V5, respectively. But by and large, Ciona serpins have a
different set of intron positions as compared to vertebrate serpins (Ragg et al., 2001).

 Website of Ciona genome draft version v1, http://genome.jgi-psf.org/ciona4/ciona4.home.html
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In order to understand orthology and divergence of Ciona serpins as compared to vertebrate
serpins, synteny analysis was performed. Ci-Spn-1 and Ci-Spn-2 were found to be adjacent to
each other and having the same orientation. These genes are located in scaffold 63, flanked
by bZIF and a Pleckstrin-like gene on one side, while on the other side the lactase and SEC23
genes are located (Figure 33A).

Ci-Spn-3 was located on scaffold 69, surrounded by fCRD and CGI-69 on one side, and
ZFR1 and preRYK are located on the other side (Figure 33B). Ci-Spn-4 was located on
scaffold 127 as a single serpin gene (Figure 33C). Ci-Spn-5 is located on scaffold 301 as a
single serpin gene flanked by Kv+-NGAP like gene-SOH1 on one side, while the VTRS gene
is situated on the other side (Figure 33D). Ci-Spn-6, Ci-Spn-7, and Ci-Spn-8 are found on
scaffold 88 adjacent to each other in the same orientation (Figure 33E).

Ciona serpins Ci-Spn-9 and Ci-Spn-10 are found in opposite orientations on scaffold 47
flanked by a Fbox like gene and WD-40 (Figure 33F). All marker genes are summarized in
appendix 8.4.1 with accession id. None of these gene organizations of Ciona serpins matched
with that of the vertebrate serpins.
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Figure 33: Genomic organization of Ciona serpins. Ciona serpins (black arrows) were identified on different scaffolds
surrounded by marker genes (white arrows and appendix 8.4.1).

Ci-Spn-5 and human ATIII share two intron positions. To understand whether this is
incidental or due to common ancestry, we compared the genomic locations of these two
genes, but no common microenvironment was observed (Figure 34).
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Figure 34: Comparison of genomic organization of Ciona serpin Ci-Spn-5 and human ATIII.

Also, the genomic locations of Ci-Spn-9 and Ci-Spn-10 and of human HSP47 were compared
as these genes share an intron at position 225a (Figure 32) and a C-terminal endoplasmic
reticulum retention signal in the respective protein. Again, these genes were not found to
share a common genomic localization (Figure 35).
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Figure 35: Comparison of genomic localization of Ciona serpins Ci-Spn-9 and Ci-Spn-10, and human HSP47.

The appendix 8.3.1 summarizes the protein alignment of serpin sequences from Ciona.
Furthermore, a phylogenetic tree of Ciona serpins (Figure 36) was generated based on the
Neighbor-joining (NJ) method using Mega 3.1(Kumar et al., 2004). Ciona serpins that
grouped in the same scaffold show clustering within this tree, supported by high bootstrap

values.
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Figure 36: Phylogenetic tree of Ciona serpins. The tree was generated by Neighbor-joining (NJ) method using Mega 3.1
with bootstrap value = 1000. Human as-antitrypsin was used as an outgroup. The color bars represent Ciona serpins in

different scaffolds, which cluster in this phylogenetic tree together.

In summary, Ciona harbors serpins that are highly diverged and that have no orthologs in
vertebrates based on analysis of synteny, gene structures, and protein sequences.
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5.8. Branchiostoma floridae and its serpins

Branchiostoma floridae (amphioxus) belongs to cephalochordates, which are composed of 25-
30 species of lancelets and which are small and fish-shaped creatures inhabiting shallow
tropical and temperate oceans. The phylum Chordata is composed of the vertebrates,
urochordates and cephalochordates that descended from a common ancestor that lived perhaps
550 million years ago (Putnam et al., 2008). Thus, lancelets are important in evolutionary
biology for understanding the origin of chordates.

Figure 37: Branchiostoma floridae. This figure is taken from JGI B. floridae genome database website'.

The draft assembly of the amphioxus genome sequence®, in which initial gene and protein
predictions had been made using the JGI annotation pipeline, as described by Putnam et al.
(2008). Nine serpins were detected from B. floridae genome as summarized in Table 21. The
protein alignment of serpins from B. floridae is shown in appendix 8.3.2.

Table 21: List of serpins from Branchiostoma floridae.

Gene Model@ Protein Protein $56 Codon RCL
size dichotomy

Bfl-Spn-1 estExt_fgenesh2_pg.C_4600026 130749 390 AGT R-S
Bfl-Spn-2 fgenesh2_pm.scaffold_460000005 | 62047 387 AGT GG
Bfl-Spn-3 fgenesh2_pg.scaffold_11000109 66648 385 AGT R-S
Bfl-Spn-4 estExt_fgenesh2_pg.C_6170006 131993 377 AGC |R-S
Bfl-Spn-5 fgenesh2_pg.scaffold_11000110 66649 377 AGT R-S
Bfl-Spn-6 fgenesh2_pg.scaffold_11000112 66651 416 AGT M-S
Bfl-Spn-7 estExt_fgenesh2_pg.C_200164 118881 309 AGT | CA
Bfl-Spn-8 fgenesh2_pg.scaffold_1013000002 | 112013 378 AGT | L-S
Bfl-Spn-9 estExt_fgenesh2_pg.C_6170005 131992 416 AGT |R-S

@ Sequence information can be fetched from Branchiostoma floridae genome database using the following link:
http://genome.jgi-psf.org/cgi-bin/searchGM?db=Brafl1

5.9. The sea urchin Strongylocentrotus purpuratus and its serpins

The purple sea uchin Strongylocentrotus purpuratus belongs to the phylum echinodermata. It
serves as a research model system for molecular, evolutionary and cell biology (Sodergren et

1 JGI B. floridae genome database website, http://genome.jgi-psf.org/Brafl1/Brafl1.home.html
2B, floridae genome website, http://genome.jgi-psf.org/Brafl1/Brafl1.home.html
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al., 2006). The genomic sequence of S. purpuratus (genome size - 814Mb with about 23000
genes) is available from Sea urchin genome database at Baylor College of Medicine'.

Figure 38: Strongylocentrotus purpuratus. This figure is taken from Monterey bay aquarium website”.

Using homology searches, 10 serpins were detected in this genome as summarized in Table
22. The protein alignment of serpins from S. purpuratus is shown in appendix 8.3.3.

Table 22: List of serpins from sea urchin - Strongylocentrotus purpuratus.

Name given | Accession Scaffold@ Protein Putative $56 Codon Gene
IDe (length) RCL dichotomy structure

P1-P1’ TCN | AGY

Spu-spn-1 GLEAN3_28469 | Scaffold49418 418 R-S AGT No intron$
Spu-Spn-2 GLEAN3_13378 | Scaffold104538 | 393 G-C AGC | Nointron
Spu-Spn-3 GLEAN3_13377 | Scaffold104538 | 393 R-C AGC | Nointron
Spu-Spn-4 GLEAN3_09346 | Scaffold23825 413 C-L AGC | Nointron®
Spu-Spn-5 GLEAN3_18631 | Scaffold85441 395 GG AGC | Nointron
Spu-Spn-6 GLEAN3_24263 | Scaffold21611 376 G-C AGC | 300c-intron
Spu-Spn-7 GLEAN3_18630 | Scaffold85441 397 C-L - No intron
Spu-Spn-8 GLEAN3_18632 | Scaffold85441 395 GG AGC | Nointron
Spu-Spn-9 GLEAN3_04543 | Scaffold60098 410# M-M AGC | Nointron®
Spu-spn-10 GLEAN3_20278 | Scaffold60098 196*# R-W No intron

@ Sequence information can be fetched from Sea Urchin genome database using the following link:
http://annotation.hgsc.bcm.tme.edu/Urchin/cgi-bin/pubLogin.cgi

# Low complexity regions are deleted from the sequence

*Partial Sequence

$ No introns in conserved serpin domain (only one intron in signal peptide).

Sea urchin genome database website, http://www.hgsc.bem.tmc.edu/project-species-o-
Strongylocentrotus%20purpuratus.hgsc?pageLocation=Strongylocentrotus%20purpuratus
2 Monterey bay aquarium website, http://www.montereybayaquarium.org/
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5.10. Nematostella vectensis and its serpins

The starlet sea anemone Nematostella vectensis (Figure 39) is a member of the oldest
eumetazoan phylum, the Cnidaria that comprise anemones, corals, jellyfish and hydras.

N. vectensis is a simple eumetazoan, although recently available genome sequences suggest
that its genome possesses more similarity to vertebrates than to flies or worms (Putnam et al.,
2007).

Figure 39: Nematostella vectensis. Taken from JGI Nematostella vectensis webpage!.

Three serpins were detected on BLAST searches against the N. vectensis genome as
summarized in Table 23. The alignment of serpin sequences from N. vectensis is shown in
appendix 8.3.4.

Table 23: List of serpins from Nematostella vectensis.

JGl accession id. NCBI accessionid. | Peptide §56 Codon dichotomy = RCL

Length
TCN AGY P1-P1
Nve-Spn-1 | estExt_fgenesh1_pg.C_1860016 | XP_001627732 397 AGC R-S
Nve-Spn-2 | e_gw.186.64.1 XP_001627750 374 AGC R-C
Nve-Spn-3 | estExt_GenewiseH_1.C_880258 | XP_001632351 380 AGC M-S

5.11. Orthology analysis of group V1 serpins

Group V1 vertebrate serpin genes depict five standard introns at positions 78c, 128¢c, 167a7,
212c, and 262c (o;-antitrypsin numbering) in their coding region (Ragg et al., 2001). An
additional intron is found in some group V1 members at position 85c¢, constituting group Vla,
while members that lack intron at position 85c¢ represent group V1b. These members are
normally inhibitors of serine or cysteine proteases, but some of them are non-inhibitory
(Table 24). Group V1 serpins are also named ov-serpins being closely related to ovalbumin;
these serpins have been arranged in clade B in the clade-based classification system of serpins

 JGI Nematostella vectensis webpage, http://genome jgi-psf.org/Nemve1/Nemve1.home.html
2 This intron position is also shared by group V3 serpins
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(Silverman et al., 2001). These ov-serpins are primarily intracellular as they lack an N-
terminal signal peptide. They also lack C-terminal extensions.

Table 24: Physiological roles of group V1 serpins and associated diseases/syndromes.

Group V1 serpins Physiological Role(s) Associated

Disease(s)/Syndrome(s)

SERPINB1 (MNEI) Inhibitor of neutrophil elastase
SERPINB2 (PAI2) Inhibitor of uPA
SERPINB3 (SCCA1) Inhibitor of cathepsin L and V
(
(

SERPINB4 (SCCA2) Inhibitor of cathepsin G and chymase

SERPINB5 (Maspin) Metastasis control by unknown mechanism, non- Mouse knockouts are lethal
inhibitory.

SERPINBG (PI-6) Inhibitor of cathepsin G IgA nephropathy

SERPINB7 (Megsin) Megakaryocyte maturation

SERPINBS (PI-8) Inhibitor of furin

SERPINB9 (PI-9) Inhibitor of granzyme B

SERPINB10 (Bomapin) | Inhibitor of thrombin and trypsin

SERPINB11 (Epipin) ?

SERPINB12 (Yukopin) | Inhibitor of trypsin

SERPINB13 (Headpin) | Inhibitor of cathepsin L, protecting epithelial cells

Appendices 8.3.5 to 8.3.11 show protein alignments of group V1 serpins.

5.11.1. Gene structure of group V1 serpins

Since gene structure plays an important role in classifying groups V1-V6, the gene
architectures of probable group V1 serpin homologs from different vertebrates were
determined. Table 25 shows that the vertebrate species investigated contain at least three
genes that depict the basic exon-intron structure of group V1 serpins (for instance in Fugu,
Tetraodon, and lamprey). Most of these genes contain the complete set of standard introns at
the canonical positions 78c, 85c1, 128c, 16732, 212c, and 262c. However, the SPB6 genes
from Fugu and Tetraodon each possess two additional introns at positions 239¢c (novel) and
320a (appendix 8.3.4). Interestingly, group V5 serpins also contain an intron at position 320a.
The SPB6 gene of Tetraodon has an intron at position ~85c (position cannot be exactly
assigned, due to sequence ambiguity); this is a unique case since SPB6-like genes of all other
vertebrates do not possess this intron. The structure of the Dre-Spn-5 gene cannot be
determined, as only full-length cDNA information® of this gene is available from the zebrafish
gene collection (ZGC).

" Only in serpin group V1a members.
2 Also shared by group V3 serpins.
3cDNA id ZGC:76926.
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Table 25: Intron positions of group V1 genes in different vertebrates. The presence (+) of intron positions is shown.

Group V1

serpin genes

78c

Intron at position

85¢

128¢

167a

21

N

C

262c

Abnormalities
in intron

MNEI_HSA (P30740)

+

positions

MNEI_MMU (Q55UV7)

MNEI_RNO (gi:72255515)

MNEI_GGA (XP_418980)

MNEI_XTR (fgenesh1_kg.C_scaffold_95000014)

MNEI_FRU (FRUP00000131353)

MNEI_TNI (GSTENP00015677001)

MNEI_DRE (CAI20749)

MNEIL_PMA (GENSCAN00000124947)

PAI2_HSA (P05120)

PAI2_MMU (P12388)

+

PAI2_RNO (P29524)

SPB5_HSA (P36952)

SPB5_MMU (P70124)

SPB5_RNO (P70564)

SPB5_GGA (XP_418986)

SPB5_XTR (fgenesh1_kg.C_scaffold_95000011)

SPB6_HSA (P35237)

SPB6_MMU (Q60854)

SPB6_RNO (Q6P9U0)

SPB6_GGA (XP_418981)

SPB6_XTR (fgenesh1_kg.C_scaffold_95000013)

pSPB6_FRU (¢_gw2.671.2.1)

[+]239c, [+]320a

pSPB6_TNI (GSTENT00016647001)

[+]239c, [+]320a

pSPB6_DRE (AAH53300)

SPB6_PMA (GENSCAN00000029305)

| Gga-Spn-3 (XP_426040/serpinB10)

_ Gga-Spn-4 (NP_990228/MENT)

Gga-Spn-5 (XP_418982)

Gga-Spn-6 (ovalbumin)

| Gga-Spn-7 XP_418983/Gene Y protein)

| Gga-Spn-8 (XP_418984/Gene X protein)

| Gga-Spn-9 (XP_418985)

|||+

Xtr-Spn-2 (fgenesh1_kg.C_scaffold_95000012)

Xtr-Spn-5 (estExt_fgenesh1_pm.C_2110010)

Xtr-Spn-6 (fgenesh_pm_kg.C_scaffold_211000008)

Dre-Spn-2 (CAI20745)

Dre-Spn-4 (AAQ97848)

L I S I I Il I I I B B B B I o o o o o O e I I I I I o I I I I I I R P

IR RN E AR AR AR AR R R RN E R E R E R E A A E A E A E I E S o R

||| ||| ||| ||| |||+

|| ||| ||| ||| ||| |||+

|| ||| ||| ||| |||+

Dre-Spn-5 (AAH66740)

)
Dre-Spn-6 (AAH64292)

Dre-Spn-28 (AAI53324)

Dre-Spn-29 (AAI52147)

Dre-Spn-30 (XP_001331039)

Dre-Spn-31 (XP_697505)

Fru-Spn-36 (FRUP00000163136)

Tni-Spn-2 (GSTENP00015675001)

+ |||+ |+ |+

+ |||+ |+ |+

Pma-Spn-1 (GENSCAN00000114312)

+

+

+ |||+ |+

|||+

|||

# Gene structure is not available.
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5.11.2. Synteny analysis of group V1 serpins

To investigate orthology relationships of vertebrate group V1 serpins, the syntenic
arrangements of these genes were analyzed in various vertebrates (Figure 40).
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Figure 40: Synteny organization of group V1 serpins in vertebrates.
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There are two clusters of group V1 serpins in the human genome, one on the chromosome 6
containing serpin-B1(MNEI), -B6 and -B9 in a 3 Mb region, that is flanked by markers
RIPK 1-BPHL-TUBB2A-TUBB2B' on one side and by WHIP-GMD-FHBQ' on the other side
(Figure 40). The other cluster on the chromosome 18 encompasses serpin-B8, a -B6-like
pseudo-gene, -B10, -B2, -B7, -B11, -B3, -B4, B13, B12 and -B5 within a 700 kb region,
flanked by markers VPS4B-FVT1'. In the chicken genome, the group V1 serpins are
organized in an uninterrupted, single cluster on chromosome 2, flanked by markers RIPK1-
BPHL-TUBB2A-TUBB2B on one side, and markers VPS4B-FVT1 on the other side
(Benarafa and Remold-O'Donnell, 2005).

In the Xenopus tropicalis genome, group V1 serpins are also organized in one cluster
comprised of two scaffolds (scaffold 211 and scaffold 95) that are flanked by a series of
similar marker genes as in the chicken genome. Interestingly, there are two unique serpins of
group V1, named Xtr-Spn-5 and Xtr-Spn-6 in scaffold 211, that are surrounded by markers
RPP40-CDYL-PECI1 on the one side, and by marker triad BPHL-TUBB-RIPK1 on the other
side. In the chicken genome, these extra group V1 serpins are not present, but the
corresponding region has a set of conserved markers as in Xenopus tropicalis (black box in
Figure 40). This indicates that the frog has a unique expansion of group V1 serpins adjacent
to the main conserved cluster. Alternatively, these genes were lost in chicken.

In fish genomes, there is only one cluster that groups around serpinB1 and includes Dre-Spn-2
and Dre-Spn-28 in Danio rerio genome, whereas a pseudogene Tni-Spn-2 is present in the
Tetraodon genome. A serpinB6-like gene is also present in these fish genomes, but this gene
is found in another syntenic organization surrounded by conserved markers (Figure 41),
suggesting that it is a paralogue, and not an ortholog of human serpinB6.

" See Appendix 8.4.2.
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Figure 41: Genomic localization of serpinB6-like genes in fishes.

In summary, these data suggest that there is one orthologous cluster with group V1 serpin
genes, conserved across different vertebrates since the fish/tetrapod split at around 450
million years (MY) ago. After separation of the chicken from mammals around 310 MY ago,
this cluster bifurcated into two clusters by chromosomal breakage in mammals There are
some further fish-specific group V1 serpins with a unique genomic micro-environment as
described in this section. Dre-Spn-4 of zebrafish is located on chromosome 19, flanked by a
distinct set of markers (appendix 8.4.1), which assigns this gene to a unique micro-locus
(Figure 42).

0 Ciy

Danio (chr 19) 442 kb

Figure 42: Genomic localization of Dre-Spn-4 from Danio rerio.

Dre-Spn-5 from Danio rerio cannot be located in the present assembly of genomic sequences,
whereas Dre-Spn-6, Dre-Spn-29, Dre-Spn-30, and Dre-Spn-31 are localized on Contig:
NW 001884542.1 that is not assigned to any chromosome yet in the zebrafish genome
(Figure 43).
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Danio (contig: NW_001884542.1) 300 kb

Figure 43: Genomic localization of four group V1 serpins from Danio rerio, namely Dre-Spn-6, Dre-Spn-29, Dre-Spn-
30, and Dre-Spn-31.

5.11.3. Sequence analysis of group V1 serpins

To further delineate orthologs of group V1 serpins, sequence analyzes were carried out. The
major outcomes are reported below.

MNEI (serpinB1) is highly conserved in vertebrates, depicting 56-81% sequence identity and
72-92% sequence similarity on the amino acid level with human MNEI. The inhibitory RCL
region is conserved, containing C-M at P1-P1’ (appendix 8.3.5). PAI2 (serpinB2) is highly
conserved in mammals, depicting 72-75% sequence identity and 86-87% sequence similarity
on the amino acid level with human PAI2. The inhibitory RCL region is conserved exhibiting
R-T at P1-P1’ (appendix 8.3.6). PAI2 is further characterized by a conserved loop between
helices C and D (CD loop), a cysteine disulfide bridge between C79-C161' and by absence of
one amino acid insertion between positions 247/248. SPB5 (maspin/serpinB5) is conserved
from frog to mammals with 53-89% sequence identity and 77-97% sequence similarity on the
amino acid level with human SPBS5 and is further characterized by non-inhibitory RCL
(appendix 8.3.7). SPB6 from tetrapods and its paralogs in fishes (pSPB6) depict 39-75%
sequence identity and 56-84% sequence similarity on the amino acid level with human SPB6
with a conserved inhibitory RCL region, containing R-C at P1-P1’(appendix 8.3.8). Chicken
has ten group V1 serpins in a single cluster including orthologs of MNEI, SPB6 and SPB5
and other ovalbumin like genes (appendix 8.3.9). Xenopus tropicalis has six serpin genes into
two clusters of group V1 serpins including orthologs of MNEI, SPB6 and SPBS5; and several
other group V1 serpins named as Xtr-Spn-2, Xtr-Spn-5 and Xtr-Spn-6 (appendix 8.3.10).
Danio has ten group V1 serpins localized in different clusters including an ortholog of MNEI,
a paralog of SPB6 and other eight ov-serpin genes (appendix 8.3.11).

To comprehend the relationship of these group V1 serpins, a phylogenetic tree (Figure 44)
was created based on the NJ method (Saitou and Nei, 1987) with the help of MEGA4
(Tamura et al., 2007). The phylogenetic tree of group V1 serpins from different vertebrate has
three firmly established branches, MNEI-like, SBP6-like, and SBP5-like serpins, and out of
these three classes, only first two are found in fishes. Dre-Spn-2 and Dre-Spn-28 are recent
duplicates of MNEI DRE. Group V1 serpins from lamprey are clubbed with MNEI,
corroborating basal nature of MNEI from where SBP6 originated by duplication. Thus, MNEI

" Numbering according to human PAI2 sequence.
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is the ancestor of group V1 serpins found in early vertebrate originating at ~500 Mya.
Furthermore, there are many paralogs of these genes in different organisms, making it
difficult to decide orthology with human group V1 serpins. In many cases, orthologs such as
ovalbumin, gene X protein, and gene Y proteins in chicken genome have no counterpart in
humans. In addition, in Xenopus tropicalis, Xtr-Spn-5 and Xtr-Spn-6 are unique group V1
serpins with no orthologs in any other vertebrates.

Briefly, many different species possess species-specific group V1 serpins generated from
tandem duplication events, apart from conserved members of group V1 serpins.
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Figure 44: Evolutionary tree of group V1 serpins from different vertebrates. This tree has three major firmly supported
branch - MNEI-like (red box), SPB5-like (blue box), and SPB6-like (green box). Group V1 serpins whose orthologs are not
clear are named with species name such as Xir-Spn-5 from Xenopus tropicalis (Xtr). The group V1 serpins from lamprey
(PMA) are grouped with MNEI, and ! indicates origin of lamprey SBP6 as this gene is grouping with MNEI genes from other
species, suggesting a basal nature of MNEI from which SBP6 originated by duplication. “?” indicates question that whether
Danio rerio specific group V1 serpins are paralogue of SPB6 or not This tree was created with the NJ method using MEGA4.
Bootstrap values (in percentage) for 1000 replicates are shown. Branches corresponding to partitions reproduced in less
than 30% bootstrap replicates are collapsed.
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5.12. Orthology analysis of group V2 serpins

Group V2 of vertebrate serpins has been defined by a gene structure depicting three introns at
homologous positions - 192a, 282b, and 331c (a-antitrypsin numbering) in their coding
region, and each member also has an intron mapping to the untranslated region (Ragg et al.,
2001). Group V2 is multi-membered, composed of a;-antitrypsin like serpins that are
involved in different physiological roles, including inhibitors (like «;-antitrypsin or
antichymotrypsin) and non-inhibitory members (like angiotensinogen) (Table 26).

Table 26: Physiological roles of group V2 serpins and associated diseases/syndromes.

Group V2 serpins Physiological Role(s) Associated Disease(s)/Syndrome(s) |

SERPINA1 (A1AT)

Elastase inhibitor

Emphysema & serpinopathy

SERPINA2

SERPINA3 (ACT)

Chymotrypsin inhibitor

Emphysema & serpinopathy

SERPINA4 (KALL)

Kallikrein inhibitor

SERPINAS (PCI)

Protein C inhibitor

Corticosteroid transporter Chronic fatigue
SERPINAY (THBG) Thyroxine transporter Hypothyroidism
SERPINAS (AGT) Blood pressure regulation Hypertension

(

E
SERPINAG (CBG)

(

(

(

SERPINA9 (CEN) B cell maintenance by inhibiting trypsin-like serine

proteases

SERPINA10 (ZPI) Inhibitor of Factor Xa Venous thromboembolic disease
SERPINA11

SERPINA12 (VAS) Adipokine with insulin-sensitizing effects Metabolic syndrome
SERPINA13

SERPIND1 (HCII) Thrombin inhibitor

The protein alignments of group V2 serpins are shown in appendices 8.3.12 to 8.3.21.

5.12.1. Gene structure of group V2 serpins

To ensure group affiliation, the gene architectures of supposed group V2 serpin homologs
were determined in different vertebrates. Table 27 summaries that all vertebrates investigated
contain several group V2 serpin genes with introns at the canonical positions 192a, 282b, and
331c. However, there are some genes with deviations from the standard structure. The intron
at the position 331c in AIAT _TNI cannot be assigned, probably due to sequencing errors
around this position. AGT _FRU has two additional introns at positions 77c¢ and 233c. The
233c intron is also shared by AGT_TNI. The presence of an intron at position 77c could not
identified in the AGT_TNI gene, since there is a big gap in 5’ part of this gene in the current
version of the Tetraodon genome. HCII FRU and HCII TNI share an additional intron at
position 241c. Furthermore, these genes have a common non-canonical intron in the non-
conserved N-terminal domain, which can be assigned to position 85¢ (numbering according to
HCII FRU, appendix 8.3.13). HCII PMA has additional introns in the serpin core at position
83c (ay-antitrypsin numbering). Similarly, HCII PMA also has two additional introns in its
non-conserved 5’ region (appendix 8.3.13). Fru-Spn-7 and TNI-Spn-3 share an extra intron at
position 215¢, whereas ZPI3 FRU and ZPI3 TNI each contain a non-standard intron at
position 94a and both these two genes are renamed from here on as Spn 215c¢ and Spn 94a
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respectively. One of the group V2 serpins from Danio, Dre-Spn-11 is a pseudogene with the
intron at position 331c¢ not found due to a premature stop codon.

Table 27: Intron positions of group V2 genes in different vertebrates. The presence (+) of intron positions is shown.
Abnormalities in intron positions within any group V2 serpin genes are also tabulated in last column. Note that only introns
mapping to the serpin core are listed in this table.

Group V2 serpin genes Intron at position Abnormalities in intron
positions

192a | 282b 331c
+ + +

A1AT_HSA (P01009)

A1AT_MMU (P07758)

A1AT_RNO (P17475)

A1AT_GGA (XP_426460)
A1AT_XTR (fgenesh1_kg.C_scaffold_185000010)
A1AT_FRU (e_gw2.111.104.1)
A1AT_TNI (GSTENP00018459001)
A1AT_DRE (NP_001013277)
A2_HSA (P20848)

A2_MMU (gi:20858201)

A3_HSA (P01011)

A3_MMU (Q9D490)

A4_HSA (P29622)

A4 _MMU (P97569)

A5_HSA (P05154)

A5_MMU (Q5BKQ8)

A5_RNO (Q66HL5)

A6_HSA (P08185)

A6_MMU (Q06770)

A6_RNO (P31211)

AT7_HSA (P05543)

A7_MMU (P61939)

AT7_RNO (P35577)

AGT_HSA (P01019)
AGT_MMU(P11859)

AGT_RNO (P01015)

AGT_GGA (gi:50741434)
AGT_XTR (fgenesh1_pg.C_scaffold_2000123)
AGT_FRU (FRUP00000140727)
AGT_TNI (GSTENP00031597001)
AGT_DRE (NP_932329)

A9_HSA (Q86YP7)

A9_MMU (Q9D7D2)

A9_RNO (gi:56912218)

ZP1_HSA (Q9UK55)

ZP1 _MMU (Q8R121)

ZP1 _RNO (Q62975)

ZP1 _GGA (XP_421341)

ZPI1 _XTR (e_gw1.49.222.1)

ZPI1 _FRU (e_gw2.88.117.1)

ZP1 _TNI (GSTENT00032260001)
ZP11_DRE (NP_001038536)
ZP12_DRE (XP_001343164)
ZP13_FRU (FRUP00000146289) /Spn_94
ZP13_TNI (GSTENP00008425001) /Spn_94

Gap in coding region

[+]77c, [+]233¢
[?]77¢, [+]233¢

[+]94a
[+]94a

S S S S I o e I B B B o e o o R e R P e N N N N A AR AR A AR R R E N E AR A E AR AR AR AR S

T o o o o e T o e A A A S A A AR AR AR R AR A E R N AR R R AR E I AR A

S S S S e o P I B B B o o o o e S R P P N N N A AR AR A A R E I E N E AR E I E AR AR R S
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A11_HSA (Q86YP6)

A11_MMU (Q8CIEO)

A11_RNO (gi:21717801)

A12_HSA (Q8IWT75)

A12_MMU (Q8R4Z1)

A12_RNO (Q6P6M3)

HCII_HSA (P05546)

HCII_MMU (P49182)

HCII_RNO (Q64268)

HCII_GGA (AAC16324)

HCII_XTR (ENSXETP00000048524)

HCII_FRU (FRUP00000149263)

HCIL_TNI (GSTENP00028636001)

HCII_DRE (NP_878300)

HCII_PMA (GENSCAN00000067410)

Gga-Spn-11 (XP_421342)

Gga-Spn-12 (XP_421343)

| Gga-Spn-13 (XP_421344)
(
(

[+]241c
[+]241c

[+]83c

| Gga-Spn-14 (XP_421345)

| Gga-Spn-15 (XM_001235489)

Xtr-Spn-8 (e_gw1.185.80.1)

Xtr-Spn-9 (e_gw1.185.79.1)

Xtr-Spn-10 (C_scaffold_185000011)
Xtr-Spn-11 (estExt_fgenesh1_pg.C_1850042) EP45
Xtr-Spn-12 (estExt_fgenesh1_pg.C_1850041)
Xtr-Spn-13 (e_gw1.185.72.1)

Fru-Spn-7 (FRUP00000160285) /Spn_215¢c
Tni-Spn-3 (GSTENP00007903001) /Spn_215¢
Fru-Spn-17 (FRUP00000155064)

Tni-Spn-4 (GSTENP00018460001)

Dre-Spn-8 (NP_001071226)

Dre-Spn-9 (NP_001104678)

Dre-Spn-10 (NP_001099059)

Dre-Spn-11 (XR_029524)

Dre-Spn-12 (XP_695000)

[+] 215¢
[+] 215¢

IR R R R e A A L T R B o o e I I L o e B o I o I I I I I R o P
||| |||+ ||| ||| |||+ |+ |+
R N R e N A A R AR A I A R R R S o o o o I I I I R P P

+
*pseudogene

+

5.12.2. Synteny analysis of group V2 serpins in the o;-antitrypsin cluster

To examine orthology of group V2 serpins, their chromosomal synteny in different
vertebrates was investigated. In the human chromosome 14, a cluster of group V2 serpins
(aj-antitrypsin like) containing serpins Al13, A3, AS, A4, Al12, A9, All, Al, A2, A6 and
A10 is present, flanked by markers GLRXS5-DICER-GSC' on one side and by the triad
(KIAA1622-DEADB-ITPK1)' on the other side. A similar syntenic organization, containing
a serpin gene cluster bounded by common marker sets was found to be conserved from fish to
human (Figure 45). The ZPI gene is consistently found at the proximal end, adjacent to the
(KIAA1622-DEADB-ITPK1)" cluster. The chicken chromosome 5 has seven group V2
serpins in this cluster, and these include A1AT like genes and a ZPI ortholog. The Xenopus

" See Appendix 8.4.3.
2KIAA1622 gene encodes a HEAT-like repeat-containing protein.
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tropicalis cluster has eight group V2 serpin genes, including an ortholog of ZPI, the frog

specific EP45 gene, and A1AT-like genes.
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Figure 45: Synteny of group V2 (as-antitrypsin like) serpin genes in vertebrates. Possible orthologs of human A1AT is
marked by ? from different organisms hare tentatively identified based only on RCL conservation (also see section 5.12.7).

In Danio rerio, A1AT-like genes and ZPI are found in a cluster on chromosome 20 but are
separated by other markers in between. The genomes of Fugu and Tetraodon have one extra
non-inhibitory serpin in this cluster, namely Fru-Spn-17 and Tni-Spn-4, respectively, along
with A1AT-like gene flanked by marker GLRXS (blue) on one side. These fish genomes have
a paralogous genomic fragment a ZPI-like gene (ZPI2 DRE) and a DEADB-like gene
(DEADB?2) can be located. This suggests that fishes have two types of ZPI like genes - ZPI1
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is orthologous to human ZPI and is found in all three fishes. Furthermore, selected fishes have
Spn_94a serpin, which possess sequence similarity to ZPI.

The subset of group V2 serpins that is reversely oriented with respect to A1AT gene in the
human serpin gene cluster is not found in any of non-mammalian vertebrates. This suggests
that these serpins (A3-AS5 and A13) are specific to mammals.

To understand origin of Spn 94a genes in fishes, synteny analysis of selected fish genome
was carried and orthologs were identified from selected fish (Figure 46). It becomes evident
that this gene is found in different ray-finned fishes, however, extra intron at position 94a is
found in all fishes except for D. rerio. It suggests that this intron is inserted after divergence
of the D. rerio lineage.
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Figure 46: Spn_94a orthologs unraveled by chromosomal gene order from selected fishes. With the exception of
Danio rerio, all fishes investigated share a gene with an extra intron at position 94a (indicated by a plus sign). Chromosomal
gene order corroborates that these genes, dubbed Spn_94a, are orthologous. Intron gain hence took place after divergence
of the D. rerio lineage.
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5.12.3. Synteny analysis of the serpinA7 gene

To detect the orthologs of human serpinA7, which located on the X-chromosome, the
serpinA7 micro-environment was investigated. In mammals, serpinA7 is flanked by the
ILIRAPL2-NRK (appendix 8.4.4) gene cluster on one side and by marker on the other side
(Figure 47). This architecture is not found in any of non-mammalian vertebrates.

~y i~
$ § &
& & & =
N £§ F
Human (chromosome X) 1 Mb

Figure 47: Synteny organization of serpinA7 gene in mammalian genomes.

5.12.4. Synteny analysis of the angiotensinogen (AGT) gene

In humans and in chicken, the AGT (serpinA8) gene is flanked by the COG2 marker on one
side and CAPNO on the other side. A similar genomic architecture is maintained in frog and in
fishes, but only COG2 marker was found in these species (Figure 48).
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Figure 48: Synteny of the angiotensinogen (AGT) genes in vertebrate genomes.
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These data suggest that orthologs of human AGT are maintained from fishes to mammals.

5.12.5. Synteny analysis of the heparin cofactor II (HCII) gene

To unravel orthologs of heparin cofactor II, the genomic environment of the HCII gene was
compared (Figure 49).
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Figure 49: Synteny analysis of the heparin cofactor Il (HCIl) gene in vertebrates. The HCIl gene is consistently located
within an intron of the PIK4 gene in reverse orientation, suggesting that HCII gene has been continuously maintained since
divergence of lampreys.

The HCII gene in vertebrates is found to be conserved as gene within gene located in an intron
of the PIK4 gene (in opposite orientation) and a common set of flanking markers. This
conserved syntenic organization corroborates that orthologs of human HCII gene are found
across vertebrates.
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5.12.6. Genomic organization of fish specific group V2 serpins

There are two different fish specific genomic organizations of some serpin genes, not evident
in any other vertebrates investigated. Based on sequence features, Fru-Spn-7 and Tni-Spn-3
are close homologs, and these genes share an additional intron at position 215c¢, thus these
genes were renamed as Spn 215c. Nevertheless, a syntenic localization could not be
confirmed, due to lack of conserved markers in scaffold 5339 of the Fugu genome (Figure
50).

Fugu (scaffold_5339) 5 kb
« ©
§ &£ &
D » o>
Tetraodon (chrUn_random) 37 kb

Figure 50: Genomic organization of the fish specific group V2 serpin - Spn_215¢

The Danio genome depicts four group V2 serpin genes in a unique syntenic organization on
chromosome 5 (Figure 51).

Danio (chromosome 5) 300 kb

Figure 51: Genomic organization of the Danio specific group V2 serpin genes - Dre-Spn-9, Dre-Spn-10, Dre-Spn-11,
and Dre-Spn-12.

5.12.7. Sequence analysis of group V2 serpins

In order to expand the understanding of orthologs and paralogs of different group V2 serpins,
sequence analysis of group V2 serpins was carried out. The major findings are described as
below.
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The AGT protein is maintained in vertebrates with 23-62% sequence identity and 42-75%
sequence similarity between humans and fishes. Tetraodon AGT (AGT _TNI) is only partially
available due to the presence of a big gap in the genomic sequence after the intron at position
192a. The AGT proteins are characterized by the presence of the highly conserved
angiotensin sequence close to the N-terminal end (cyan boxes in appendix 8.3.12) and the
non-inhibitory RCL (red boxes in appendix 8.3.12).

The HCII protein is highly conserved in vertebrates with 39-81% sequence identity and 63-
88% sequence similarity between humans and fishes. The heparin binding helix-D of HCII
was found to be highly conserved (yellow boxes in appendix 8.3.13) which therefore
represent a signature sequence for identifying HCII orthologs. The RCL region is highly
conserved (red boxes in appendix 8.3.13).

The ZPI is conserved in vertebrates as orthologs and paralogs of human ZPI show 22-71%
sequence identity and 44-81% sequence similarity at amino acid level with human ZPI from
fish to mammals and possess inhibitory RCL, except in ZPI FRU and ZPI _TNI (red boxes in
appendix 8.3.14). This suggests that ZPI FRU and ZPI TNI acquired non-inhibitory
function after duplication of micro-environment in these fish lineage.

Serpins possessing additional introns at position 215¢ — Spn_94a FRU and Spn 94a TNI
share 73% sequence identity and 86% sequence similarity with each other and possess
inhibitory RCL (appendix 8.3.15). Fru-Spn-17 and Tni-Spn-4 share 71% sequence identity
and 79% of sequence similarity with each other and possess a non-inhibitory RCL (appendix
8.3.16). Unraveling orthology of the A1AT gene is a challenging task, since A1AT-like genes
expanded by tandem duplication resulting in many A1AT-like genes in different organisms.
Chicken, Xenopus and Danio, for instance, have six A1AT like genes (appendices 8.3.17-
8.3.19). Based on RCL sequence conservation, A1AT proteins from each species were picked
to examine orthology of human AIAT. However, orthology assignment based on RCL
sequence alone, this makes a weak argument in favour. Therefore, these sequences are aligned
in appendix 8.3.20 as tentative AIAT orthologs. The thyroxine hormone binding globulin
(THBG/serpinA7) is highly conserved in mammals and it show 75-76% sequence identity and
88% sequence similarity with human THB in additional, it possesses a non-inhibitory RCL
(appendix 8.3.21).

To complement the understanding about group V2 serpins in different vertebrates, a
phylogenetic tree (Figure 52) based on the NJ method (Saitou and Nei, 1987) was created
with the help of MEGA4 (Tamura et al., 2007). This phylogenetic tree has several major
branches such as a,-antitrypsin like genes including a;-antitrypsin from different vertebrates,
HCII orthologs, AGT orthologs, ZPI and its orthologs and paralogs; in addition, some genes
are identified as Danio specific and Tetraodontidae specific. Presence of two group V2
serpins from initial version of lamprey genome, namely HCII and a;-antitrypsin like genes
with group V2 specific gene structure, suggests that group V2 serpins arose at early vertebrate
emergence.
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Figure 52: Phylogenetic tree of group V2 serpins from different vertebrates. as-antitrypsin like genes cluster together
whereas ZPI like genes cluster in separate branch. There are three different tetraodontidae specific orthologous group V2
serpins, marked by circles of different colors. HCII and AGT branches are condensed to two think single lines to make this
tree simple. A1AT orthology assignment is challenging and therefore marked by ?. This tree was created with MEGA4 based
on the NJ method. Bootstrap values (in percentage) for 1000 replicates are shown.

In summary, orthology of group V2 serpins can be assigned to ZPI, AGT and HCII genes
across vertebrates whereas orthology assignment of A1AT is challenging, as different species
contains many AIAT like genes. There is only one cluster of a;-antitrypsin like genes in
mammals, chicken, and frog but fishes do possess additional clusters of a;-antitrypsin like
genes. There are many group V2 serpin genes, which originated based on organism’s
requirements.
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5.13. Orthology analysis of group V3 serpins

Group V3 of vertebrate serpins has been defined by a gene structure having seven introns at
positions - 86a/88a or 90a', 167a* 230a, 290b, 323a, 352a and 380a (a,-antitrypsin
numbering) in their coding regions® (Ragg et al., 2001). The exact location of the first intron
is uncertain in different group V3 family members due to alignment ambiguities. Group V3
has five inhibitory serpins as members that are involved in different physiological processes
(Table 28).

Table 28: Physiological roles of group V3 serpins and associated diseases/syndromes.

Group V3 serpins Physiological Role(s) Associated
Disease(s)/Syndrome(s)

SerpinE1 Inhibitor of plasminogen activation regulates tissue plasminogen | Atherosclerosis, diabetes
(Plasminogen activator inhibitor (tPA), urokinase plasminogen activator (uPA), and protein C. | and Hypertension
inhibitor 1)
SerpinE2 Potent inhibitor of thrombin in central nervous system and in the
(Glia derived nexin /GDN) | vasculature.
SerpinE3 Unknown
Serpinl1 Inhibitor of tissue plasminogen activator in the nervous system. Ischemia and FENIB*
(Neuroserpin)
Serpinl2 Inhibitor of cancer metastasis. Cancer
(Pancpin)

The protein alignments of group V3 serpins are shown in appendices 8.3.22 to 8.3.26.

5.13.1. Gene structure of group V3 serpins

Since gene structures are discriminatory features of group V1-V6 serpins, gene architectures
of probable group V3 serpin homologs in different vertebrates were determined. Table 28
shows that all vertebrates investigated contain at least three genes that depict the basic exon-
intron structure of group V3 serpin genes. Introns at the canonical positions 86a/88a/90a,
167a, 230a, 290b, 323a, 352a, and 380a are conserved with some deviations. In the PAIl
genes of Xenopus (PAIl_XTR) and Tetraodon (PAI1_TNI) no intron at position 380a was
found (indicated by ?), probably due to sequencing errors. PAI1 was not found in chicken,
due to either a bird specific gene loss or alternatively, PAIl in chicken escaped detection.
Due to lack of data for the Fugu serpinE3 gene (E3_FRU)’, not all introns can be assigned in
this gene (indicated by ?) and for the same reasons, introns at positions 352a and 380a of the
Tetraodon serpinE3 gene (E3_TNI) cannot be assigned. Similarly, the intron at position 90a
for NEURO TNI cannot be located, due to sequencing errors. Pancpin is only found in
mammals and in the frog. There are two novel introns at positions 205b and 217a in
PANC XTR. The gene structures of serpinE2 and serpinll perfectly correspond to the
canonical group V3 gene structure.

" Tentative positions due to alignment ambiguities.

2 Also shared by group V1 serpins.

3 Qut of seven intron positions, the last six are found at identical locations

4 Familial encephalopathy with neuroserpin inclusion bodies.

5 Mapping of intron positions was possible with use of trace archive data from Ensembl (accession id, SINFRUG00000134592.1).
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Table 28: Intron positions of group V3 genes in vertebrates. The presence (+) or absence (-) of intron positions is
shown. PAI1_XTR and PAI1_TNI lack the intron at position 380a, due to sequencing errors and similarly for the same
reasons, the intron at position 90a in NEURO_TNI (indicated by ?). Gene structures coding for E3_FRU and E3_TNI are
incomplete (indicated by ?). PANC_XTR has two novel introns at positions 205b and 217a (see in text).

Group V3 serpin gene Intron at position

SerpinE1 (PAI1) 86a' 167a 230a 290b 323a 352a 380a
PAI1_HSA (P05121) + + + + + +
PAI1_MMU (P22777) + + + + + + +
PAI1_RNO (P20961) + + + + + + +
PAI1_XTR (estExt_Genewise1.C_7340032) + + + + + + ?
PAI1_FRU (e_gw2.275.54.1) + + + + + + +
PAI1_TNI (GSTENT00003787001) + + + + + + 22
PAI1_DRE (XP_690192) + + + + + + +
SerpinE2 (GDN) 86a’ 167a 230a 290b 323a 352a 380a
GDN_HSA (P07093) + + + + + +
GDN_MMU (Q07235) + + + + + + +
GDN_RNO (P07092) + + + + + + +
GDN_GGA (gi:50730899) + + + + + + +
GDN_XTR (fgenesh1_kg.C_scaffold_750000001) + + + + + + +
GDN_FRU (e_gw2.123.110.1) + + + + + + +
GDN_TNI (GSTENP00026727001) + + + + + + +
GDN_DRE (Q72VL5) + + + + + + +
SerpinE3 86a' 167a 230a 290b 323a 352a 380a
E3_HSA (XM_941682) + + + + + +
E3_MMU (AK053602) + + + + + + +
E3_RNO (gi:109501642) + + + + + + +
E3_GGA (XM_417070) + + + + + + +
E3_XTR (e_gw1.233.93.1) + + + + + + +
E3_FRU (FRUP00000142610) ? ? + + + + ?
E3_TNI (GSTENT00029213001) + + + + + ? ?
E3_DRE (ENSDARP00000074162) + + + + + + +
Serpinl1 (Neuro) 90a' 167a 230a 290b 323a 352a 380a
NEURO_HSA (Q99574) + + + + + +
NEURO _MMU (035684) + + + + + + +
NEURO _RNO (Q5M7T5) + + + + + + +
NEURO _GGA ( gi:521387191) + + + + + + +
NEURO _XTR (ENSXETP00000049461) + + + + + + +
NEURO _FRU (fgh5_pm.C_scaffold_483000001) + + + + + + +
NEURO _TNI (GSTENP00034604001) ? + + + + + +
NEURO _DRE (ENSDARP00000017430) + + + + + + +
Serpinl2 (Panc) 90a' 167a 230a 290b 323a 352a 380a
PANC_HSA (075830) + + + + + +
PANC _MMU (Q9JK88) + + + + + + +
PANC _RNO (gi:16758618) + + + + + + +
PANC _XTR (ENSXETP00000049481) + + + + + + +

' Tentative position, due to sequence ambiguities.
23 end of PAI1_TNl is not present in databases.
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5.13.2. Synteny analysis of PAI1 genes
To unveil orthology of vertebrate PAIl genes, the syntenic arrangements in vertebrates were

analyzed (Figure 53).

<[

S
= 2

>c> >

¥ “u,
0 4p1.s~,

210 kb

Human (chr 7)

0 4 P’S}

S
y
>

100 kb

Xenopus (scaffold_734)

Fugu (scaffold_275) 10 kb

‘ p/i/, .Pfiu ’P*‘llf
O‘qﬂi\s“r

20 kb

Tetraodon (chrUn_random)

0 4 &y 8y

Danio (chr 3) 10 kb

Figure 53: Genomic localization of PAI1 genes in vertebrates.

In humans, the PAIIl gene is found on chromosome 7, flanked by AP1S1' on one side and a
gene cluster (MUC3D, MUCI12 and MUC17)" on the other side. In Xenopus tropicalis, a
similar syntenic organization is evident. In fishes, only the AP1S1% marker is found to flank
PAII. Together these data suggest that orthologs of human PAIl are retained from fish to

mammals.

" Appendix 8.4.5.
2 AP1S1 marker is not detectable in Tetraodon, due to sequencing errors.
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5.13.3. Synteny analysis of GDN genes

In humans, GDN is flanked by AP1S3' on one side and CUL3' on the other side (Figure 54).

A similar syntenic organization is found in chicken and in the frog. In fishes, the linkage of
GDN and AP1S3 is maintained, but instead of CUL3, the S28' gene is found on one side as
marker.
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Chicken (chr 3) 145 kb

Xenopus (scaffold_730) 125 kb

Fugu (scaffold_123) — 32 kb

Tetraodon (chr 16) —_— 30 kb

Danio (chr 3) + 150 kb

Figure 54: Genomic localization of GDN genes in vertebrates.

5.13.4. Synteny analysis of serpinE3 genes

To unravel the orthology of the serpinE3 gene, its genomic micro-environment was
investigated (Figure 55). In humans and in chicken, the serpinE3 gene is flanked by the
ARLI11-GUCY1B2' cluster on one side and by INTS6-WDFY2' on the other side. In the frog
and in fishes, a similar syntenic architecture is maintained, but only the marker genes INTS6-
WDFY?2 are found to be conserved on one side. Due to sequencing errors in current versions
of genomic sequences of Fugu (versions V3 and V4) and Tetraodon (version V7), complete
serpinE3 gene sequences cannot be located. However, SerpinE3 can be identified in two other

" Appendix 8.4.5.
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fish genomes - Medaka' and stickleback’ where it is arranged in a similar syntenic
organization (not shown). This supports that serpinE3 is conserved in different vertebrates.
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Figure 55: Genomic localization of serpinE3 genes. Two versions (V3 and V4) of Fugu genomic sequences were used to
deduce the synteny.

5.13.5. Synteny analysis of neuroserpin and pancpin genes

Figure 56 shows the syntenic architectures of neuroserpin and pancpin genes across
vertebrates. The genes coding for neuroserpin and pancpin are found in a cluster on
chromosome 3 in humans separated by 261 kb. They are flanked by marker genes PDCD10
on one side and GOLPH4 on the other side. This synteny is found in all vertebrates
investigated with some deviations. The pancpin gene is missing in chicken and in fishes, and
the PDCD10 marker was not found in Fugu and Tetraodon. However, it is present in the
Danio genome.

The detection of possible ancestors of vertebrate serpins is a major aim of this work.
Importantly, Bfl-spn-1 from lancelet and Spu-spn-1 from sea urchin, respectively, show an
arrangement comparable to that of vertebrate neuroserpin-pancpin cluster. The highly

' Oryzias latipes [Ensembl peptide id ENSORLP00000012629]
2 Gasterosteus aculeatus [Ensembl peptide id ENSGACP00000000316]
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conserved PDCD10 marker gene is found in a head-to-head orientation to these serpin genes
in a similar fashion as in the vertebrate genomes. These relationships are investigated further
in section 5.13.6.
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Figure 56: Genomic localization of neuroserpin and pancpin genes in vertebrates and comparative analysis of
micro-synteny with serpins of higher invertebrates - Bfl-spn-1 (B. floridae) and Spu-spn-1 (S. purpuratus). The
neuroserpin gene in vertebrates is consistently found associated with the PDCD10 gene, which is highly conserved in all
eukaryotes. In lancelets and sea urchins, the PDCD10 gene is found adjacent to Bfl-spn-1 and Spu-spn-1, respectively. The
distance between neuroserpin and pancpin genes in the human genome is 261 kb.
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5.13.6. Sequence analysis of group V3 serpins

PAII is conserved in vertebrates, depicting 38-80% sequence identity and 59-95 % sequence
similarity on the amino acid level with human PAIl. The inhibitory RCL region is conserved
containing R-M at P1-P1’ (appendix 8.3.22).

GDN is also highly conserved in vertebrates and it shows 51-84% sequence identity and 70-
93% sequence similarity with human GDN. The helix-D region is highly conserved among
GDN orthologs of different vertebrates and an N-glycosylation site' (positions 163-1657) is
conserved. The inhibitory RCL region is also strongly conserved (appendix 8.3.23).

SerpinE3 is maintained in vertebrates, show 27-64% sequence identity, and 37-74 % sequence
similarity on the amino acid level with human serpinE3. The inhibitory RCL region is
conserved and contains a cluster of hydrophobic amino acid preceding the presumptive P1
position (appendix 8.3.24).

Pancpin orthologs are only found in mammals and in Xenopus, showing 49-76% sequence
identity and 68-88% sequence similarity on the amino acid level. The C-terminal end is
strongly maintained (appendix 8.3.25).

The neuroserpin gene is highly conserved in vertebrates, and the protein shows 47-81%
sequence identity and 65-95% sequence similarity with the human ortholog. The inhibitory
RCL region always contains an R at P1. An N-glycosylation signal (residues 163-165) is
conserved. A C-terminal extension shown to direct neuroserpin to the regulated secretory
pathway (Ishigami et al., 2007) is strongly conserved (appendix 8.3.26).

An ancestor of neuroserpin is found in sea urchins based on synteny analysis (section 5.13.4).
To explore these relationships further sequence comparisons were carried out. The Spu-spn-1
gene has no introns in the conserved part of the serpin domain and it contains a single intron
in the signal peptide. The Bfl-spn-1 gene has only two introns at positions 75¢ and 174a.
There are three discriminating indels shared between group V1 and group V3 serpins, namely
(a) two amino acids between position 171/172 or alternatively 173/174 based on serpin
sequences used for protein alignment, (b) one amino acid position 247/248 and (c¢) an intron
present at position 167a (Ragg et al., 2001). First two of these indels are also shared by group
V5 and group V6 serpins share second of these discriminating indels. These are maintained in
all group V3 serpins from fish to mammals (indicated by * in appendices 8.3.22 to 8.3.26).

 N-glycosylation site, NX[ST], where X = any amino acid except P.
2 as-antitrypsin numbering.
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Figure 57: Comparison of discriminating amino acid indels among selected human serpins and invertebrate serpins.
(@) Two amino acids between positions 173/174 are found in vertebrate groups V1, V3, and V5. (b) Characteristic insertion of
one amino acid position between positions 247/248 is maintained in vertebrate serpin groups V1, V3, V5, and V6 These two
discriminatory indels are also found in serpins - Bfl-spn-1 and Spu-spn-1 from lancelet and sea urchins, respectively. This
supports these invertebrate serpins are closely related to group V3 serpins of vertebrates as evident from synteny analysis
(section 5.13.5). The numbering of amino acids refers to mature human A1AT.

Investigating the presence of these indels in Bfl-spn-1 and Spu-spn-1, it was found that the
two amino acid insertions between positions 173/174 (Figure 57a) and the insertion of one
amino acid between positions 247/248 (Figure 57b) are maintained in these invertebrate
serpins. Additionally, there are two common features conserved from sea urchin to humans —
P1-P1’ positions in the RCL (Figure 58a) and a conserved C-terminal extension (Figure 58b)

on the sequence level.
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(a) (b)

AlAT_HSA
Spu-Spn-1
Bfl-Spn-1

A1AT_HSA
Spu-Spn-1
Bfl-Spn-1

NEUS_HSA NEUS_HSA
NEUS_MMU NEUS_MMU
NEUS_RNO NEUS_RNO
NEUS_GGA NEUS_GGA
NEUS_XTR NEUS_ XTR
NEUS_FRU NEUS_FRU
NEUS_TNI NEUS_TNI
NEUS_DRE NEUS DRE
PANC_HSA PANC_ HSA
PANC_ MMU PANC MMU
PANC_RNO PANC RNO
PANC_XTR PANC XTR
PAI1l_HSA PAT1 HSA
GDN_HSA GDN QSA ______
E3_HSA EB_ESA ______

Figure 58: Sequence comparisons among selected group V3 serpins and invertebrate serpins. (a) RCL is inhibitory
among different group V3 serpins and Bfl-spn-1 and Spu-spn-1 from lancelet and sea urchins, respectively. (b) C-terminal
ends of neuroserpins, pancpins, Bfl-spn-1 and Spu-spn-1 share a conserved extension. This supports these invertebrate
serpins are closely related to group V3 serpins of vertebrates as evident from synteny analysis (section 5.13.5) and indel
analysis. P1-P1’ positions are marked in yellow and arrow indicates the cleavage site. The numbering of amino acids refers
to mature human A1AT.

This suggests that the sea urchin genome harbors a close relative of the possible ancestor of
modern day group V3 vertebrate serpins and this ancestor serpin can be dated back about 550
million years (Figure 6), when echinoderms separated (Sodergren et al., 2006). This
neuroserpin-like gene (Spu-spn-1) has no introns in conserved part of the serpin domain.
Possibly, present day vertebrate group V3 serpins were created by massive intron insertion
events at the time point of vertebrate emergence. The orthologous serpin gene (Bfl-Spn-1) has
only two introns that, however, do not match with group V3 serpins gene architecture.
Alternatively, introns might have been lost in the sea urchin or in the lancelet.

To complete orthology analysis of group V3 serpins, a phylogenetic tree (Figure 59) based on
the UPGMA method (Sneath and Sokal, 1973) was constructed with help of MEGA4
(Tamura et al., 2007). Group V3 serpins cluster into two major branches, constituting clades
E and I as suggested (Silverman et al., 2001). The serpins of invertebrates (Bfl-spn-2 and
Spu-spn-1) group in the branch of clade I (neuroserpin-pancpin). This corroborates that
present day clade I serpins are derived from the PDCD10-serpin locus of invertebrates.
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Figure 59: Evolutionary tree of group V3 serpins and related serpins from lancelets and sea urchins. Group V3
serpins cluster into two major branches (clade E and clade I). Bfl-spn-1 and Spu-spn-1 from amphioxus and sea urchin,
respectively, are grouped in the branch of clade I, supporting that these sequences are closely related to clade | serpins. The
outgroup is C. elegans serpin 1 (Genbank, gi:2435565). This tree was created with MEGA4 based on the UPGMA method.
Bootstrap values (in percentage) for 1000 replicates are shown (red color). A distance scale is shown below the tree.

In summary, most group V3 serpins are found from fishes to mammals. A serpin resembling
the ancestor gene of group V3 serpins is unveiled in the lancelet and in sea urchins based on
synteny and sequence related features. This suggests that the original locus of vertebrate
group V3 serpins dates back at least to the time point of echinoderm separation about 550 My
ago (Figure 6).

Furthermore, a serpin gene (JGI id - estExt fgeneshl pg.C 1860016/ NCBI id -
XP_001627732) is detected in N. vectensis genome as a probable neuroserpin ortholog based
on sequence features (Kumar and Ragg, 2008).
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5.14. Orthology analysis of group V4 serpins

Group V4 of vertebrate serpins has been defined by a gene structure depicting a conserved set
of five introns at positions 67a, 123a, 192a', 238¢ and 307a (o, -antitrypsin numbering) in the
coding region (Ragg et al., 2001). In mammals, group V4 serpins consists of three genes -
pigment epithelium derived factor (PEDF/serpinF1), az-antiplasmin (a»-AP/serpinF2) and C1
inhibitor (C1IN/serpinG1). These group V4 serpin genes are involved in very different
physiological functions. PEDF is a non-inhibitory serpin that possesses neuroprotective and
antiangiogenic functions (Steele et al., 1993; Sawant et al., 2004; Tombran-Tink, 2005). a5-
antiplasmin is an inhibitor of plasmin and its fibrin bound form is a major regulator of blood
clot lysis (Coughlin, 2005). C1 inhibitor is the primary inhibitor of two serine proteases (Cls
and Clr) that, together with Clq, constitute the C1 complex of the classical pathway of
complement (Cooper, 1985; Lener et al., 1998). The protein alignments of group V4 serpins
are shown in appendices 8.3.27 to 8.3.29.

5.14.1. Gene structure of group V4 serpins

Since gene structure is a primary distinguishable parameter for classifying a new vertebrate
serpin, the gene architectures of probable group V4 serpin homologs in different vertebrates
were determined. Table 30 shows that all vertebrate investigated contain at least two genes
that depict the basic exon-intron structure of group V4 serpin genes. Introns at the canonical
positions 67a, 123a, 192a, 238c, and 307a are conserved with some deviations. Due to lack of
data for the Tetraodon PEDF gene (PEDF2 TNI), introns cannot be assigned in this gene
(indicated by?). Currently only the region spanning the C-terminal part with intact RCL is
found (appendix 8.3.23). In Fugu, there are two A2AP like genes (A2AP2 FRU and
A2AP2 FRU). The A2AP1 FRU lacks the intron at position 123a. Lamprey (Petromyzon
marinus) has two A2AP like group V4 members as A2APL1 PMA and A2APL2 PMA’.
From the rather fragmented lamprey genome data, gene structure can be deduced for
A2APL2 PMA, but not for A2APL.1 PMA (indicated by ?). There is another type of group
V4 serpins in fishes that possess similarity with the C1 inhibitor, which has two extra Ig
domains in N-terminal part and this group V4 serpins are unique and are only found in fishes
up to now, therefore these serpins are named as fish-specific group V4 (FSG4) serpins.

" also shared by group V2 and V6.
2 A2AP like genes of lamprey are indexed with L1 and L2 to differentiate from other vertebrates A2AP genes since its orthology cannot be assigned yet and
only tentative name is assigned based on sequence comparisons.
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|
Table 30: Intron positions of group V4 genes. The presence (+) or absence (-) of intron positions is shown. In Tetraodon
PEDF gene (PEDF2_TNI), introns cannot be assigned (indicated by ?).There is loss of one intron at position 123a in Fugu

A2AP gene 1, A2AP1_FRU. Lamprey (Petromyzon marinus) has two A2AP like genes, A2APL1_PMA and A2APL2_PMA.
From currently available lamprey genome data, only the gene structure of A2ZAPL2_PMA can be deduced.

Group V4 Intron at position

serpin gene 67a 123a 192a 238c | 307a
PEDF_HSA (P36955)

+
+

PEDF_MMU (P97298)

PEDF_RNO (Q80ZA3)

PEDF_GGA (gi:50756202)

PEDF_XTR (ENSXETP00000050413)
PEDF2_FRU (FRUP00000141273)
PEDF2_TNI (GSTENP00013159001)
PEDF2_DRE (ENSDARP00000069366)
A2AP_HSA (P08697)

A2AP_MMU (Q61247)

A2AP_RNO (Q68FTS)

A2AP_GGA (XP_415807.2)
A2AP_XTR (ENSXETP00000029676)
A2AP1_FRU (FRUP00000162952)
A2AP2_FRU (e_gw2.417.16.1)
A2AP2_TNI (GSTENP00014689001)
A2AP2_DRE (ENSDARP00000078640)
A2APL1_PMA (GENSCAN00000047295)
A2APL2_PMA (GENSCAN00000097429)
C1IN_HSA (P05155)

C1IN_MMU (P97290)

C1IN_RNO (NP_954524.1)

C1IN_GGA (gi:50747972)

FSG4_FRU (FRUP00000133449)
FSG4_TNI (GSTENP00009345001)
FSG4_DRE (ENSDARP00000041512)
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5.14.2. Synteny analysis of PEDF and a,-antiplasmin

In humans, the group V4 genes PEDF and a,-AP are found in a cluster on chromosome 17
and this arrangement has been retained in chicken and Xenopus. This PEDF-A2AP cluster is
flanked by marker genes SCF-WDRD' on the one side and by a set of three genes (RPA1-
RTN4R-DPH1') on the other side (Figure 60). A similar genomic organization is found in
Fugu (scaffold 156), however, only the a,-AP gene 1 (A2AP1_FRU) is present, whereas the
PEDF gene is lacking. This syntenic arrangement suggests that A2AP1 FRU is a fish
orthologue of mammalian a,-AP.

In contrast, no such syntenic arrangement is found in Danio and Tetraodon. This may be due
to loss of the genomic fragment containing these genes. Alternatively, these genomic
fragments have yet escaped detection.

Interestingly, another genomic locus with an A2AP-like gene (A2AP2 FRU) and a PEDF-
like gene is retained in Fugu (scaffold 417) that is flanked by different sets of markers. This

" Appendix 8.4.6.
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organization is shared by Danio and Tetraodon, suggesting that all fishes have acquired
another genomic fragment carrying paralogs of representing A2AP and PEDF genes.
Consequently, these genes have been named with index 2 (e.g. PEDF2_FRU or A2AP2 TNI).
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Figure 60: Synteny of the group V4 genes, a2-AP, and PEDF. In most vertebrates, a2-AP and PEDF are clustered and
flanked by a set of common marker genes. Fugu has two a2-AP like genes, one matching to the mammalian cluster and
other one showing fish specific cluster. This suggests presence of a mammalian ortholog cluster and a paralog cluster in
Fugu.

This suggests that out of fishes investigated, only Fugu has mammalian of ortholog of A2AP
(A2AP1_FRU) and none of these fishes has mammalian ortholog of PEDF gene.

5.14.3. Synteny analysis of the C1 inhibitor

Synteny analysis of the C1 inhibitor (C1IN) gene and a fish specific group V4 (FSG4) gene is
shown in Figure 61. In higher vertebrates, the CI1IN is flanked consistently by ABP-
ZDHHC5' genes on one side (Figure 61A). A C1 inhibitor like gene is not detected in frog.

" Appendix 8.4.6.
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This syntenic organization is not found in fishes, suggesting that fishes do not have human
CI1IN ortholog. Nevertheless, another gene FSG4 (with similarity to C1 inhibitor) is found in
a distinct syntenic organization (Figure 61B), flanked by DOC2B' on one side and SHTAR-
TARI markers (not found in Danio) on the other side.
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Figure 61: Genomic localization of the C1 Inhibitor gene and a fish specific group V4 (FSG4) gene. (A) Genomic
localization of C1 inhibitor (C1IN) genes in human and chicken. (B) Genomic localization of FSG4 in different fishes. FSG4
gene is flanked by a distinct set of markers, which do not match with markers flanking C1 inhibitor genes in higher vertebrate.
This difference in genomic localizations suggests that C1 inhibitor genes of higher vertebrates and FGS4 genes of fishes do
not share orthology.

5.14.4. Sequence comparisons of group V4 serpins

To further investigate orthology and paralogy of group V4 serpin genes in vertebrates,
sequence comparisons of group V4 serpins were carried out.

Vertebrate PEDFs and its paralogs in fishes (PEDF2) show 34-85% sequence identity and 55-
90% sequence similarity on the amino acid level with human PEDF (appendix 8.3.27). The
RCL is probably non-inhibitory in all species due to bulky residues in the hinge region of
PEDF protein (red boxes in appendix 8.3.27). The PEDF homologs are further characterized
by the presence of a nuclear localization signal (NLS) (Tombran-Tink, 2005; Tombran-Tink
et al., 2005) (brown boxes in appendix 8.3.27).

ax-AP from vertebrates and its orthologs and paralogs in fishes (A2AP2) show 25-74%
sequence identity and 41-86% sequence similarity on the amino acid level to human o,-AP
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(appendix 8.3.28). The inhibitory RCL of human o,-AP has two overlapping reactive sites
within RCL i.e. R-M for inhibition of plasmin and trypsin, respectively, and M-S for
inhibition of chymotrypsin (Potempa et al., 1988). These two reactive sites are fully
conserved (R-M-S) in mammalian a,-AP. However, there are variations in these sequences
for a,-AP like genes from non-mammals. a,-AP-like genes are further characterized by N-
terminal and C-terminal extensions.

The protein sequences of C1IN and of FSG4 share 20-68% sequence identity and 38-80%
sequence similarity with human C1IN (appendix 8.3.29). The RCL is inhibitory, displaying
residues R-[TSNI] and R-[TS] at positions P1 and P1’ of C1IN and FSG4, respectively (red
boxes in appendix 9.3.16). FSG4 from Fugu, Tetraodon', and Danio carry two
immunoglobulin (Ig) like domains (200 amino acids long) in the N-terminal region as
predicted by the SMART program” (Schultz et al., 1998; Letunic et al., 2006) (Figure 62).

200 400
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Fishes IgI Ig2 | Serpin domain

Sp
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Figure 62: Domain architecture comparisons of C1 inhibitor and a fish specific group V4 (FSG4) serpin. FSG4 of
fishes has two immunoglobulin like domains (Ig1 and Ig2) (after signal peptide [SP]) and a serpin domain, whereas another
type N-terminal extension plus a serpin domain is found in C1 inhibitor genes of higher vertebrates. This difference in domain
organizations indicates that C1 inhibitor and FSG4 of fishes do not share orthology. SP - signal peptide.

This unique group V4 serpin - FSG4 - is also found in trout’ (Wang and Secombes, 2003) and
the Japanese flounder* (Inoue et al., 1997).

To explore orthology and relationships of different group V4 serpins further, a
phylogenetic tree (Figure 63) was constructed based on the Maximum Parsimony method
with help of MEGA4. The inhibitory and non-inhibitory members separate into distinct
branches in this phylogenetic tree. The lamprey group V4 members are tentatively assumed to
be A2AP-like genes because of the presence of terminal extensions and similarities at RCL
regions. These genes are clustering with the inhibitory branch of group V4 serpins. The A2AP
and C1 inhibitor sequences also separate into distinct sub-branches and the fish specific group
V4 serpin - FSG4 cluster into a separate sub-branch together with orthologs of C1IN of higher
vertebrates. The C1IN gene of higher vertebrates and the FSG4 gene of fishes differ as
assessed by several criteria, suggesting that orthologs of human C1IN have been not detected

" Tetraodon [cDNA, GenBank CR656519]

2 SMART website, http://smart.embl-heidelberg.de/

3 Oncorhynchus mykiss [cDNA, GenBank AJ519930]

4 Paralichthys olivaceus [cDNA, GenBank BN000290 and EST, GenBank C23239, C23240]
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in fishes up to now. Possibly, the C1IN gene was lost in these fishes. Instead, another gene
FSG4, with Ig like extra domains may have been acquired, suggesting that FSG4 of fishes
possibly functions differently (neofunctionalization) as compared to C1IN genes in higher
vertebrates.
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Figure 63: Phylogenetic tree of group V4 serpins based the Maximum Parsimony method. There are two major
branches separating non-inhibitory (PEDF) and inhibitory group V4 serpins. Inhibitory group V4 members constitute three
distinct sub-branches separating 02-AP, C1IN and FSG4, and a2-AP like genes from lamprey A2APL1_PMA and
A2APL2_PMA. The outgroup is human a-AT (black triangle). Bootstrap values (in percent) for 1000 replicates are shown
(red color). Orthologs and paralogs! of human group V4 serpins are depicted by black and grey circles, respectively.
Orthology of lamprey group V4 members is still open (white circles).

Interestingly, the majority of group V4 serpins in fishes do not have human orthologs (grey
circles in Figure 63).

In summary, orthologs of most of human group V4 serpins are lost in fishes or cannot be
found in current genomic sequence versions, with exception of A2AP in Fugu
(A2AP1_FRU). If undetected this may indicate that during evolution, fishes lost the orthologs
of the higher vertebrate group V4 serpin loci. Instead, they have paralogs due to genome
duplication and diversification. The syntenic divergence of group V4 serpins in fishes thus

" Paralogs of human group V4 serpins are indexed by 2 after their names.
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provides a rudimentary insight into whole genome duplication event in fishes and subsequent
gene diversification events.

5.15. Orthology analysis of V5 serpin genes

Group VS5 consists of a single member - antithrombin IIT (ATIII). Its gene encompasses seven
exons and six introns with conserved intron positions based on gene structure analysis of
several mammalian serpins (Ragg ef al., 2001). In the human genome, the ATIII gene is
located on chromosome 1q23—q25. ATIII is the major thrombin inhibitor in the blood
coagulation cascade (Jordan, 1983), requires heparin for activation and has potent anti-
angiogenic activity in certain conformations (Gettins et al., 1996). The alignment of ATIII
homologs of different vertebrates is available in appendix 8.3.30.

5.15.1. Gene structure of ATIII genes

Since gene structure plays an important role in distinguishing group V1-V6, the exon-intron
structures of ATIII orthologs were determined. It was found that the gene structure was
conserved in ATIII of different vertebrates with group V5 specific introns maintained at
positions 78c, 148c, 191c¢, 320a, and 339¢ with some variations as shown in Table 31.

Table 31: Intron positions of the ATIIl gene in different vertebrates. The presence (+) or absence (-) of intron positions is
shown. The novel intron at position 262¢ of ATIII genes from fishes is also found in group V1 serpins. There were gaps in the

genomic sequence of chicken. Hence, introns at positions 320a and 339c for ATIII_GGA could not be detected (indicated by
?).

Intron at Position

78¢ 148¢ | 191c 262¢c 320a | 339c
ATII_HSA (P01008) + - " n
ATII_MMU (P32261) + + + T ;
ATIII_RNO (Q5M7T5) + + ; T "
ATII_GGA (XP_422282) + + + 2 9
ATIII_XTR (estExt_fgenesh1_pm.C_10068) + + + B + "
ATII_DRE (ENSDARG00000042684) + + ¥ + " m
ATIILTNI (GSTENP00004792001) + + + + + ¥
ATII_FRU (e_gw2.269.120.1) ; ; " ; " "

In fishes, a novel intron at position 262c¢ was found. This intron position is normally
characteristic for group V1 serpins. Due to gaps in genomic region containing the chicken
ATIII, the introns at positions 320a and 339¢ could not be identified.
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5.15.2. Synteny analysis of ATIII genes

In order to investigate orthology of ATIII genes further, an analysis of the ATIII locus in
different vertebrates was carried out (Figure 64). The ATIII gene in the human genome is
surrounded by the marker genes RC3H1' (same orientation) on one side and the ZBTB37
gene (opposite orientation of ATIII gene) on the other side. Similar synteny arrangements
were found in chicken and in Xenopus. In fishes, the ATIII-ZBTB37 synteny is conserved, but
on the other side, another marker gene — STIL' is adjacent to the ATIII gene.
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Figure 64: Synteny comparison of ATIII genes in different vertebrate genomes. The ATIII gene (black arrow) is flanked
from fish to mammals by marker gene ZBTB37 (appendix 8.4.6) on one side. On the other side, either the RC3H1 marker
(appendix 8.4.6) (from mammals to Xenopus) or the STIL gene (appendix 8.4.6) is found (in fishes).

These data document that the ATIII gene synteny is conserved in different vertebrates.

 See appendix 8.4.7.
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5.15.3. Sequence comparisons of ATIII genes

To investigate the orthology using sequence comparisons, the protein sequences of ATIII
genes from vertebrates were analyzed. The ATIII gene is highly conserved in vertebrates and
the sequences show 50-87% sequence identity and 67-97% sequence similarity on amino acid
level with human ATII from fish to mammals. From this alignment, several signature
sequences have been deduced: The helix D region of the ATIII, which is involved in heparin
binding (Gandrille et al., 1990) was found to be highly conserved (yellow boxes in appendix
11.3.17). No other vertebrate serpin has these specific arrangements of basic residues in the
helixD region (appendix 8.3.30). There are eight basic residues reported to be important in
heparin binding — four in N-terminal part of the ATIII molecule (positions K11, K13, R46,
and R47), and four in the helix D region (molecule positions K126, R129, R132, and R133) in
mature human ATIIT' (Gandrille et al., 1990; Backovic and Gettins, 2002). The majority of
these residues are conserved in vertebrates with the exception of R46, which is only found in
mammalian ATIII genes (orange boxes in appendix 8.3.30). The inhibitory RCL region (red
boxes in appendix 8.3.30) is also highly conserved with P1-P1’ position (R-S) maintained in
all vertebrates as shown in Figure 65.

GOEAaAalAVY Ax

Figure 65: Sequence logo of RCL region of ATIII from different vertebrates. Most positions of the RCL region are highly
conserved and the cleavage site between P1-P1’ is marked with an arrow. This logo was created using weblogo? (Schneider
and Stephens, 1990; Crooks et al., 2004).

The hinge region residues P14-P15 (G-S) are highly conserved in all vertebrate ATIII protein,
whereas in majority of other serpins these residues are G-T. It has been reported that three
pairs of disulfide bridges are required in human ATIII in order to bind heparin with high
affinity and to inhibit proteinases (Longas et al., 1980; Ferguson and Finlay, 1983). The ATIII
from all vertebrates investigated has maintained the six cysteines constituting these three pairs
of disulfide bridges (marked C1, C2, and C3 pairs in appendix 8.3.30). From the serpin
specific conserved 51 amino acid positions (summarized in appendix 8.1), 35 are found to be
fully conserved in vertebrate ATIII genes (black boxes in appendix 8.3.30). There are four N-
glycosylation site’ in mature human ATIII (positions N96, N135, N155, and N192; cyan
boxes in appendix 8.3.30) (Backovic and Gettins, 2002). These sites are found to be
conserved in ATIII with some exceptions, like N-glycosylation sites at N96 and N135, which
are not found in ATIII of chicken and in ATIII of fishes, respectively. The N-glycosylation
site at N155 is not found in ATIII of Fugu and Tetraodon. These fishes have acquired a

" Numbering is based on mature human ATIII.
2 Weblogo website, http://weblogo.berkeley.edu/
3 N-glycosylation site, NX[ST], where X = any amino acid except P.
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different N-glycosylation site at N160, which is also present in chicken ATIII. In summary,
gene structure and synteny conservation, presence of conserved helix D, RCL, three pairs of
disulfide bridges and conserved basic residues, together with sequence identity and sequence
similarity, suggests the presence of ATIII orthologues from fish to human.

5.16. Orthology analysis of group V6 serpins

Group V6 of vertebrate serpins has been defined by a gene structure depicting three introns at
positions 192a, 225a and 300c in their coding regions (Ragg et al., 2001). These genes code
for heat shock protein 47 kDa (HSP47), which possesses a C-terminal endoplasmic reticulum
(ER) retention signal' (Pelham, 1990). HSP47 is a non-inhibitory serpin that is found in the
ER of collagen producing cells where it is involved in the correct folding of procollagen
triplet helices. Furthermore, it assists in transport of procollagen from the ER to the Golgi
complex (Nagata, 1996; Lamande and Bateman, 1999; Hendershot and Bulleid, 2000; Sauk et
al., 2005). The alignment of HSP47 homologs of different vertebrates is available in the
appendix 8.3.31.

5.16.1. Gene structure of group V6 serpins

Since gene structure is a primary discriminatory factor for classification as a prospective
member of groups V1-V6, the exon-intron structures of suspected HSP47 homologs in
different vertebrates were determined. Table 32 shows that all vertebrates investigated
contain at least one gene that basically depicts the exon-intron structure of group V6 serpins.
Introns at positions 192a, 225a, and 300c are conserved with some deviations. In contrast to
humans and other vertebrates, which contain a single group V6 gene (HSP47), there are two
or three group V6 homologs in Fugu and Danio, respectively. The Fugu HSP47 gene 1
(HSP47 1 FRU) has two additional unique introns at positions 36b and 102c. In the
Tetraodon HSP47 gene (HSP47 TNI) the intron at position 192a was not identified, probably
due to sequencing errors in the coding region of this gene.

Table 32: Intron positions of group V6 genes in different vertebrates. The presence (+) or absence (-) of intron positions
is shown. Unique introns are found in Fugu HSP47 gene 1 (HSP47_1_FRU) at positions 36b and 102c. In the Tetraodon
HSP47 gene (HSP47_TNI), the presence or absence of the intron at position 192a cannot be confirmed since there are
sequencing errors in the coding region of this gene (indicated by ?).

Group V6 serpin gene Intron at position

102¢ 192a 225a | 300c

HSP47_HSA (P29043) + + +
HSP47_MMU (P97290) + + +
HSP47_RNO (NP_954524) + + +
HSP47_GGA (gi:45384240) + + +
HSP47_XTR (estExt_fgenesh1_pg.C_2770030) - - + + +
HSP47_1_FRU (e_gw2.131.10.1) + + n T T
HSP47_2_FRU (fgh5_pg.C_scaffold_186000009) - - + + +
HSP47_TNI (GSTENP00006756001) ? + +

* ER-retention signal, [RKH]DEL (Pelham, 1990).



5. Results 93

HSP47_1_DRE (ENSDARP00000037780)
HSP47_2_DRE (ENSDARP00000028177)
HSP47_3_DRE (ENSDARP00000052941)
HSP47_PMA (GENSCAN00000147606)

+ |+ |+ |+
+ |+ |+ |+
+ |+ |+ |+

5.16.2. Synteny analysis of group V6 serpins

Since there were three or two group V6 genes in Danio and Fugu, respectively, the genome
micro-synteny was analyzed to resolve orthology with mammalian HSP47 (Figure 66). The
HSP47 gene in the human genome is found on chromosome 11, flanked by marker gene
GDPD5'(brown) on one side, and the MAP6-MAGAT2-DGAT?2 gene cluster on the other
side (Figure 66A).
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Figure 66: Genomic localization of HSP47 homologs in different vertebrate genomes. (A) Syntenic arrangement of
human HSP47 orthologs (orange). (B) Syntenic arrangement of group V6 homologs HSP47_1_FRU and HSP47_2_DRE
(blue). (C) Syntenic arrangement of HSP47_2_FRU, HSP47_3_DRE, and HSP47_TNI (light green). Obviously, there are
three sets of HSP47 homologs in fishes.

In chicken and frog, the HSP47 gene is surrounded by GDPDS5 (brown) and RBS3 (yellow)
markers. HSP47 1 DRE? and marker gene GDPD5 were found to be syntenic on

' Appendix 8.4.8.
2 cDNA available from the Zebrafish Model Organism Database (www.zfin.org), ZFIN ID: ZDB-GENE-990415-93.
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chromosome 10 in Danio, unveiling this gene as a true orthologue of mammalian HSP47.
This mammalian HSP47 ortholog is also found in two other fishes — Medaka' and Sicklefish?
with EST evidence (data not shown), which suggests that fishes generally possess a true
ortholog of mammalian HSP47. Consequently, HSP47 2 DRE and HSP47 3 DRE’ are
paralogs of mammalian HSP47. Based on synteny analysis, orthologs of mammalian HSP47
in Fugu and Tetraodon were not identified. Probably the true HSP47 orthologs have been
overlooked in these organisms.

In Danio and Fugu, HSP47 2 DRE and HSP47 1 FRU respectively, are flanked by markers
GUCY2F and LRR* (Figure 66B). Similarly, HSP47 3 DRE of Danio, HSP47 2 FRU of
Fugu, and HSP47 TNI of Tetraodon are flanked by marker genes EFNB3 and TRAP? (not
present in Danio), revealing these genes as orthologs (Figure 66C). This synteny is also
found in Medaka’ (data not shown), advocating the presence of this group V6 gene in
different fishes.

The micro environment of the single lamprey HSP47 gene cannot be depicted using the
current version of genomic sequences (version PMA3).

5.16.3. Sequence comparisons of group V6 serpins

To further unravel the relationships of group V6 genes, sequence based comparisons were
carried out. HSP47-like genes are conserved from lamprey to mammals and these genes show
22-96% sequence identity and 37-98% sequence similarity with human HSP47, respectively.
The HSP47 TNI protein is highly diverged from standard HSP47 protein as well as from all
other serpin sequences (Table 33).

Table 33: Sequence comparisons of HSP47 homologs in vertebrates. Percentage sequence identity (SI) and percentage
sequence similarity (SS) values are shown as compared to HSP47_HSA and A1AT_HSA. Synteny based clustering divides
group V6 genes into three sets: set | - true mammalian HSP47 orthologs (orange), set Il - fish specific paralogs as compared
to Figure 66B (blue) and set Ill as in Figure 66C (light green). Orthology of lamprey 6 group gene, HSP47_PMA (grey)
cannot be decided on this basis.

Human
Serpins

HSP47_GGA
HSP47_XTR
HSP47_1_FRU
HSP47_TNI
HSP47_1_DRE

HSP47_HSA

52 | 65
17 | 23
37 | 41

SS |98 [ 98 |88 | 83
A1AT_HSA SI |23 23 |25 | 24
SS | 45 [ 45 | 45 | 46

All HSP47 homologs appear to be non-inhibitory (red boxes in appendix 8.3.31), since they
contain bulky amino acids in the hinge region. All vertebrate group V6 members have an ER

* Mammalian HSP47 ortholog in Medaka, Ensembl accession Id - ENSORLG00000014312.

2 Mammalian HSP47 ortholog in sicklefish, Ensembl accession Id - ENSGACG00000006375.

3 cDNA available from the Zebrafish Model Organism Database (www.zfin.org), ZFIN ID: ZDB-GENE-050417-12.
4 Appendix 8.4.8.

5 The group V6 gene in Medaka, Ensembl accession Id - ENSORLG00000003689.
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retention signal ([RH]DEL) at the C-terminus (appendix 8.3.31). Out of 51 amino acid
positions conserved in the majority of serpins (appendix 8.1), 31 residues are fully conserved
(black boxes in appendix 8.3.31).

To understand orthology of the group V6 genes further, a phylogenetic tree was constructed
(Figure 67) using the UPGMA method (Sneath and Sokal, 1973). The mammalian orthologs
of human HSP47 gene (set I) cluster in one branch of the phylogenetic tree (orange squares).
In fishes, a recent branching has created set II genes (blue squares). Set III genes — the second
cluster of paralogues are divided into a distinct branch (light green squares) which comprises
genes with lower sequence identities (Table 33).
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Figure 67: Evolutionary tree of HSP47 homologs from lamprey to human created with the UPGMA method, using
MEGAA4. Three distinct sets of HSP47 homologs are colored according to syntenic arrangements (Figure 66). The lamprey
HSP47 (grey square), whose syntenic arrangement is not known, clusters with mammalian HSP47 sequences. The outgroup
is human a1-AT (black triangle). Bootstrap values (1000 replicates) are shown in percentage (red color) and a distance scale
is shown below the tree.

Phylogenetic analysis suggests that the single group V6 gene from lamprey (HSP47 PMA) is
an ortholog of mammalian HSP47. However, this needs to be confirmed by synteny analysis,
which cannot be carried out with current version of genomic sequences (version PMALS3).
The Tetraodon, HSP47 TNI gene is problematic, because of sequencing errors in the coding
region. Since a low complexity region was found at the intron at the position 300c, this region
was deleted from the HSP47 TNI protein sequence in appendix 8.3.27. The issue whether
this gene has been pseudogenized or carries exonized intron sequences generating novel
polypeptide domains (Schmidt and Davies, 2007) remains an open question.

In summary, orthologues of human HSP47 gene have been found from mouse to Danio as
well as in some other fishes. In Fugu and Tetraodon, this gene might have been lost and only
paralogues of HSP47 genes have been retained in these fishes. This suggests that the
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mammalian HSP47 orthologue has been lost in the pufferfish family (7etraodontidae) and
only paralogues have been retained, though it cannot be excluded that the true HSP47
orthologue in these fishes remained undetected up to now. Set III of HSP47 genes of fishes
might represent a class of ancestor group V6 genes as is evident from the branching in the
phylogenetic tree (Figure 67).
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6. Discussion

6.1 Overview of vertebrate serpins from fishes to mammals

Figure 68 shows the group specific distribution of serpins in different metazoans.
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Figure 68: Distribution of vertebrate serpins based on their intron-coded classification into six groups (V1-V6). The
number of serpin genes from lamprey will probably increase, since the genome project is in its initial draft stage.

The number of group V1 and group V2 serpins varies considerably in different organisms. An
expansion is evident from fish to mammals. Strikingly, mice and rats have more members of
group V1 and V2 than human. In contrast, group V3 serpins are retained from fish to
mammals without marked expansions. However, some exceptions are found such as PAI1 and
serpinE3, which are missing in the chicken genome. Pancpin was not found in any fish
genome analyzed. Based on sequence analysis alone, group V4 members appears to be
conserved in vertebrates, but on analyzing synteny, we found that there are difference in the
distribution of orthologs/paralogs (Figure 60). The only member of group V5 — the ATIII
gene - is conserved across all vertebrates. The HSP47 gene of group V6 is conserved in most
vertebrates, but there is a varying numbers of group V6 paralogs in fishes. Based simply on
analysis of gene architectures, no serpin genes were found in sea squid, amphioxus, and sea
urchin that share the gene organization of their vertebrate counterparts. However, by
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combining syntenic information and sequence-specific features, it was possible to trace
orthologs of neuroserpin in amphioxus and sea urchin (Kumar and Ragg, 2008; section 6.4).

6.2  Evolutionary history of group V1 serpins

Group V1 serpin genes are found from lampreys to human. The human genome has two
clusters of group V1 serpins that are located on chromosomes 6 and 18, respectively. In
contrast, the chicken has only one such cluster and therefore it is argued that there was a split
after mammal/bird divergence at around 310 Mya (Benarafa and Remold-O'Donnell, 2005;
Kaiserman and Bird, 2005; Izuhara et al., 2008). A chicken-type genomic organization of
group V1 serpins is also found in frogs and in fishes (Figure 40). Fishes, in addition, possess
some paralogous clusters of serpin genes (Figures 41-43). In frog, an additional cluster
containing two serpins (with EST evidences) adjacent to the conserved orthologous cluster is
found. The serpins SPB1/SPB6 of group V1 are probably conserved descendants of the
ancestor of all group V1 serpins, since these genes are found in lampreys and other fishes and
are also conserved across other vertebrate taxa. The group V1 serpins may be classified into
sub-groups Vla and V1b, since these differ by one intron. Some scholars have argued that a
serpin gene of group V1b (7 exons) is the ancestor of group Vla (8 exons) that has emerged
in birds after divergence of frogs (Benarafa and Remold-O'Donnell, 2005; Kaiserman and
Bird, 2005; Izuhara et al., 2008). Their first argument coincides with our data, suggesting that
group Vla serpins are derived from 7-exon genes such as MNEI/SPB6. However, the
argument that 8-exon genes first arose in chickens does not hold, since Xtr-Spn-5 in X
tropicalis and pSPB6 in T. nigroviridis, are group Vla members having the 8 exons / 7
introns architecture. However, due to sequence alignment problems, the position of the extra
intron at position 85¢ in 7. nigroviridis is ambiguous. Therefore, we propose that group V1b
is ancestral to all group V1 serpins and group Vla is suggested to have arisen independently
several times in different vertebrates from fishes to mammals. The ancestor of group V1
serpins appears to have been generated during the emergence of vertebrates, and the oldest
group V1 serpins are SPB1/SPB6 orthologs that are present in lamprey. An ancestor of
serpinB6 was claimed to be present in urochordates (Kaiserman and Bird, 2005), however,
using synteny, gene structures, and sequence motif for analysis, I did not find any evidence
suggesting close relationships between any of Ciona serpins and group V1 serpins. BLAST
searches using human serpinB1 or serpinB6 sequence for querying organisms such as insects
(Drosophila and Anopheles), worms (C.elegans), sea urchin, and amphioxus also provided no
clear evidence for direct ancestor/offsprings relationships of group V1 serpins. In contrast,
using rare indels and synteny analyses, we have identified an ortholog of neuroserpin in deep-
branching metazoans. This clearly shows that inclusion of synteny and indel analysis may
facilitate kinship recognition. The complete genomic sequences of lamprey and hagfish will
shed further light on this issue. In conclusion, an expansion of group V1 serpins was found
from fish to mammals that, as previously reported, is particularly evident within mammalian
genomes (Kaiserman et al., 2002). To understand this expansion in detail, further comparative
genomic studies including basal mammals such as marsupials and Platypus are essential.
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6.3  Phylogenetic history of group V2 serpins

From fish to human, group V2 comprises multiple paralogs of a;-antitrypsin like genes.
Genuine orthologs of angiotensinogen and HCII were identified from fish to human, using
synteny and signature sequences. Concerning the other genes of group V2, one-to-one
orthology allocation proved to be difficult, since in most genomes the clusters containing
group V2 genes are derived from recent duplications resulting in proteins with high sequence
similarities, often even within the usually hypervariable RCL region (Figure 69). The
orthologs of the ZPI gene were identified by considering the syntenic conservation of marker
genes (Figure 45). In fishes, the common microenvironment of the Spn_94a gene (named due
to a novel intron at position 94a) corroborates its fish specific ortholog and a paralog of
human ZPI gene.

Xtr-Spn-12
Xtr-Spn-13

A 344 363
AlAT_H SA GTEAAGAMFLEATIPMSIFPPE
AlAT_GGA GTEAAAATCGMEIVPMSVEVV
Gga-Spn-12 GTEAAGATAIILSKFSLPHI
Gga-Spn-13 GTEAAGVTVTEITWRSGDFP
Gga—Spn—14 GTEAAAVTGTEFAPHSVPPV
Gga-Spn-15 GTEAAAVTMVEMKVF SAMID
Gga—Spn—lG GTEASATAATPKIMALSLAP
ZPI_GGA GTEAAAATGSEITAFSVPEV

P1 PT
344 363

|
AlAT_H SA GTEAAGAMF-LEAIPMSIPPE
AlAT_XTR GTEAAAATA-FEIMPMMIPPH
Xtr-Spn-9 GTEAAGVTV-MEIVPTMLPPR
Xtr—Spn— 8 RTEAAGATV-MEIMPNMAPLL
Xtr-Spn-10 GTEAAAASA-VEGVLTSLMVQ
EP4 S_XTR GTEAVGVTS-AQATPTTSFPP

GTEAAAVTA-VNVIRYSLLKS
GTEAAAATATIETVPIMLYPS

ZPI_XTR GTEAAAVAG-AEIIAYSLPLT
P1 PT
344 363
AlAT HSA GTEAAGAMFLEATPMSIPPE
AlAT_DRE GTEAAAITTIEIMPMSLPHT
Dre-Spn-8 GTEAAAITTIEIMPMSLPDT
Dre-Spn-9 GTTAAAVTTVHLRFMSYSPM
Dre-Spn-10 GTTAAAVTGVEIRPTSYDPL
Dre-Spn-12 GTTAAAVTGVSMRVRLHNPL
ZPI1 _DRE GGSLAEASGN-LFMNPLPPR
ZPI2 DRE GTSAASSTSVGITAYSLPDT
P1 PY

Figure 69: Comparison of reactive center loops (RCL) of selected group V2 serpins in (A) chicken, (B) X. tropicalis
and (C) zebrafish. The proposed cleavage site and P1-P1’ residues are marked (in red color). The RCL region of human
as-antitrypsin (A1AT_HSA) is included.
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Both Fugu and T. nigroviridis possess one more group V2 gene with an additional intron at
position 215¢ (Spn_215¢), suggesting that they are orthologs. The origin of these genes,
however, is unclear. No orthologs of the hormone binding serpins (THBG/CBG) were
detected in non-mammalian vertebrates. In short, the conserved set of group V2 comprises
only orthologs of angiotensinogen and HCII. In contrast, some fish-specific group V2 genes
and the o,-antitrypsin-like genes are differentially expanded in vertebrates, particularly in
mammalian lineages, such as rodents (Forsyth ez al., 2003) and cattle (Pelissier et al., 2008).
The expansion of group V2 members should be explored further by analyzing marsupials and
Platypus, which branched out early in mammalian evolution. The presence of group V2
members in the lamprey genome suggests that this group originated during emergence of
vertebrates. Further investigation of group V2 members in the hagfish genome and the
complete lamprey genome will shed more light on this issue.

6.4  Evolution of group V3 serpins

Group V3 encompasses five highly conserved inhibitory members: SerpinEl/plasminogen
activator inhibitor 1 (PAIl), SerpinE2/glia derived nexin (GDN), SerpinE3,
Serpinll/neuroserpin, and Serpinl2/pancpin. While studying group V3 serpins,
comprehensive insight into the phylogenetic history of neuroserpin was unraveled by
combining discriminatory data from the genomic, gene and protein level. With aid of these
data, the previously unknown origin of neuroserpins during metazoan evolution was settled.
Synteny analysis proved to be very instrumental in this respect, demonstrating that rare
genomic characters can provide very useful information for decoding of bonds in protein
families with intricate evolutionary history. The strongly conserved syntenic association of
PDCDI10 and neuroserpin orthologs during diversification of deuterostomes is unraveled here.
The conserved close linkage of expression of these two head-to-head oriented genes may have
been caused by a bi-directional and asymmetrical promoter region inserted within the ~0.9 kb
intergenic region separating the coding regions (Chen et al., 2007). Dependence from a
common regulatory unit may have forced the maintenance of this linkage. The rapidly
increasing flood of data from genome sequencing projects (with rapid change in genome
sequencing technologies) will certainly continue to provide further discriminatory markers,
such as codon usage dichotomy (Krem and Di Cera, 2003), to enable robust classification of
other metazoan serpins.

A C-terminal, KDEL-like motif deters secretion of soluble endoplasmic reticulum (ER) —
resident proteins (Lewis et al., 1990; Semenza et al., 1990; Raykhel et al., 2007). There are 24
possible variants of ER retention signals listed as a PROSITE motif - [KRHQSA]-[DENQ]-E-
L in the PROSITE database (Hulo et al., 2004; Hulo ef al., 2006). In addition, there are some
ER retention signals that do not fit into the PROSITE motif (Raykhel et al., 2007). A few
serpins that are apparently engaged in secretory pathway are possessing such peptide
sequences at their C-terminal ends (Ragg, 2007), distributed in organisms of wide
evolutionary spectrum. In early diverging deuterostomia, neuroserpin orthologs like Spu-spn-
1 of Strongylocentrotus and the Spn-1 gene of lancelets contain HEEL and KDEL,
respectively, at their C-terminal end. Furthermore, the putative neuroserpin ortholog, Nve-



6. Discussion 101

Spn-1 sequence from the sea anemone (N. vectensis) has SDEL at the C-terminus, which fits
as one variant of ER retention/retrieval signal. Thus, it is clear that the neuroserpin ortholog,
as corroborated by synteny analysis, from these animal species possesses one of the above
mentioned 24 variants of ER-retention signals. In contrast, the C-terminal end of neuroserpin
from tetrapods is HDFEEL (Figure 58b). In HeLa cells that express three different KDEL
receptors with overlapping, but differential passenger specificities, the FEEL sub-sequence
targets attached passenger proteins primarily to the Golgi, though one-fourth of cells depict
ER localization (Raykhel et al., 2007), whereas, in transfected COS cells, intracellular
neuroserpin localizes to either the ER or Golgi (Ishigami et al., 2007). In cells with a
regulated secretory pathway, however, neuroserpin resides in large dense core vesicles,
mediated by a C-terminal extension encompassing the last 13 amino acids
(ETMNTSGHDFEEL) including the FEEL sequence (Ishigami et al., 2007). Collectively,
these data suggest that in orthologs of neuroserpin from deep-branching metazoans, a two
amino acid insertion “FE” constitutes (in combination with additional residues?) a modified
sorting signal attributing a more specialized subcellular localization. The surveillance of the
secretory pathway routes by serpins is an ancient and conserved trait in eukaryotes as
indicated by the putative neuroserpin ortholog present in the sea anemone genome. It will be
interesting to investigate experimentally, whether the C-terminal extensions of neuroserpin
orthologs from fishes are functional and mediate differential localization in a similar fashion
as mammalian neuroserpin. Due to variations in their RSL region, ER-localized serpins may
work differently in the secretory pathway. In vitro, neuroserpin from vertebrates inhibits
tissue-type plasminogen activator (tPA) using the Arg residue at the P1 position in the RSL
region (Osterwalder et al., 1998). The cleavage site of Bfl-spn-1 is preceded by the dipeptide
motif Lys-Arg (KR), a discernable feature for substrates and inhibitors of proprotein
convertases (PCs). Similar sequences were found for Bla-Spn-1 from B. lanceolatum (Bentele
et al., 2006). Since the serpins Bfl-spn-1 of B. floridae, Spu-spn-1 of the sea urchin, and Nve-
Spn-1 of the sea anemone also possess the Lys-Arg dipeptide motif (KR), a similar
physiological role of these serpins has to be expected. Questions remain open concerning the
presence of a neuroserpin ortholog in the arthropod lineage. Several labs have investigated a
serpin acting as furin inhibitor - Spn4 equipped with a classical ER targeting signal (HDEL) in
D. melanogaster (Oley et al., 2004; Osterwalder et al., 2004; Richer et al., 2004) and a
homologous gene - SRPNI0 in Anopheles gambiae (Danielli et al., 2003). However, the
orthology of these genes to neuroserpin is unclear; because of following reasons:- (i)
homoplasy due to convergent evolution and (ii) recombination events in protein coding
regions especially in the RSL coding region (Borner and Ragg, 2008). Thus, a meticulous
investigation will be needed in order to establish the relationships among the Spn4 gene from
D. melanogaster or SRPN10 from A. gambiae and neuroserpin orthologs from deuterostomes.
On comparing exon-intron structures of neuroserpin and PDCD10 genes, these two closely
associated genes have very different fates in terms of intron patterns over deep-animal
evolution. PDCD10 orthologs have undergone few changes in the exon-intron architecture
since divergence of lineages leading to sea anemones and vertebrates (Figure 70). In
PDCDI10 genes, six out of eight intron positions occurring in humans or in the cnidarian are
conserved. This is in favour of previous reports adducing that the majority of genes from early
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diverging present-day eumetazoans are intron rich with most introns apparently maintained
since ancient times (Raible et al., 2005; Putnam et al., 2007).

\ J \
Homo sapiens MRMTMEEMKNEAETTSMVSMPLYAVMY PVENBLERVN------ LSAAQTLRAAFIRAEKE 54
Strongylocentrotus vtvpoenp----- ASTVESFPLHILLYPILD@MOQTD------ VAASQTLRAAFNKMEKK 49
Nematostella MATEFEEG------ TLIPNLALSVIIRPVLDBLSKEYD----- EDTVKKIQKAFHRAEKE 49
Drosophila MTMGEPTS---------- SLVLPVILRPIFS®LERRD------ VGAAQSLRSAILKSEQN 44
C. elegans MNEEGG------- YLGAMTYQCLYSPVMEKIQOHRDDPRASLALKLETALTTCEQA 51
\J
Homo sapiens NPGLTQDI IMKILEKKSVEVNFTESLLRMAA----DDVERYMIE--RPEPEFQDLNEKAR 108
Strongylocentrotus xpGrTRQLVHGILEAKSKNINLTESLLKLAA----LDSE¥YILT--RRDDKFIRMNQQAR 103
Nematostella NPGITQELVSGIMKKSS DGINHNKALLSCAG----YNTDEYNTN--REEHEFUNLTKKAR 103
Drosophila NPGECYDLVATIVRRADLNVNLNEAVLRLQGKITEADIINEYRLT--RTEEPFQELNRESV 102
C. elegans SPSFLYDFTKVLLDDSELSVNLQESYLRMHDT---SPTNDLIVSGYEQNADYKELTXGAT 108
A/ 4

Homo sapiens ALKQILSKIPDEINDRVRFLQTIHDIASAI KELLDTVNNVFKKYQ----- YQNREALEHQ 163
Strongylocentrotus SLKAILARLPDQYANRPIFLQTIgDIACGIKDLLGALNMIFKDESFFRD—PEQRhSLETY 162

Nematostella ﬂLKTILSKIPSEINDRSKFLQTII DIASATKELLDAVNEVFRNCQTVCKMOOYKEVLEHN 163
Drosophila ALKVILSRIPDEINDRKTFLETIEEIASAIKKLLDVVNEIGSFIPG----VTGKQZ—\VEQR 158
C. elegans ELRRVLSRVPEEMSDRHAFLETIKLIASS IKKLLEAINAVYRIVE----- LTAQPAVEKR 163
\
Homo sapiens KKEFVKYSKSFSDTLKTYFKDGUAINVEVSANRLTHQTNLILQTFKTVA 212
Strongylocentrotus RXEFIHSSKDFSLNLKNYFRVGNITEVYESATHLIHHINLILKLLKTI 210
Nematostella KKEFVKYSKSFSDTLEQY FKDGRADAVYVSANRLINOTNNILYTFKLAGST 214
Drosophila KKEFVKYSKKFSTTLKEYFKEGE];NAVFISALFLIRQTNQIMLTVKSKCE 208
C. elegans KREFVHYSKRFSNTLKTYFKDONANSVSVSANQLVFQTTMIVRT INEKLRRG 215

Figure 70: Intron positions of PDCD10 genes in metazoans. Intron positions (white-on-black printing, phasing not
indicated) were identified with GENEWISE and mapped onto the protein sequences. Intron positions conserved in at least
two species are marked with an arrowhead. Accession numbers for PDCD10 sequences: AAH16353 (H. sapiens);
XP_001186662 (S. purpuratus); EDO34838 (N. vectensis); AAF55190 (D. melanogaster); CAA90115 (C. elegans).
Adopted from Kumar and Ragg (2008).

In contrast, the circumstances appear to be reverse for serpin genes. The putative sea anemone
neuroserpin ortholog Nve-Spn-1 and the sea urchin neuroserpin ortholog Spu-spn-1 possess
no intron within their serpin core domains (Figure 71). Neuroserpin orthologs from two
lancelets - B. floridae and B. lanceolatum (Bentele et al., 2006) - demonstrates two introns
mapping to identical sites within the serpin body with no matching intron position with any
known intron positions from vertebrate serpin genes (Ragg et al., 2001).
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Strongylocentrotus (Spu-Spn-1)
No introns

Nematostella (Nve-Spn-1)

Figure 71: Exon-intron organisation of the neuroserpin gene lineage. The N. vectensis serpin gene Nve-Spn-1 is
included, though orthology with the deuterostome counterparts is currently only supported by protein-based signature
sequences. Specifications for intron positions and their phasings refer to mature human a1-antitrypsin. Only introns mapping
to the serpin core domain (residues 33 to 394 of the reference) are considered. Adopted from Kumar and Ragg (2008).

Thus, it is noteworthy that a substantial fraction of introns is recent in the serpin lineage
leading to mammalian neuroserpin and they may have been inserted during metazoan
evolution. Nevertheless, an alternate explanation cannot be snubbed, namely that large intron
loss events are responsible for gene architecture of present-day serpin genes from cnidarians
(and in neuroserpin orthologs from sea urchins and lancelets), whereas most other introns that
have survived in these animals. Intron insertion is possibly not as rare as sometimes believed
(Zhuo et al., 2007), however, it could be confined to certain gene families and/or to discrete
evolutionary phases (Babenko et al., 2004), for as yet unexplored reasons.

The pancpin gene is localized in close proximity to the neuroserpin gene (Figure 56). Pancpin
also possesses a C-terminal extension and indels like neuroserpin, suggesting its close
relatedness to these proteins. Its lack in fishes led us to conclude that the pancpin gene might
have originated by tandem duplication of neuroserpin after separation of tetrapods from the
fish lineage. From fishes to human, the remaining group V3 members such as PAIl (Figure
53), GDN (Figure 54) and serpinE3 (Figure 55) are present at various genomic locations.
This suggests that they evolved independently since the origin of vertebrates. Since we were
unable to trace even a single member of group V3 in the initial version of the lamprey
genome, it is not clear whether they were present in basal vertebrates, such as lampreys and
hagfishes. Thus, it should be interesting to investigate when group V3 genes originated. Since
there is also no evidence for orthologs of these genes in invertebrate model genomes, they
might have been originated during the emergence of vertebrates.
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6.5  Evolutionary history of group V4 serpins

Group V4 has three members in mammalian genomes — pigment epithelium derived factor
(PEDF), ap-antiplasmin, and Cl-inhibitor. I have identified a fish-specific group V4 (FSG4)
gene. The FSG4 protein has a serpin core domain, in addition to two immunoglobulin
domains. Similar proteins were identified from other fishes (Inoue et al., 1997, Wang and
Secombes, 2003) other than analyzed fish genomes in this study. The well-conserved Ig
domains in FSG4 proteins in several fishes imply that they must have functional significance,
probably by supplying binding sites for the extracellular matrix and plasma proteins to enable
its function to be strictly regulated. Indeed, the function of the mammalian CI1IN can be
regulated by ligand binding of heparin, type IV collagen, lamin, and entactin (Patston and
Schapira, 1997; Bos et al., 2002). The function of the Ig domains in the FSG4 is an issue of
further investigations. However, during this study, evidence for syntenic conservation of
CIIN from tetrapods and FSG4 of fishes was not found, suggesting that their origin is
independent. During diversification events, fishes may have lost the original C1IN loci, and
the duplicated C1IN loci diverged and during this process, one of the copies might have been
fused with Ig-like domains. This speculation suggests that the FSG4 gene possibly functions
differently as compared to C1IN genes of higher vertebrates (neofunctionalization).

On the protein sequence level, it looks that PEDF and a,-AP-like genes are conserved
throughout vertebrates. However, on scrutiny of group V4 serpins, orthologs of most human
group V4 serpins other than A2AP1 FRU in Fugu cannot be found in current genomic
sequence versions of fish genomes (Figure 60). It appears that fishes lost the orthologs of
group V4 serpin loci present in tetrapods. Instead, they have paralogs, probably due to fish-
specific genome duplications and diversifications. Moreover, in the draft version of the
lamprey genome, two members of group V4 were detected resembling a,-AP like genes
named as A2APL1 PMA and A2APL2 PMA (Figure 63). This suggests that group V4 exists
since the beginning of vertebrates.

6.6  Summary of group VS5 serpins

Group VS5 consists of a single member - antithrombin IIT (ATIII). Grounded on gene structure
and synteny conservation, the presence of the conserved helix D sequence, RCL-sequence,
three pairs of disulfide bridges and other features, the ATIII gene is found to be maintained
from fish to human. A remarkable difference between fish ATIII and the orthologs from
tetrapods was observed with regard to the intron at position 262c (also a characteristic of
group V1). This finding suggests that group V1 and group V5 are closely related.
Furthermore, it is suspected that this intron was lost in ATIII from tetrapods. The inability to
the identify ATIII gene in current genomic assembly of lamprey hinders further tracing of the
262c intron. Additionally, the intron at position 339c of the ATIII gene is found in several
serpins from an array of evolutionary distant organisms, such as C. elegans (Zang and
Maizels, 2001), B. malayi (Zang et al., 1999), lancelets, and C. intestinalis. It was not possible
to unravel evolutionary history of the 339c intron from the datasets used for this study. It
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would be interesting to unravel whether intron 339c is ancestral or has independently emerged
multiple times.

6.7 Overview of group V6 serpins

Group V6 comprises the HSP47 gene and its paralogs in different vertebrates. Tetrapods have
a single copy of the HSP47 gene, while there are two or three HSP47-like genes in some
fishes as demonstrated in Figure 72.

El::-:smir 1_FRU%
HSP47_1_OLE+

_| HSP47_1_GACH
100 HSP47_1_DRE

Group V6
HSP47_2 DRE

98

 L—HSP47_2_GAC
97
HSP47_PMA

HSP47_3_DRE

ATII_DRE Group VS

Figure 72: Summary of evolutionary history of HSP47-related serpins from fishes. The phylogram is based on the
Neighbor-Joining method and includes one representative each of serpin groups V1 to V5 from Danio rerio (DRE). Within
group V6, HSP47_1 (orange box) and HSP47_2 genes (yellow box) constitute separate sub-trees, supported by their
genomic localization. + indicates the presence of two novel introns at positions 36b and 102c, respectively. The percentage
of replicate trees, in which serpins clustered together in the bootstrap test (1000 replicates), is indicated. The outgroup in this
tree is Spn8_BLA (Spn8 gene from Branchiostoma lanceolatum, Genbank accession id. - FM242707). PMA: lamprey, GAC:
stickleback, OLE: Japanese medaka.

Intron patterns and syntenic organizations of HSP47-like genes shed light on the evolution of
HSP47 genes in fishes. D. rerio has three HSP47-related genes (named HSP47 1 DRE,
HSP47 2 DRE and HSP47 3 DRE) containing the standard introns of group V6. Orthologs
of HSP47 1 DRE were identified in Fugu, stickleback and medaka (HSP47 1 FRU,
HSP47 1 GAC, and HSP47 1 OLE, respectively) by analysis of syntenic conservation. All
orthologs with the exception of HSP47 1 DRE have novel introns at positions 36b and 102c,
respectively. HSP47 2 DRE and HSP47 2 GAC genes cluster together in the phylogenetic
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tree (yellow box in Figure 72) and they are orthologs, since they share a similar genomic
microenvironment. Both genes possess the standard introns of group V6, like HSP47 from
lamprey, tetrapods, and all three HSP47-like genes of D. rerio. These findings suggest that
introns 36b and 102c¢ of the HSP47 1 orthologs have been gained in selected ray-finned
fishes. The alternative possibility, intron loss in HSP47 1 DRE, however, cannot be
excluded. This issue is discussed in detail in the next section.

6.8  Intron gain and loss in vertebrate serpins

Gain or loss of spliceosomal introns are rare events in evolution, which can serve as markers
for phylogenetic analysis. Intron gain has been reported to be very rare in many metazoan
lineages, including mammals and other vertebrates (Coulombe-Huntington and Majewski,
2007; Loh et al., 2008). However, during this study, I found several instances of newly
acquired introns in a single vertebrate protein superfamily, the serpins, while a single apparent
intron loss event in specific ray-finned fishes became evident. Combining data from cDNA
and gene sequences of serpin genes from L. fluviatilis, and B. lanceolatum obtained from
other members of AG Zelluldre Genetik, Bielefeld and study of genomic sequences of
stickleback, medaka and Petromyzon marinus, this finding is further authenticated (Ragg et
al., 2009).

Vertebrates
78c 85¢c  128c 167a 212c 262c
Group V1 LA LA 4 T T PAI-2, Maspin, Ovalbumin, SCCA-1
ﬂ’(.l P\U
77c 192a 7" 282b 331c a,-antitrypsin, a,-antichymotrypsin
Group V2 y y A A J Y h J Heparin cofactor Il, Angiotensinogen
86a-90a 167a 230a 200b 323a 352a 380a
Group V3 Y y Y Y ¥ ¥ ¥  Neuroserpin, Pancpin, Nexin-1, PAI-1
67a 123a 192a 238c 307a
Group V4 ¥ Y Y y v a.-antiplasmin, PEDF, C1 inhibitor
78¢ 148c 191¢c 262¢ 320a 339¢
Group V5 Y ¥ ¥ s T Antithrombin
36b 102¢ 192a 225a 300c
Group V6 i d L 4 A J h i h L HSPA47, HSPAT_1
Lancelets
75¢c 176a &
Group L1 v v : Spn1, Spn2, Spné (B. lanceolatum)
: Spn1, Spn2 (B. floridae)
86b 151c 223b 283c 339¢c
Group L2 v v v hd Y Spn8 (B. lanceolatum)
P Spn8 (B. floridae)
73b 175¢  22db N 339¢
Group L3 ¥ ¥ ¥ v X Spn9, Spn10 (B. floridae)

Figure 73: Gene structure comparisons between vertebrate (V1-V6) and lancelet (L1-L3) serpin groups. Novel intron
positions are marked in different colors with corresponding serpin genes.

The angiotensinogen gene provides a good example of intron gain. The introns at positions
77c and 233c found in some orthologs of this gene appear after the split of the D. rerio
lineage from the other actinopterygians, whereas lampreys, tetrapods and D. rerio depict the
standard exon/intron pattern of group V2. Similarly, all other non-standard introns found in
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genes of the serpin superfamily (Table 34) are also confined to selected ray-finned fishes.
Intron insertions have been proposed to occur primarily at ‘‘proto-splice sites’” with the
consensus sequence MAG1TR, where M is A/C, R is A/G, and the arrow (1) represents the
intron insertion site (Dibb and Newman, 1989). These sites are considered as “hot spot” for
intron acquisition events (Coghlan and Wolfe, 2004; Qiu et al., 2004; Sadusky et al., 2004;
Tordai and Patthy, 2004). The listed novel introns of specific serpins (Table 34) are
characterized by following features: (i) canonical proto-splice site with some exceptions
(marked in white-on-black printing in Table 34). (ii) intron sizes ranging from 68-178 base
pairs with pre-dominant intron phasing c (five out of seven listed introns and one each for
phase a and b, respectively). These novel intron positions listed for group V2 serpins are
neither found in any other paralogs of vertebrate group V2 nor in any other vertebrate serpin
genes reported so far. These introns are most likely acquired de novo rather than inherited
from a common ancestor.

Table 34: Sequences flanking the insertion points of novel introns in vertebrate serpin genes. Adopted from Ragg
et.al (2009).

Species Intron (Intron Size)  Flanking Sequences
T. rubripes Angiotensinogen 77¢ (75) CCAGTIICTC
G. aculeatus Angiotensinogen 77¢ (140 CCAGTIACC
0. latipes Angiotensinogen 77c (82) TC GTC
T. rubripes Angiotensinogen 233c (80) TAAG1GTTC
G. aculeatus Angiotensinogen 233c (112) TAAGTGTAC
0. latipes Angiotensinogen 233c (80) TAAGTTGA
T. rubripes HCII 241¢ (75) ACAG1®TCC
T. nigroviridis HCII 241¢ (70) ACAG1®TCC
G. aculeatus HCII 241c (82) ACAG1®TCC
0. latipes HCII 241¢ (98) ACAG1{®TCC
T. rubripes HSP47_1 36b (178) TCAG1®CTC
G. aculeatus HSP47_1 36b (141) TCAG1{®CTC
0. latipes HSP47_1 36b (100) G1&CTT
T. rubripes HSP47_1 102c (88) [EAGTLITGA
G. aculeatus HSP47_1 102¢ (123) CEAGTGTGA
0. latipes HSP47_1 102¢ (97) GRANIN
T. rubripes Spn_%a 94a (68) CCAGTAGCT
T. nigroviridis Spn_%a 94a (68) CCAGTATCT
G. aculeatus Spn_%a 94a (74) CCAGTATCT
0. latipes Spn_%a 94a (111) CCAGTATCT
T. rubripes Spn_215¢ 215c¢ (76) CAAG1GTTC
T. nigroviridis Spn_215¢ 215c¢ (68) CAAG?TGTCC

Arrows indicate the intron insertion points. Bases deviating from the proto-splice site sequence
(MAG?TR) (Dibb and Newman, 1989) are printed in white-on-black.

No novel intron appears to have been acquired at the expense of adjacent introns as no losses
of standard introns are found in these serpin genes. There are no non-standard introns in
serpin genes from other vertebrate taxa. Thus, these novel introns appear to have been gained
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during radiation of actinopterygians. Similar findings were reported for several of the few
other well-documented cases of novel introns in vertebrates (Figueroa et al., 1995; Venkatesh
et al., 1999; Schioth et al., 2005; Moriyama et al., 2008). Vertebrate group V6 serpins provide
a clear picture about time period and processes possibly associated with intron gain. During
evolution of ray-finned fishes, group V6 was split into three lineages as found in D. rerio,
probably a consequence of whole genome and/or large fragment duplications. The extra
introns at positions 36b and 102c however, are only unraveled in one lineage, the HSP47 1
orthologs from Fugu, stickleback, and medaka. In contrast, the second lineage comprised of
HSP47 2 genes from stickleback and zebrafish depicts the standard intron pattern of group
V6 as found in other HSP47-like genes from D. rerio, lampreys and tetrapods. These findings
corroborate that intron gain was not associated with the fish-specific genome duplication
events. Moreover, they are supportive of the concept that newly gained introns are maintained
by the existence of several gene copies. The estimated timing of intron gains can be confined
to the period before or during emergence of the stickleback/Japanese medaka/pufferfish
lineage at about 320-190 MYA (Figure 74) by using phylogenetic timescale information
(Ponting, 2008).

Homo sapiens
i
360 Figure 74: Phylogenetic tree of
X Gallus gallus vertebrates emphasizing timescale
Xenopus tropicalis and lineages displaying intron
16 . . ,
X - 33\ Takifugu rubripes g.aln in serpln gepes. The estimated
| l' . —I: divergence times (in mya) were taken
— [ Tremraodon nigroviridls from Ponting, 2008 and are marked
Gasterosteus aculeatus . . .
452‘ 3{2 x Ray-finned fishes with blue arrows. The time interval of
190 j . . .
Oryzias atipes intron gains is indicated (red arrow).
Danio rerio Adopted from Ragg et. al. 2009.
630
A
Petromyzon/Lampetra
650
_3. Branchiostoma (lancelets)

Strongylocentrotus purpuratus

With exception of intron 94a in the Spn 94a gene, all novel introns have exact insertion
points without any deletions / insertions at the borders. Indels are tolerated by many serpins,
largely in the regions of non-secondary structural elements as reported in various sequence
alignments without any functional implications and thus, it is important to understand when
considering mechanisms of intron gain.

The nucleotides flanking the novel introns correspond to the proto-splice site as previously
proposed (Dibb and Newman, 1989; Sverdlov et al., 2004). However, a considerable fraction
of the affiliated 3’-exons starts with pyrimidine rather than purine. The 3’-side flanking
insertions thus appears to be less stringent than insinuated and may rather resemble MAG1TN,
at least in vertebrates. There are several mechanism supposed to be responsible for birth of
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introns (Roy and Gilbert, 2006; Irimia et al., 2008). Duplication events operating on pre-
existing sequences at some stage are vital to these mechanisms. The activity of transposons is
believed to be responsible for intron insertion (Roy and Gilbert, 2006). Fish genomes are
characterized by their diversity of retrotransposable elements, especially retrotransposons.
Selected retrotransposons are reported to be active in recent times in fish lineages (Aparicio et
al., 2002; Volff et al., 2003; Volff, 2005). No significant similarity to known repetitive
elements was detected in the non-standard introns (Ragg et al., 2009). Hence, the involvement
of duplication dependent transposons in these intron gain events becomes unlikely, though
preferential loss of transposons from newly inserted introns cannot be ignored. The source of
these newly acquired introns remains open for investigations. Largely, due to the fact that
during my searches using different homology search suites (BLAST suite or FASTA suite),
these novel introns do not have significant homology either to flanking sequence within the
locus or anywhere else in overall sequenced parts of these fish genomes (analysis data stored
in GENLIGHT, not shown here as it do not provide any significant information). Every
genome sequencing project faces some problems in sequencing process, which result in
unavailability of small proportion of genomic sequences. Similarly, fractions of genomic
sequences from these selected fish genomes are likely to remain unsequenced, so the remote
possibility exists that the novel introns are derived from some unsequenced portion of these
fish genomes. A similar finding is reported for a documented case of strain specific intron
insertion in Daphnia pulex (Omilian et al., 2008).

Several different types of processes are believed to be responsible for intron births.
Nevertheless, these processes not necessarily need to be related with the events responsible
for the primordial emergence of spliceosomal introns. Excision of intron sequences, probably
created by expansion of short simple repeats or more complex repetitive elements (Figueroa et
al., 1995; Zhuo et al., 2007) or by intronization of exonic sequences (Irimia et al., 2008),
manifests that the spliceosome will operate as long as the essential splice signals are present,
not matter how the introns were generated. It is difficult to find out some clear hints
supporting currently discussed intron gain mechanisms. To find some solutions on this issue,
genome size of selected animals were compared (Table 35) as proposed by Ragg et al. (2009)
using the Animal genome size database (Gregory, 2008), which is a comprehensive database
of genome size studies. Every eukaryotic species has a characteristic amount of genomic
DNA. The amount of this DNA in the haploid cell of a species is called C-value. C-value is
expressed in base pairs or picogram or molecular weight (daltons). One picogram of DNA
corresponds to approximately 1Gb. The lack of co-relation between genomic size (C-value)
and biological complexity is called as C-value paradox (Hartl, 2000). Selected ray-finned
fishes exhibit considerable reduction in genomic contents (marked in bold in Table 35) as
compared to lampreys and zebrafish. Apparently, after the fish-specific whole genome
duplication; compaction processes have led to a considerable reduction of genome sizes in
many actinopterygians (Hinegardner, 1968; Aparicio et al., 2002; Vandepoele et al., 2004;
Gregory, 2008). Reduction in genomic DNA size may affect three levels: (a) whole genes. (b)
intergenic regions and (c) intronic sequences. D. rerio possesses considerably larger introns
than pufferfishes. It is a fascinating quest whether this provides some clues to the mechanisms
of intron insertion.
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Table 35: Genome size of selected animals. A depletion of size in selected ray-finned fishes is evident (marked in bold).
Source: Animal genome size database (Gregory, 2008).

Genome size - Total haploid DNA content

Selected organism Species C-value in pictogram (pg)
Human H. sapiens 3.50
Chicken G. domesticus 1.25
Frog X. leavis 3.69
Zebrafish D. rerio 1.78
| Fugu T. rubripes 0.40
Tetraodon T. nigroviridis 0.35
Stickleback G. aculeatus 0.70
Medaka 0. latipes 0.75
Sea lamprey P. marinus 2.44
European river lamprey L. fluviatilis 1.45
Sea squid C. intestinalis 0.20
Lancelet B. lanceolatum 0.59
Sea urchin S. purpuratus 0.89
Fly D. melanogaster 0.18
Worm C. elegans 0.10
Sea anemone N. vectensis 0.23

Depletion of genomic contents is considerably associated with events of DNA breakage and
recombination that further require DNA repair and recombination events. Intron acquisition
events probably are associated with such changes in DNA contents of these fishes (Ragg et
al., 2009).

Formations of new genes either by whole genome duplication or by tandem duplication of
paralogs, might conceivably favor intron gain and maintenance of novel introns, since an
unaffected gene copy remains within in the genome. A direct co-relation between intron
insertions in serpin genes and events of gene/genome duplications cannot be established, since
D. rerio does not possess any of these novel introns even though, the time of divergence of
D. rerio is closer to the fish-specific genome duplication event (Meyer and Van de Peer,
2005) than that of the other fishes investigated. However, conservation of novel introns could
indeed be favored by the co-existence of paralogs. Other well-documented cases of intron
gain apply to multi-membered gene families (Figueroa et al., 1995; Schioth et al., 2005),
however, association of preferred intron gain with multi-copy gene families is still
controversial.

In conclusion, a group of ray-finned fishes exhibits multiple intron insertions in selected
serpins that are not shown by any other vertebrates. Depletion in genomic contents of these
fishes may have played a crucial role in these intron acquisitions. Fishes exhibit a high
diversity after separation from last common ancestor of tetrapods/fishes lineage and these
diversities can be explained by rapid change in DNA contents by processes such as whole
genome duplication and genome compaction. Losses/gains in gene contents, introns, and
intergenic regions are crucial to these events.
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6.9 Strength and weakness in this work

This work has extended the intron-coded group V1-V6 serpin classification system across
different vertebrates from lamprey to human. Prior to this work, this classification system
based on exon-intron architecture was established mainly from mammals (Ragg et al., 2001).
During this work, this serpin classification system has been validated over different types of
vertebrates including birds, frogs, and fishes. Orthologs and paralogs of human serpins were
also determined during this work based on exon-intron architecture, micro-synteny analysis,
and sequence motifs. This work has highlighted the weakness of solely sequence-based
methods for evaluating orthology/paralogy such as bidirectional BLAST, since these
computational tools can only provide evidence of homology; and only limited insight into the
origin of a gene. Synteny analysis, coupled with gene architecture and motif features, provide
a better solution for assigning orthology of genes. During this work, many serpins were
clearly classified as orthologs or paralogs of their human counterparts, especially in case of
fish serpins which are enigmatic due to fish-specific whole genome duplication events (Ohno,
1970) that led to many paralogs. During this work, the deep evolutionary roots of mammalian
neuroserpin (a secretory-pathway associated serpin) was analyzed and resolved at least since
the emergence of deuterostomes and most probably even since divergence of Bilateria from
eumetazoans using synteny, rare indels and sequence motif data (Kumar and Ragg, 2008).
Furthermore, this work was instrumental in unraveling the intron gains in specific serpin
genes in selected ray-finned fishes (Ragg er al, 2009). Overall, a validated classification
system for vertebrate serpins now exists, into which serpin family members from newly
sequenced genomes of vertebrates can be easily incorporated. The proposed
neofunctionalization or subfunctionalization in serpins needs to be experimentally validated
especially in the case of a,-AP and HSP47 of fishes.

6.10 Outlook

By the time this work was finished, the lamprey genomic sequence was in an initial stage. It
would be interesting to investigate the lamprey genome more closely in order to unravel
vertebrate group V3 and group V5 serpins since by now members of these groups were not
identified in this species. Similarly, improvements in genomic assemblies of the sea urchin
and the sea anemone may provide new insight into deep metazoan evolution of serpins. As by
now, only evidence for neuroserpin orthologs in these animals is available. The genomic
sequences of hagfish, representing a basal vertebrate will be helpful to unravel the structure
and function of serpins at the origin of vertebrates in more details. Group V1 and group V2
have multiple paralogs in different mammalian genomes, a study of basal mammals such as
marsupials and Platypus will help in understanding the molecular mechanisms of their
expansions. Furthermore, it is recognized that the intron at position 339a is found in some
serpin genes from various organisms (that are important in metazoan evolution). It would be
interesting to investigate whether this intron is ancestral or has emerged multiple times
independently.



7. References 112

7. References

Adams, M.D., et al. (2000) The genome sequence of drosophila melanogaster. Science, 287,
2185-2195.

Altschul, S.F., et al. (1990) Basic local alignment search tool. J Mol Biol, 215, 403-410.

Altschul, S.F. and Lipman, D.J. (1990) Protein database searches for multiple alignments.
Proc Natl Acad Sci U S A4, 87, 5509-5513.

Altschul, S.F., et al. (1997) Gapped blast and psi-blast: A new generation of protein database
search programs. Nucleic Acids Res, 25, 3389-3402.

Aparicio, S., et al. (2002) Whole-genome shotgun assembly and analysis of the genome of
fugu rubripes. Science, 297, 1301-1310.

Apweiler, R., Bairoch, A. and Wu, C.H. (2004a) Protein sequence databases. Curr Opin
Chem Biol, 8, 76-80.

Apweiler, R., et al. (2004b) Uniprot: The universal protein knowledgebase. Nucleic Acids
Res, 32, D115-119.

Atchley, W.R., ef al. (2001) Phylogenetic analyses of amino acid variation in the serpin
proteins. Mol Biol Evol, 18, 1502-1511.

Babenko, V., Rogozin, 1., Mekhedov, S. and Koonin, E. (2004) Prevalence of intron gain over
intron loss in the evolution of paralogous gene families. Nucleic Acids Res, 32, 3724 -
3733.

Backovic, M. and Gettins, P.G. (2002) Insight into residues critical for antithrombin function
from analysis of an expanded database of sequences that includes frog, turtle, and
ostrich antithrombins. J Proteome Res, 1, 367-373.

Bairoch, A. (1991) Prosite: A dictionary of sites and patterns in proteins. Nucleic Acids Res,
19 Suppl, 2241-2245.

Bairoch, A. and Apweiler, R. (1996) The swiss-prot protein sequence data bank and its new
supplement trembl. Nucleic Acids Res, 24, 21-25.

Bairoch, A. and Apweiler, R. (2000) The swiss-prot protein sequence database and its
supplement trembl in 2000. Nucleic Acids Res, 28, 45-48.

Bairoch, A. and Boeckmann, B. (1991) The swiss-prot protein sequence data bank. Nucleic
Acids Res, 19 Suppl, 2247-2249.

Bairoch, A., Boeckmann, B., Ferro, S. and Gasteiger, E. (2004) Swiss-prot: Juggling between
evolution and stability. Brief Bioinform, S, 39-55.

Barker, W.C., et al. (1987) Protein sequence database of the protein identification resource
(pir). Protein Seq Data Anal, 1, 43-98.

Beckstette, M., et al. (2004) Genlight: An interactive system for high-throughput sequence
analysis and comparative genomics. . Journal of Integrative Bioinformatics, 1(1), 79-
94.

Beckstette, M.S., A. Selzer, PM. (2004) Genlight: An interactive system for high-throughput
sequence analysis and comparative genomics. . German Conference on
Bioinformatics, GCB 2004. GI-Edition, Bielefeld University, Bielefeld, Germany,
pp. P-53.

Benarafa, C. and Remold-O'Donnell, E. (2005) The ovalbumin serpins revisited: Perspective
from the chicken genome of clade b serpin evolution in vertebrates. Proc Natl Acad
SciUS 4,102, 11367-11372.

Benson, D.A., et al. (2005) Genbank. Nucleic Acids Res, 33, D34-38.

Benson, D.A., et al. (2006) Genbank. Nucleic Acids Res, 34, D16-20.



7. References 113

Bentele, C., et al. (2006) A proprotein convertase-inhibiting serpin with an endoplasmic
reticulum targeting signal from branchiostoma lanceolatum, a close relative of
vertebrates. Biochem J, 395, 449-456.

Berman, H.M,, ef al. (2000) The protein data bank. Nucleic Acids Res, 28, 235-242.

Birney, E., et al. (2006) Ensembl 2006. Nucleic Acids Res, 34, D556-561.

Birney, E., Clamp, M. and Durbin, R. (2004) Genewise and genomewise. Genome Res, 14,
988-995.

Boeckmann, B., et al. (2003) The swiss-prot protein knowledgebase and its supplement
trembl in 2003. Nucleic Acids Res, 31, 365-370.

Boeke, J.D. (2003) The unusual phylogenetic distribution of retrotransposons: A hypothesis.
Genome Res, 13, 1975-1983.

Borner, S. and Ragg, H. (2008) Functional diversification of a protease inhibitor gene in the
genus drosophila and its molecular basis. Gene, 415, 23 - 31.

Bos, 1.G., Hack, C.E. and Abrahams, J.P. (2002) Structural and functional aspects of cl-
inhibitor. Immunobiology, 205, 518-533.

Bourque, G., et al. (2005) Comparative architectures of mammalian and chicken genomes
reveal highly variable rates of genomic rearrangements across different lineages.
Genome Res, 15, 98-110.

Brudno, M., Steinkamp, R. and Morgenstern, B. (2004) The chaos/dialign www server for
multiple alignment of genomic sequences. Nucleic Acids Res, 32, W41-44.

Burge, C. and Karlin, S. (1997) Prediction of complete gene structures in human genomic
DNA. J Mol Biol, 268, 78-94.

Burge, C.B. and Karlin, S. (1998) Finding the genes in genomic DNA. Curr Opin Struct Biol,
8, 346-354.

Canestro, C., Bassham, S. and Postlethwait, J.H. (2003) Seeing chordate evolution through
the ciona genome sequence. Genome Biol, 4, 208.

Carrell, R. and Travis, J. (1985) A-antitrypsin and the serpins: Variation and
countervariation. Trends in Biochemical Science, 10, 20-24.

Cavalier-Smith, T. (1991) Intron phylogeny: A new hypothesis. Trends Genet, 7, 145-148.

Chen, P.Y., et al. (2007) Two non-homologous brain diseases-related genes, serpinil and
pdcd10, are tightly linked by an asymmetric bidirectional promoter in an
evolutionarily conserved manner. BMC Mol Biol, 8, 2.

Chenna, R., ef al. (2003) Multiple sequence alignment with the clustal series of programs.
Nucleic Acids Res, 31, 3497-3500.

Choi, J.H., Jung, H.Y., Kim, H.S. and Cho, H.G. (2000) Phylodraw: A phylogenetic tree
drawing system. Bioinformatics, 16, 1056-1058.

Clamp, M., Cuff, J., Searle, S.M. and Barton, G.J. (2004) The jalview java alignment editor.
Bioinformatics, 20, 426-427.

Coghlan, A. and Wolfe, K.H. (2004) Origins of recently gained introns in caenorhabditis.
Proc Natl Acad Sci U S 4,101, 11362-11367.

Conrad, B. and Antonarakis, S.E. (2007) Gene duplication: A drive for phenotypic diversity
and cause of human disease. Annu Rev Genomics Hum Genet, 8, 17-35.

Cooper, N.R. (1985) The classical complement pathway: Activation and regulation of the first
complement component. Adv Immunol, 37, 151-216.

Corbo, J.C., Levine, M. and Zeller, R.W. (1997) Characterization of a notochord-specific
enhancer from the brachyury promoter region of the ascidian, ciona intestinalis.
Development, 124, 589-602.

Coughlin, P.B. (2005) Antiplasmin: The forgotten serpin? Febs J, 272, 4852-4857.

Coulombe-Huntington, J. and Majewski, J. (2007) Characterization of intron loss events in
mammals. Genome Res, 17, 23-32.



7. References 114

Crooks, G.E., Hon, G., Chandonia, J.M. and Brenner, S.E. (2004) Weblogo: A sequence logo
generator. Genome Res, 14, 1188-1190.

Danielli, A., Kafatos, F. and Loukeris, T. (2003) Cloning and characterization of four
anopheles gambiae serpin isoforms, differentially induced in the midgut by
plasmodium berghei invasion. J Biol Chem, 278, 4184 - 4193.

Darnell, J.E., Jr. (1978) Implications of rna-rna splicing in evolution of eukaryotic cells.
Science, 202, 1257-1260.

de Castro, E., ef al. (2006) Scanprosite: Detection of prosite signature matches and prorule-
associated functional and structural residues in proteins. Nucleic Acids Res, 34, W362-
365.

Dehal, P., et al. (2002) The draft genome of ciona intestinalis: Insights into chordate and
vertebrate origins. Science, 298, 2157-2167.

Detrich, H.W., 3rd, Westerfield, M. and Zon, L.I. (1999) Overview of the zebrafish system.
Methods Cell Biol, 59, 3-10.

Dibb, N.J. and Newman, A.J. (1989) Evidence that introns arose at proto-splice sites. EMBO
J, 8,2015-2021.

Doolittle, R.F. and Feng, D.F. (1990) Nearest neighbor procedure for relating progressively
aligned amino acid sequences. Methods Enzymol, 183, 659-669.

Driever, W. and Fishman, M.C. (1996) The zebrafish: Heritable disorders in transparent
embryos. J Clin Invest, 97, 1788-1794.

Drummond, A., et al. (2006) Geneious v2.5, available from http://www.Geneious.Com/.

Edgar, R.C. (2004a) Muscle: A multiple sequence alignment method with reduced time and
space complexity. BMC Bioinformatics, 5, 113.

Edgar, R.C. (2004b) Muscle: Multiple sequence alignment with high accuracy and high
throughput. Nucleic Acids Res, 32, 1792-1797.

Felsenstein, J. (1993) Phylip (phylogeny inference package) version 3.5¢;distributed by the
author.

Felsenstein, J. (1996) Inferring phylogenies from protein sequences by parsimony, distance,
and likelihood methods. Methods Enzymol, 266, 418-427.

Feng, D.F. and Doolittle, R.F. (1987) Progressive sequence alignment as a prerequisite to
correct phylogenetic trees. J Mol Evol, 25, 351-360.

Ferguson, W.S. and Finlay, T.H. (1983) Localization of the disulfide bond in human
antithrombin iii required for heparin-accelerated thrombin inactivation. Arch Biochem
Biophys, 221, 304-307.

Figueroa, F., et al. (1995) Evidence for insertion of a new intron into an mhc gene of perch-
like fish. Proc Biol Sci, 259, 325-330.

Force, A., et al. (1999) Preservation of duplicate genes by complementary, degenerative
mutations. Genetics, 151, 1531-1545.

Forsyth, S., Horvath, A. and Coughlin, P. (2003) A review and comparison of the murine
alphal-antitrypsin and alphal-antichymotrypsin multigene clusters with the human
clade a serpins. Genomics, 81, 336-345.

Galtier, N., Gouy, M. and Gautier, C. (1996) Seaview and phylo win: Two graphic tools for
sequence alignment and molecular phylogeny. Comput App! Biosci, 12, 543-548.

Gandrille, S., et al. (1990) Important role of arginine 129 in heparin-binding site of
antithrombin iii. Identification of a novel mutation arginine 129 to glutamine. J Biol
Chem, 265, 18997-19001.

Gettins, P.G. (2002) Serpin structure, mechanism, and function. Chem Rev, 102, 4751-4804.

Gettins, P.G.W., Patston, P.A. and Olson, S.T. (1996) Serpins: Structure, function and
biology. R. G. Landes Co., Austin.




7. References 115

Gibbs, R.A., ef al. (2004) Genome sequence of the brown norway rat yields insights into
mammalian evolution. Nature, 428, 493-521.

Gilbert, W. (1978) Why genes in pieces? Nature, 271, 501.

Gooptu, B., et al. (2000) Inactive conformation of the serpin alpha(l)-antichymotrypsin
indicates two-stage insertion of the reactive loop: Implications for inhibitory function
and conformational disease. Proc Natl Acad Sci U S A, 97, 67-72.

Gouet, P., Courcelle, E., Stuart, D.I. and Metoz, F. (1999) Espript: Analysis of multiple
sequence alignments in postscript. Bioinformatics, 15, 305-308.

Gough, J. and Chothia, C. (2002) Superfamily: Hmms representing all proteins of known
structure. Scop sequence searches, alignments and genome assignments. Nucleic Acids
Res, 30, 268-272.

Gough, J., Karplus, K., Hughey, R. and Chothia, C. (2001) Assignment of homology to
genome sequences using a library of hidden markov models that represent all proteins
of known structure. .J Mol Biol, 313, 903-919.

Gregory, T.R. (2008) Animal genome size database, http://www.Genomesize.Com.

Hartl, D.L. (2000) Molecular melodies in high and low c. Nat Rev Genet, 1, 145-149.

Hedges, S.B. (2002) The origin and evolution of model organisms. Nat Rev Genet, 3, 838-
849.

Hendershot, L.M. and Bulleid, N.J. (2000) Protein-specific chaperones: The role of hsp47
begins to gel. Curr Biol, 10, R912-915.

Henikoff, S. and Henikoff, J.G. (1991) Automated assembly of protein blocks for database
searching. Nucleic Acids Res, 19, 6565-6572.

Higgins, D.G. and Sharp, P.M. (1988) Clustal: A package for performing multiple sequence
alignment on a microcomputer. Gene, 73, 237-244.

Higgins, D.G., Thompson, J.D. and Gibson, T.J. (1996) Using clustal for multiple sequence
alignments. Methods Enzymol, 266, 383-402.

Hillier, L.W., et al. (2004) Sequence and comparative analysis of the chicken genome provide
unique perspectives on vertebrate evolution. Nature, 432, 695-716.

Hinegardner, R. (1968) Evolution of cellular DNA content in teleost fishes. American
Naturalist, 102, 517-523.

Hubbard, T.J., ef al. (2007) Ensembl 2007. Nucleic Acids Res, 35, D610-617.

Huber, R. and Carrell, R.-W. (1989) Implications of the three-dimensional structure of alpha 1-
antitrypsin for structure and function of serpins. Biochemistry, 28, 8951-8966.

Hulo, N., et al. (2006) The prosite database. Nucleic Acids Res, 34, D227-230.

Hulo, N., et al. (2004) Recent improvements to the prosite database. Nucleic Acids Res, 32,
D134-137.

Huntington, J.A., Read, R.J. and Carrell, R.W. (2000) Structure of a serpin-protease complex
shows inhibition by deformation. Nature, 407, 923-926.

Inoue, S., Nam, B.H., Hirono, I. and Aoki, T. (1997) A survey of expressed genes in japanese
flounder (paralichthys olivaceus) liver and spleen. Mol Mar Biol Biotechnol, 6, 376-
380.

Irimia, M., et al. (2008) Origin of introns by 'intronization' of exonic sequences. Trends
Genet, 24, 378-381.

Irving, J.A., Pike, R.N., Lesk, A.M. and Whisstock, J.C. (2000) Phylogeny of the serpin
superfamily: Implications of patterns of amino acid conservation for structure and
function. Genome Res, 10, 1845-1864.

Ishigami, S., et al. (2007) Identification of a novel targeting sequence for regulated secretion
in the serine protease inhibitor neuroserpin. Biochem J, 402, 25-34.

Izuhara, K., et al. (2008) Recent progress in understanding the diversity of the human ov-
serpin/clade b serpin family. Cell Mol Life Sci.




7. References 116

Jaillon, O., et al. (2004) Genome duplication in the teleost fish tetraodon nigroviridis reveals
the early vertebrate proto-karyotype. Nature, 431, 946-957.

Jeffares, D.C., Mourier, T. and Penny, D. (2006) The biology of intron gain and loss. Trends
Genet, 22, 16-22.

Jeffares, D.C., Poole, A.M. and Penny, D. (1998) Relics from the rna world. J Mol Evol, 46,
18-36.

Jordan, R.E. (1983) Antithrombin in vertebrate species: Conservation of the heparin-
dependent anticoagulant mechanism. Arch Biochem Biophys, 227, 587-595.

Kaiserman, D. and Bird, P. (2005) Analysis of vertebrate genomes suggests a new model for
clade b serpin evolution. BMC Genomics, 6, 167.

Kaiserman, D., et al. (2002) Comparison of human chromosome 6p25 with mouse
chromosome 13 reveals a greatly expanded ov-serpin gene repertoire in the mouse.
Genomics, 79, 349-362.

Kari, G., Rodeck, U. and Dicker, A.P. (2007) Zebrafish: An emerging model system for
human disease and drug discovery. Clin Pharmacol Ther, 82, 70-80.

Kent, W.J,, et al. (2002) The human genome browser at ucsc. Genome Res, 12, 996-1006.

Krem, M.M. and Di Cera, E. (2003) Conserved ser residues, the shutter region, and speciation
in serpin evolution. J Biol Chem, 278, 37810-37814.

Krogh, A., et al. (1994) Hidden markov models in computational biology. Applications to
protein modeling. J Mol Biol, 235, 1501-1531.

Krueger, O. (2003) Dna2aa, doctoral thesis. University of Bielefeld, Bielefeld.

Kriiger, O. (2003) Eine phylogenetische analyse von serpin-genen aus eukaryotischen
genomprojekten. Cellular Genetics, Technical Faculty. University of Bielefeld,
Bielefeld, Vol. Ph.D.

Kumar, A. and Ragg, H. (2008) Ancestry and evolution of a secretory pathway serpin. BMC
Evol Biol, 8, 250.

Kumar, S., Tamura, K., Jakobsen, [.B. and Nei, M. (2001) Mega2: Molecular evolutionary
genetics analysis software. Bioinformatics, 17, 1244-1245.

Kumar, S., Tamura, K. and Nei, M. (2004) Mega3: Integrated software for molecular
evolutionary genetics analysis and sequence alignment. Brief Bioinform, S, 150-163.

Lamande, S.R. and Bateman, J.F. (1999) Procollagen folding and assembly: The role of
endoplasmic reticulum enzymes and molecular chaperones. Semin Cell Dev Biol, 10,
455-464.

Lambowitz, A.M. and Zimmerly, S. (2004) Mobile group ii introns. Annu Rev Genet, 38, 1-
35.

Lawrence, D.A., et al. (2000) Partitioning of serpin-proteinase reactions between stable
inhibition and substrate cleavage is regulated by the rate of serpin reactive center loop
insertion into beta-sheet a. J Biol Chem, 275, 5839-5844.

Leinonen, R., et al. (2004) Uniprot archive. Bioinformatics, 20, 3236-3237.

Lener, M., et al. (1998) Molecular cloning, gene structure and expression profile of mouse c1
inhibitor. Eur J Biochem, 254, 117-122.

Letunic, 1., et al. (2006) Smart 5: Domains in the context of genomes and networks. Nucleic
Acids Res, 34, D257-260.

Lev-Maor, G., et al. (2007) Rna-editing-mediated exon evolution. Genome Biol, 8, R29.

Levashina, E.A., et al. (1999) Constitutive activation of toll-mediated antifungal defense in
serpin-deficient drosophila. Science, 285, 1917-1919.

Lewis, M.J., Sweet, D.J. and Pelham, H.R. (1990) The erd2 gene determines the specificity of
the luminal er protein retention system. Cell, 61, 1359-1363.

Ligoxygakis, P., Roth, S. and Reichhart, J.M. (2003) A serpin regulates dorsal-ventral axis
formation in the drosophila embryo. Curr Biol, 13, 2097-2102.



7. References 117

Loh, Y.H., Brenner, S. and Venkatesh, B. (2008) Investigation of loss and gain of introns in
the compact genomes of pufferfishes (fugu and tetraodon). Mol Biol Evol, 25, 526-
535.

Longas, M.O., Ferguson, W.S. and Finlay, T.H. (1980) A disulfide bond in antithrombin is
required for heparin-accelerated thrombin inactivation. J Biol Chem, 255, 3436-3441.

Lynch, M. and Conery, J.S. (2000) The evolutionary fate and consequences of duplicate
genes. Science, 290, 1151-1155.

Lynch, M. and Force, A. (2000) The probability of duplicate gene preservation by
subfunctionalization. Genetics, 154, 459-473.

Maglott, D., Ostell, J., Pruitt, K.D. and Tatusova, T. (2005) Entrez gene: Gene-centered
information at ncbi. Nucleic Acids Res, 33, D54-58.

Meyer, A. and Van de Peer, Y. (2005) From 2r to 3r: Evidence for a fish-specific genome
duplication (fsgd). Bioessays, 27, 937-945.

Morgenstern, B. (1999) Dialign 2: Improvement of the segment-to-segment approach to
multiple sequence alignment. Bioinformatics, 15, 211-218.

Morgenstern, B. (2000) A space-efficient algorithm for aligning large genomic sequences.
Bioinformatics, 16, 948-949.

Morgenstern, B. (2004) Dialign: Multiple DNA and protein sequence alignment at bibiserv.
Nucleic Acids Res, 32, W33-36.

Moriyama, S., et al. (2008) Gene structure and functional characterization of growth hormone
in dogfish, squalus acanthias. Zoolog Sci, 25, 604-613.

Nagata, K. (1996) Hsp47: A collagen-specific molecular chaperone. Trends Biochem Sci, 21,
22-26.

Nei, M., Rogozin, I.B. and Piontkivska, H. (2000) Purifying selection and birth-and-death
evolution in the ubiquitin gene family. Proc Natl Acad Sci U S A4, 97, 10866-10871.

Nei, M. and Rooney, A.P. (2005) Concerted and birth-and-death evolution of multigene
families. Annu Rev Genet, 39, 121-152.

Nelson, D.L. and Cox, M.M. (2005) Lehninger principles of biochemistry. W. H. Freeman
and Company, New York.

Nicholas, K.B., Nicholas H.B. Jr. and and Deerfield, D.W.I. (1997) Genedoc: Analysis and
visualization of genetic variation. EMBNEW.NEWS, 4, 14.

Notredame, C., Higgins, D.G. and Heringa, J. (2000) T-coffee: A novel method for fast and
accurate multiple sequence alignment. J Mol Biol, 302, 205-217.

Ohno, S. (1970) Evolution by gene duplication. NY: Springer Verlag. , New York.

Ohno, S. (1999) Gene duplication and the uniqueness of vertebrate genomes circa 1970-1999.
Semin Cell Dev Biol, 10, 517-522.

Oley, M., Letzel, M. and Ragg, H. (2004) Inhibition of furin by serpin spn4a from drosophila
melanogaster. FEBS Lett, 577, 165 - 169.

Omilian, A.R., Scofield, D.G. and Lynch, M. (2008) Intron presence-absence polymorphisms
in daphnia. Mol Biol Evol, 25, 2129-2139.

Osterwalder, T., et al. (1998) The axonally secreted serine proteinase inhibitor, neuroserpin,
inhibits plasminogen activators and plasmin but not thrombin. J Bio/ Chem, 273, 2312
- 2321.

Osterwalder, T., et al. (2004) Drosophila serpin 4 functions as a neuroserpin-like inhibitor of
subtilisin-like proprotein convertases. J Neurosci, 24, 5482 - 5491.

Page, R.D. (1996) Treeview: An application to display phylogenetic trees on personal
computers. Comput Appl Biosci, 12, 357-358.

Pak, S.C., et al. (2004) Srp-2 is a cross-class inhibitor that participates in postembryonic
development of the nematode caenorhabditis elegans: Initial characterization of the
clade 1 serpins. J Biol Chem, 279, 15448-15459.



7. References 118

Palmer, J.D. and Logsdon, J.M., Jr. (1991) The recent origins of introns. Curr Opin Genet
Dev, 1,470-477.

Patston, P.A. and Schapira, M. (1997) Regulation of cl-inhibitor function by binding to type
iv collagen and heparin. Biochem Biophys Res Commun, 230, 597-601.

Pearson, W.R. (1990) Rapid and sensitive sequence comparison with fastp and fasta. Methods
Enzymol, 183, 63-98.

Pearson, W.R. and Lipman, D.J. (1988) Improved tools for biological sequence comparison.
Proc Natl Acad Sci U S A, 85, 2444-2448.

Pelham, H.R. (1990) The retention signal for soluble proteins of the endoplasmic reticulum.
Trends Biochem Sci, 15, 483-486.

Pelissier, P., et al. (2008) An original serpina3 gene cluster: Elucidation of genomic
organization and gene expression in the bos taurus 21q24 region. BMC Genomics, 9,
151.

Perriere, G. and Gouy, M. (1996) Www-query: An on-line retrieval system for biological
sequence banks. Biochimie, 78, 364-369.

Ponting, C.P. (2008) The functional repertoires of metazoan genomes. Nat Rev Genet, 9, 689-
698.

Poole, A., Jeffares, D. and Penny, D. (1999) Early evolution: Prokaryotes, the new kids on the
block. Bioessays, 21, 880-889.

Poole, A.M., Jeffares, D.C. and Penny, D. (1998) The path from the rna world. J Mol Evol,
46, 1-17.

Potempa, J., Shieh, B.H. and Travis, J. (1988) Alpha-2-antiplasmin: A serpin with two
separate but overlapping reactive sites. Science, 241, 699-700.

Pruitt, K.D., Tatusova, T. and Maglott, D.R. (2003) Ncbi reference sequence project: Update
and current status. Nucleic Acids Res, 31, 34-37.

Pruitt, K.D., Tatusova, T. and Maglott, D.R. (2005) Ncbi reference sequence (refseq): A
curated non-redundant sequence database of genomes, transcripts and proteins.
Nucleic Acids Res, 33, D501-504.

Putnam, N., et al. (2007) Sea anemone genome reveals ancestral eumetazoan gene repertoire
and genomic organization. Science, 317, 86 - 94.

Putnam, N.H., et al. (2008) The amphioxus genome and the evolution of the chordate
karyotype. Nature, 453, 1064-1071.

Qiu, W.G., Schisler, N. and Stoltzfus, A. (2004) The evolutionary gain of spliceosomal
introns: Sequence and phase preferences. Mol Biol Evol, 21, 1252-1263.

Ragg, H. (2007) The role of serpins in the surveillance of the secretory pathway. Cell Mol Life
Sci, 64,2763 - 2770.

Ragg, H., et al. (2009) Multiple gains of spliceosomal introns in a superfamily of vertebrate
protease inhibitor genes. BMC Evol Biol, 9, 208.

Ragg, H., et al. (2001) Vertebrate serpins: Construction of a conflict-free phylogeny by
combining exon-intron and diagnostic site analyses. Mol Biol Evol, 18, 577-584.
Raible, F., et al. (2005) Vertebrate-type intron-rich genes in the marine annelid platynereis

dumerilii. Science, 310, 1325 - 1326.

Raykhel, 1., et al. (2007) A molecular specificity code for the three mammalian kdel
receptors. J Cell Biol, 179, 1193-1204.

Reisz, R.R. and Muller, J. (2004) Molecular timescales and the fossil record: A
paleontological perspective. Trends Genet, 20, 237-241.

Richer, M., et al. (2004) The spn4 gene of drosophila encodes a potent furin-directed
secretory pathway serpin. Proc Natl Acad Sci, 101, 10560 - 10565.



7. References 119

Rogozin, I.B., et al. (2003) Remarkable interkingdom conservation of intron positions and
massive, lineage-specific intron loss and gain in eukaryotic evolution. Curr Biol, 13,
1512-1517.

Rokas, A. and Holland, P.W. (2000) Rare genomic changes as a tool for phylogenetics.
Trends Ecol Evol, 15, 454-459.

Roy, S.W. (2003) Recent evidence for the exon theory of genes. Genetica, 118, 251-266.

Roy, S.W. and Gilbert, W. (2006) The evolution of spliceosomal introns: Patterns, puzzles
and progress. Nat Rev Genet, 7,211-221.

Sadusky, T., Newman, A.J. and Dibb, N.J. (2004) Exon junction sequences as cryptic splice
sites: Implications for intron origin. Curr Biol, 14, 505-509.

Saitou, N. and Nei, M. (1987) The neighbor-joining method: A new method for reconstructing
phylogenetic trees. Mol Biol Evol, 4, 406-425.

Sauk, J.J., Nikitakis, N. and Siavash, H. (2005) Hsp47 a novel collagen binding serpin
chaperone, autoantigen and therapeutic target. Front Biosci, 10, 107-118.

Sawant, S., et al. (2004) Regulation of factors controlling angiogenesis in liver development:
A role for pedf in the formation and maintenance of normal vasculature. Biochem
Biophys Res Commun, 325, 408-413.

Schechter, I. and Berger, A. (1967) On the size of the active site in proteases. Biochem.
Biophys. Res. Commun., 27, 157-162.

Schioth, H.B., Haitina, T., Fridmanis, D. and Klovins, J. (2005) Unusual genomic structure:
Melanocortin receptors in fugu. Ann N Y Acad Sci, 1040, 460-463.

Schmidt, E.E. and Davies, C.J. (2007) The origins of polypeptide domains. Bioessays, 29,
262-270.

Schneider, M., Tognolli, M. and Bairoch, A. (2004) The swiss-prot protein knowledgebase
and expasy: Providing the plant community with high quality proteomic data and
tools. Plant Physiol Biochem, 42, 1013-1021.

Schneider, T.D. and Stephens, R.M. (1990) Sequence logos: A new way to display consensus
sequences. Nucleic Acids Res, 18, 6097-6100.

Schultz, J., Milpetz, F., Bork, P. and Ponting, C.P. (1998) Smart, a simple modular
architecture research tool: Identification of signaling domains. Proc Natl Acad Sci U S
A, 95, 5857-5864.

Semenza, J.C., Hardwick, K.G., Dean, N. and Pelham, H.R. (1990) Erd2, a yeast gene
required for the receptor-mediated retrieval of luminal er proteins from the secretory
pathway. Cell, 61, 1349-1357.

Shiu, S.H., et al. (2006) Role of positive selection in the retention of duplicate genes in
mammalian genomes. Proc Natl Acad Sci U S A, 103, 2232-2236.

Silverman, G.A., et al. (2001) The serpins are an expanding superfamily of structurally
similar but functionally diverse proteins. Evolution, mechanism of inhibition, novel
functions, and a revised nomenclature. J Biol Chem, 276, 33293-33296.

Sneath, P.H. and Sokal, R.R. (1973) Numerical taxonomy. Freeman, San Fransico, CA.

Sodergren, E., et al. (2006) The genome of the sea urchin strongylocentrotus purpuratus.
Science, 314, 941-952.

Sorek, R. (2007) The birth of new exons: Mechanisms and evolutionary consequences. RNA,
13, 1603-1608.

Steele, F.R., Chader, G.J., Johnson, L.V. and Tombran-Tink, J. (1993) Pigment epithelium-
derived factor: Neurotrophic activity and identification as a member of the serine
protease inhibitor gene family. Proc Natl Acad Sci U S 4, 90, 1526-1530.

Stoesser, G., et al. (1997) The embl nucleotide sequence database. Nucleic Acids Res, 25, 7-
14.



7. References 120

Sverdlov, A.V., Rogozin, [.B., Babenko, V.N. and Koonin, E.V. (2004) Reconstruction of
ancestral protosplice sites. Curr Biol, 14, 1505-1508.

Tamura, K., Dudley, J., Nei, M. and Kumar, S. (2007) Mega4: Molecular evolutionary
genetics analysis (mega) software version 4.0. Mol Biol Evol, 24, 1596-1599.

Tateno, Y., ef al. (1998) DNA data bank of japan at work on genome sequence data. Nucleic
Acids Res, 26, 16-20.

Thompson, J.D., et al. (1997) The clustal x windows interface: Flexible strategies for
multiple sequence alignment aided by quality analysis tools. Nucleic Acids Res, 28,
4876-4882.

Thompson, J.D., Higgins, D.G. and Gibson, T.J. (1994) Clustal w: Improving the sensitivity
of progressive multiple sequence alignment through sequence weighting, position-
specific gap penalties and weight matrix choice. Nucleic Acids Res, 22, 4673-4680.

Thompson, J.D., Plewniak, F. and Poch, O. (1999) A comprehensive comparison of multiple
sequence alignment programs. Nucleic Acids Res, 27, 2682-2690.

Tombran-Tink, J. (2005) The neuroprotective and angiogenesis inhibitory serpin, pedf: New
insights into phylogeny, function, and signaling. Front Biosci, 10, 2131-2149.

Tombran-Tink, J., et al. (2005) Pedf and the serpins: Phylogeny, sequence conservation, and
functional domains. J Struct Biol, 151, 130-150.

Tordai, H. and Patthy, L. (2004) Insertion of spliceosomal introns in proto-splice sites: The
case of secretory signal peptides. FEBS Lett, 575, 109-111.

Vandepoele, K., ef al. (2004) Major events in the genome evolution of vertebrates: Paranome
age and size differ considerably between ray-finned fishes and land vertebrates. Proc
Natl Acad Sci U S 4, 101, 1638-1643.

Venkatesh, B., Ning, Y. and Brenner, S. (1999) Late changes in spliceosomal introns define
clades in vertebrate evolution. Proc Natl Acad Sci U S A, 96, 10267-10271.

Venter, J.C,, ef al. (2001) The sequence of the human genome. Science, 291, 1304-1351.

Volff, J.N. (2005) Genome evolution and biodiversity in teleost fish. Heredity, 94, 280-294.

Volff, J.N., Bouneau, L., Ozouf-Costaz, C. and Fischer, C. (2003) Diversity of
retrotransposable elements in compact pufferfish genomes. Trends Genet, 19, 674-
678.

Wallace, I.M., O'Sullivan, O., Higgins, D.G. and Notredame, C. (2006) M-coffee: Combining
multiple sequence alignment methods with t-coffee. Nucleic Acids Res, 34, 1692-
1699.

Wang, T. and Secombes, C.J. (2003) Complete sequencing and expression of three
complement components, clr, c4 and cl inhibitor, of the classical activation pathway
of the complement system in rainbow trout oncorhynchus mykiss. Immunogenetics,
55, 615-628.

Waterston, R.H., et al. (2002) Initial sequencing and comparative analysis of the mouse
genome. Nature, 420, 520-562.

Wheeler, D.L., et al. (2006) Database resources of the national center for biotechnology
information. Nucleic Acids Res, 34, D173-180.

Wheeler, D.L., et al. (2005) Database resources of the national center for biotechnology
information. Nucleic Acids Res, 33, D39-45.

Whisstock, J.C., et al. (2000a) Conformational changes in serpins: Ii. The mechanism of
activation of antithrombin by heparindagger. J Mol Biol, 301, 1287-1305.

Whisstock, J.C., Skinner, R., Carrell, R.W. and Lesk, A.M. (2000b) Conformational changes
in serpins: I. The native and cleaved conformations of alpha(1)-antitrypsin. J Mol Biol,
295, 651-665.

Wu, C.H,, et al. (2006) The universal protein resource (uniprot): An expanding universe of
protein information. Nucleic Acids Res, 34, D187-191.



7. References 121

Wu, S. and Mander, U. (1992) Fast text searching allowing errors. Communications of the
ACM, 35, 83 - 91.

Zang, X. and Maizels, R.M. (2001) Serine proteinase inhibitors from nematodes and the arms
race between host and pathogen. Trends Biochem Sci, 26, 191-197.

Zang, X., et al. (1999) A novel serpin expressed by blood-borne microfilariae of the parasitic
nematode brugia malayi inhibits human neutrophil serine proteinases. Blood, 94,
1418-1428.

Zhuo, D., Madden, R., Elela, S. and Chabot, B. (2007) Modern origin of numerous
alternatively spliced human introns from tandem arrays. Proc Natl Acad Sci USA, 104,
882 - 886.



8. Appendix

122

Appendix 8.1: Highly conserved residues present in > 70% of the serpins.

Residue’

Phe33
Asn49
Ser53*
Pro54*
Ser56**
Leu61
Gly67*
Thr72
Leu80
Phel30
Phel47
Tle157
Asn158*
Vall6l
Thr165
Gly167
Tle169
Thr180
Leul84
Asn186

Phel90
Lys191
Gly192
Trp194
Phel98
Thr203
Phe208
Val218
Met220*
Met221
Tyr244

Leu254
Pro255
Pro289
Lys290
Leu299
Leu303
Gly307
Phe312
Ala316
Leu327
His334*

Glu342*

Gly344
Ala347
Pro369*
Phe370*
Leu383*
Phe384
Gly386*
Pro391*

%
79
87
93
90
72
75
80
87
75
75
84
83
94
78
89
75
84
75
74
85

95
78
74
94
95
84
98
80
84
86
76

Location

middle of hA

start of s6B

end of s6B

start of hB

hB

hB

end of hB

start of hC

end of hC

start of hE

start of hF

hF

hF

hF

end of hF

end of hF

loop between hF/s3A
loop between hF/s3A
s3A

s3A

s3A
s3A
end of s3A
end of s3A
s4C
s4C
s4C
s3C
s3C
s3C
s2B

s3B

s3B

start of SOA

start of S6A

start of hl

hl

end of hl

loop between hl/s5A
loop between hl/s5A
loop between hl/s5A
sSA

top of s5A

RCL

RCL

start of s4B
s4B

s5B

s5B

s5B

C terminus

Comment

shutter, packs against conserved position 54

gate, extensive hydrogen bond network of C-terminal residues (389-393)

shutter, forms hydrogen bond of backbone of conserved positions 56 and 383

shutter, forms tight turn

shutter, makes hydrogen bond of side chain to conserved position 186

shutter, buried hydrophobic residue, packs against conserved positions 80, 184, 299, 303, and 312
forms tight turn, packs against conserved position 130

makes hydrogen bonds to loop between hl and s5A

shutter, buried hydrophobic, packs against conserved position 61

packs against conserved position 67

packs into interface between hF and the AB-sheet

shutter, packs into interface between hF and the AB-sheet

shutter, forms hydrogen bonds to loop joining hF to s3A

shutter, packs into interface between hF and the AfB-sheet

shutter, inserts into AB-sheet in 8 conformation (Gooptu et al., 2000)

shutter, inserts into AB-sheet in & conformation (Gooptu et al., 2000)

shutter, inserts into AB-sheet in 8 conformation (Gooptu et al., 2000)

hydrogen bonding stabilizes turn into s3A

shutter, buried hydrophobic, packs against conserved position 61

shutter, hydrogen bond to conserved position 334, Ser 56 and P8 of RCL in

cleaved form (Whisstock et al. 2000a)

breach, buried hydrophobic, packs against conserved position 244

breach, makes salt bridge to Asp 341 and hydrogen bonds to uninserted RCL

breach, mobile region where sheet swings open to accept RCL during loop insertion
breach, buried hydrophobic, packs against conserved positions 198 and 244

breach, buried hydrophobic, packs against conserved positions 194 and 221

gate, hydrogen bonds to conserved position 342 (Whisstock et al. 2000b) (Whisstock ez al., 2000a)
gate, buried hydrophobic, packs against conserved positions 218, 369, and 370

gate, buried hydrophobic, packs against conserved positions 208, 220, 289, and 391
gate, buried hydrophobic, packs against conserved positions 218 and 289

breach/gate, buried hydrophobic, packs against conserved positions 289, 198, and 342
breach, packs against conserved positions 190 and 194. Makes hydrogen bonds to P14 of RCL in
inserted form

gate, buried hydrophobic, packs against s1C and conserved position 370

gate, buried hydrophobic, packs against conserved position 370

gate, buried hydrophobic, packs against conserved positions 208, 218, 220, and 370
gate, makes salt bridge to conserved position 342

buried hydrophobic, packs against conserved positions 61, 303, and 334

buried hydrophobic, packs against conserved positions 299 and 61

forms tight turn at end of hl

buried hydrophobic, packs underneath AB-sheet and against conserved position 61
buried hydrophobic, packs underneath AB-sheet

buried hydrophobic, packs underneath AB-sheet

shutter, H-bond to conserved position 186 (Whisstock et al., 2000b), packs against conserved position
299

breach, H-bond bond to conserved position 203, salt bridge to conserved position

290, packs against conserved position 221

hinge region (breach when RCL inserted)

hinge region (shutter when RCL inserted)

gate, forms tight turn, packs against conserved position 208

gate, buried hydrophobic packs against conserved positions 208, 254, 255, and 289
shutter, buried hydrophobic, forms B-bulge in s5B, packs against conserved position 384
shutter, buried hydrophobic, forms -bulge in s5B, packs against conserved positions 190 and 383
shutter

gate, buried hydrophobic; packs against conserved positions 208 and 218

* Numbering of residue is based on mature region of human as-antitrypsin.
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Appendix 8.2: GENEDOC Usage

The alignments were visualised in the better way using GENEDOC sequence alignment editor. The following
steps were followed
«»  After sequences of interest were aligned with sequence aligning tools and the output were saved the file into
* aln format.
¢ The alignment file (*.aln) were imported into the GENEDOC software sequence alignment editor with
import command then used following parameters:
» The layer 1 was used for no color alignment with crossing the button 1.
» Go to project configure then From the configure under project button was opened and following
parameters were selected:
» Font Settings:
=  Points 10
=  Normal
Gap Ind: Dash
Seq Loc Ind:
= On
= After Name
= After Seq
Residues
=  Normal
Seq Blocked Sizing:
=  Fixed =40 (40 characters per line)
Project type
*  Protein
DNA Ambiguity
= Disabled
Make Backups —yes
Show "~’as > —no
Show Man Shade — yes
Show comments — yes
Consensus Line: No consensus.
Summary Disp:
= Sum Cols/Inch 24:24
= 2Col1/1
Pict File Adjust
= Width=0
= Height=0
= Ascent=0
Scoring:
= Pair Wise.
Marker Line:
=  Enabled: No
Cons Gap Sys: No
Max NameLen: 10
Name Separation: “” (One Gap character)
» Indicator Separator: “” (One Gap character)

Y V

A\ VVVVYVYYVY V¥V VY V¥V V

vV VYV 'V

* 51 residues for characteristic serpins [Appendix 8.1] were marked in black background color and white text
colors.

« The RCL region was marked in red background color and white text color, and residues P1-P1’ were
marked in black background color and yellow text color.

« Introns were marked in gray background color and black text colors. On top, intron positions are indicated
and novel intron positions are marked by * notation following the intron position.

« Gene specific characters and other features (if required) were marked in other colors as specified.
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8.3. Alignments.

Common notations for all alignments in this section are described here and will be followed
constantly in all appendices in this section:

(a) Intron features:

The conserved intron positions [number on top]

Novel intron position insertion [number on top with !]

Novel intron position insertion non-conserved part [number on top with #]
Novel intron position loss [number on top with !!]

Novel intron insertion/loss possessing serpin sequence [grey box at the position]

(b) Sequence based features:
Signal peptide [green box],
RCL [red box] with P1-P1’ [ yellow font in red box]
serpin specific conserved 51 amino acid position [black boxes] as summarized
in Appendix 8.1.
Furthermore, marked sequence features are explained in the individual
alignments.
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Appendix 8.3.1: Protein sequence alignment of serpins from C. intestinalis. This alignment depicts signal peptide

(green) RCL region (red color), amino acid residues conserved above 70% (black shade) C-terminal ER-retention signals
(blue), intron position of each gene is marked with number and grey color in corresponding sequence.

A1TAT HSA 1 - EDPQGDHEQKTDTSHHDQDHPTFHEITPHL ——————— 30
Ci—SEﬁ—l 11 RTINS R e WKHT.OREFDYGEYEDDRHNSWDEREQ 45
Ci-Spn-2 1 -———— LI s e e Y AP THAFEEPVAH - ———— 33
Ci-spn-3 1 -———— MEKT.LICSLLLLVIATGYCOMI S ATEN) S8 0kttt 31
Ci-Spn-4 I ME T KOV LVLCVEFFMT S S AF MVETHPPOMDMPAYCREVVY 42
Ci-Spn-5 1 - TRVISWWRLTAIAN---- 35
Ci-Spn-6 1 - MAFCIAVARRK ——————— 10
Ci-Spn-7 1T - MAFCIAVARRK ——————— 10
Ci-Spn-8 1T - MAFCIAVARRK ——————— 10
Ci-Spn-9 1 33
Ci-Spn-10A 1 33
Ci-Spn-10B 1 33
A1AT HSA 31T - AFE| 44
Ci—SEﬁ—l 46 ASITEIGEMDGLT IDOVELPPFEEPARRT VHHI 89
Ci-Spn-2 34 - ALYD 50
Ci-Spn-3 3z - HTI 45
Ci-Spn-4 43 HATRVFSG—————-—-—-—-"—"—"—"—"———————— FILHAATHAHWSATDEY 66
Ci-Spn-5 36 (————————————— KL 50
Ci-Spn-6 1m - TDI 24
Ci-sSpn-7 1 - TDI 24
Ci-spn-8 i1 - ——————— TDI 24
Ci-Spn-9 34 - IEI 47
Ci-spn-10A 34 -\ —— IEI a7
Ci-Sspn-10B 34 - - ———— —— IEI 47
56b 60a 6Ta 13b 83b
I I I I I
A1AT HSA 45 s¥ TAFANLSIRETKADJJHDE ILEGI- - - -NFNLT 85
Ci-Spn-1 90 ¥ TLRPRLHGTSLEQLHE 127
Ci-Spn-2 51 B9
Ci-spn-3 16 84
Ci-Spn-4 67 107
Ci-Spn-5 51 95
Ci-Spn-6 25 62
Ci-Spn-7 25 62
Ci-Spn-8 25 62
Ci-Spn-9 48 86
Ci-Spn-10A 48 86
Ci-Spn-10B 48 86
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A1TAT HSA
Ci—SEh—l
Ci-sSpn-2
Ci-Spn-3
Ci-Spn-4
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A1AT HSA
Ci-Spn-1
Ci-Spn-2
Ci-Spn-3
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A1AT HSA
Ci—SEh—l
Ci-Spn-2
Ci-Spn-3
Ci-Spn-4
Ci-Spn-5
Ci-Spn-6
Ci-sSpn-7
Ci-spn-8
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VSPTKVKQAATENTSS —————————— AVCIJHOSHDAQIESDLIVL
LSNGTTVQPFISVRW-———————————— EAVVKSYNYRDKIEFFFI
LHHGTP?LTP:EE?THHHFLHY?GEFLQLE?MRRLHPHTPDI?IL
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A1AT HSA
Ci—SEh—l
Ci-Spn-2
Ci-Spn-3
Ci-Spn-4
Ci-Spn-5
Ci-Spn-6
Ci-Spn-7T
Ci-Spn-8
Ci-Spn-9

Ci-sSpn-10A
Ci-Spn-10B
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334
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A1AT HSA
Ci—SEh—l
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Appendix 8.3.2: Protein sequence alignment of serpins from B. floridae. This alignment depicts RCL region (red color),
amino acid residues conserved above 70% (black shade), sequence indels (orange), and C-terminal ER-retention signals

(blue).
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Bfl-Spn-7
Bfl1-Spn-8
Bfl-Spn-9
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Bfl-Spn-7
Bfl-Spn-8
Bfl-Spn-9

e

FRERRE

44
30
47
25

61
24
24
19
61

104
87
104
g2
23
119
16
T6
16
119

161
145
162
139

81
178
135
135
134
178

————————————————— EDPQGDAAQKTDT SHHDODHETFNK ITENLAE
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A1AT HSA 219 276
Ef1-Spn-1 205 264
Bfl-Spn-2 222 267
Bfl-Spn-3 199 258
Bfl-Spn-4 141 188
Bfl-Spn-5 238 297
Bfl-Spn-6 195 254
Bfl-Spn-7 195 254
Bfl-Spn-8 194 253
Bfl-Spn-9% 238 297
HlRT_HSH 277 ENEDEESAS - —-LHINNA] 332
BEfl-Spn-1 265 KSHMSEESTM-—--VOQII 321
Bfl-Spn-2 268 RRTEHHRR-——————— 318
Bfl-Spn-3 259 HATHDTFEFSL———-VYIRS4g] 315
BEfl-Spn-4 189 SEMYSTEVH---1LLI 244
Bfl-Spn-5 298 REYLPLEG-—-SVLIR 4y 354
Bfl-Spn-6 255 ESKESLOQEVESLDV 314
Bfl-Spn-T7 255 BSESLOEVESLDVEA 314
Bfl-Spn-8 254 ESMVEEDVG——-T 309
Bfl-Spn-9% 298 3514
A1AT HSA 333 386
Efl-Spn-1 322 376
Bfl-Spn-2 319 372
Bfl-Spn-3 316 375
Bfl-Spn-4 245 302
Bfl-Spn-5 355 409
Bfl-Spn-6 315 SEAAAATAVVMRGRSG| 370
Bfl-Spn-7 315 SEAAAATAVVMRGRSG 370
BEfl1-Spn-8 310 TEHBBRTRGHLILLSG 363
Bfl-Spn-9 355 TDGAAAPAARTTDRS giatataby 409
AlAT HSA 387  KVVHATQE--————-—

Efl-Spn-1 377

BEfl-Spn-2 373

Bfl-Spn-3 376

BEfl-Spn-4 303

Bfl-Spn-5 410

Bfl-Spn-6 371

Bfl1-Spn-7 371

BEfl-Spn-8 364

Bfl1-Spn-9 410
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Appendix 8.3.3: Protein sequence alignment of serpins from S. purpuratus. This alignment depicts RCL region (red
color), amino acid residues conserved above 70% (black shade), sequence indels (orange) and C-terminal ER-retention

signals (blue).
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A1AT HSA
Spu-Spn-1
Spu-Spn-2
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Spu-Spn-5
Spu-Spn-6
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A1AT HSA 364 KSHLFMGKVVNST 0 CEEEEErts 394
spu-Spn-1 379 PHDTRVNIZGE 418
S o TG LY BT FRADHPF TF S TRHRET K S VLFMGRMMDINS et et 393
SR e I LY BT FRADHPF TF S TRHR AT K S VLFMGRMMDIAS sE b et 393
)R B P T FRADHP FLES TRHEET KS VLEMG RMMD S e e 413
Sl B+ LG YT FRADHPFLEE TRHRHT K S VLFMGRMMD NS sh i it 395
EY TR I ET ¥ W IT FRADHPFLF S TRHRSTK S VLFMGRMMDI 4S SEE e 376
EY B o Ve B LY T F'RADHPFLE S TRHRST KW LFMGRMMDINS pE et 397
Spu-Spn-8 366 IR:ERLE EAAEis g e Ryl ent tp- - - ——————— 395
Spu-sSpn-9% 372 TLTPMSTL- 410
Spu-Spn-10 163 SYHF—————-— 196
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Appendix 8.3.4: Protein sequence alignment of serpins from N. vectensis. RCL region is marked in red color, amino

acid residues conserved above 70% is marked by black shade.

A1AT HSA 1 EDPQGDAARQKTDT SHHDQDHPTFNKITPNLAEFAFS@YRQLAHQSNSTYL
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Appendix 8.3.5: Alignment of MNEI from vertebrates. Gene specific features include an inhibitory RCL (red box).
Conserved intron positions are indicated above the alignment. Group V1 specific sequence indels and intron indels are
marked by * and #, respectively.
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R1AT HSA
MNEI HSA
MNEI MWU
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MNEI GGA
MNEI XTR
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MNEI DRE
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214
214

288
273
273
273
273
272
274
274
274

347
333
333
333
333
332
334
334
334

262c
* |
SWVLIMKMLGH-ATATFFIRYDEGK - ———— LOHLENELTHDITTKFLENEDERS---ASLH
CRVLELPMOGEELSMV ILIMYDD TEDE STGLKK IEEQLTLEKLHEWTKPENLDF -TEVHVS
CEVLEMPpOGGELSMV ILIMYKD TEDE STGLKK IEKQ ITLEKLLEWTKEENLEF - TDVHVEK
CEVLEMPpOGGELSMV ILIMYED TEDE STGLKK IEEQITLEKLEEWTKEENLEN - TDVHVEK

TREVLELPMDEREF SMITLIRYDD TEDD STGLOKLEQQLTLEKLOEWTEPEHLY S -TDVHVH
CRVLELPMVDYELSMV IVIRSDH THDDTTGLOQLEKELSLEKTINEWT — -ENMMP - TDVHVH
VOILELPMVEEELSMEF ILIRYEETTDGP SPLLELENELTREKLDEWTHEENMDVHSEVLVH
ILOITLELPMAQEELSME TLIRYEET TG SHP LLKELENELTREKLDEWTHEENMD VS SEVEVH
VOVLELPMVEEELSMLILIRYEET QDG SDPLLELESELT IDKLHEWTHENHNMDTQTDITVH
SITGTYDLKSVI LSGVTEEAPIRKLSKAVBIKAVLT ID
KLEESYTLHSDI LSGMSGARDUF ISKIVEIKSEFVEVH
KIEESYTLHSHI LSGMSGSEDIRFTSKIVBIKSEFVEVH
KIEESYILHSHI LSGMSGSEDIRFTSKIVRIKAFVEVH
KLEESYDLKSDI LSGMSGAHDIRFLSKIVBIKAFVEVH
KLEDSYKLKSQI LSGMSGSHIM SEVIBKSFVEVH
KLEEDYEMHNE LSGMHGDGGIRELSTV. AFVEVH
KLEENYEMKE LSGMHSDGGIRELSTV. AFVEVH
KLEIESSLVETI LTGMTGHGGINELS AV, AFVDVH
FIMTIEQHTKSPI QK 394
FFIEHHNSSGSTI --- 379
IFF IFHHPT SHVI vosiy-—- 379
IFF IFHHPTRANVI vosiy-—- 379
FFLEHHNPTEKSIVI YASIiH-——- 378
FFIEHHNATKSTI ¥ssig—-——- 377
FFIEHNKTKSTI -- 380
FFIEHNKTKSTI -- 380
FYTEHHNPTHSTI -- 380

136

287
272
272
272
272
271
273
273
273

346
332
332
332
332
331
333
333
333
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Appendix 8.3.6: Alignment of PAI2. Gene specific features include an inhibitory RCL (red box). Conserved intron positions
are indicated above the alignment. Group V1 specific sequence indels and intron indels are marked by * and #, respectively.
Absence of one amino acid insertion between position 247/248 is indicated by $.

B1AT

HSA

PAI2? HSA
PAT? MMU
PAT2 RNO

A1AT

HSA

PAI2? HSA

PATZ

AT

PAI? RHO

A1AT
PATZ?

HSA

HSA

PAI2 MMU
PAI2 RNO

B1AT
PATZ?
PATZ?
PAT2

A1RAT
PAT2
PATZ
PATZ?

A1AT
PATZ?
PAT2
PATZ

B1AT
PATZ
PATZ?
PAT2

A1RAT
PATZ
PATZ?
PATZ?

HSA
_HSA
- MMU
_RNO

_HSA
_HSA
MU

RHO

HSA

HSA

MY

_RNO

HSA
_HSA
 MMU
_RNO

_HSA
_HSA
MMU

RHO

61
39
39
39

88
99
99
99

147
158
158
159

204
218
218
219

260
278
278
279

316
338
338
339

374
398
358
399

EDEQGDAARQKTDTSHHDQDHP TFNK ITPNLAEGAFSLYRQLAHOSHSTYIFFERvEIATA
—————————————————————— MEDLCVANTLFATNLFKHLAKASPTQ|
—————————————————————— MEELSMANT HLLKQIEKSHNSTQ|

—————————————————————— MEET.SMANT HILILKQTEQSHSTQ|

HEFH - —— ——— = —— = —————— LTEI
FNEVGANAVTEPMTPENFTS$GFMQQTOKGSYPDATLQAQ
FNEIGSYGITTRNPENFSG®DFAQQIQKENYP SATLQAQ
HFDKIGSYDLTPGNPENFHG$DFAQHIQRDNYPVATLQAQ

FAMLSLETERAMMHDEILEG
MAMV SEGSINEDOMAKVI
IR TVLLEAGGITINEQOMAK VI
IR TVEFLEAQRNINEE QOMAK VI

128c
|
PEHQIHEGFQELLRILHQP—DSQLQLTTGHGLFLSEGLKLVDKELEDVKKLYHSEHFTVH
AADKIHSSFRESLSSATHAS-TGHYLLESVHELFGEESASFREEYIRLCQEYYSSEPQAVD
AGDEIHSAFSSLSSTINTP-QGDYLLESAHNELFGEESARFEEEYIQLSEEYYSTEPERVD

ARDKIHSAFSSLSSTINTPELGDYLLESAHNELFGEESARFEKEEYIQRCEKYYSTEPERVD
167 a#
| *ok
I¥D-TEEAKFKQ KG DLVEE--LDEDTVFALVHYTF| EPI ?KDE
IFLE EARKEINS TQ HLLPEGSVDGDTEMVLVHAV TP IEEELH
INLE EAREEK S TOQ HLLPEGSVDEDTEMVLVHAV TPIJEEELH
INLE TEARFE S TOQ HLLPEGSVDEDTEMVLVHTI TPIXOERLH
212c
|
EEEDIQHVDOVTTVENHPILISKELGHMEN TOHCKELS SWVLLMEMLGHATATFFIRNDE GE —— ——
GLYPIRRVHS AQRTP ;;ELREKLHIGYIEDLKHQILELFHHGDVSMTLLIPnEIHDVST
GLYPIRRVHSHES IP LHAEKTINIGYTKDLETQITLELPHTGHISMLTLLIASDE TEDAST

GLYPIRRVHLHE SKP | REKLHIGYIKDLKTQILELFEIGHISMFLLIPuEIEDSST
262c 290c
| |
- LOHLENELTHDIITEFLENE--DERSASLHLIL
GLELLESEITYDELHEWT SEDEMAEDEVE VY I3,
GLELLESEINFANFHEWISEDTLDEDDVVVY I
GLEMLEEE INFDHNFHEWISEETLDEDDVLVY IIS

SITGTYDLESVIRGOLETTEVEFSHG—
FEKLEEHYELBESTIRES DAFNEGE
KLAQSYELESTIROS DAFNEGE
KLAONYELEP II DAFNEGE

AVLTIDI TEAAGAMFTLEATPMS T P

AMVDVHI TEAAAGTGGVMTGRTGHGGPQ
ASVDVT| TVAAGGTGAVMTIGRTGHGGPQ
ATVDVHI TVAAGGTGAVMTGRTGHGGPQ

394
415
415
416

60
38
38
38

87
98
98
98

146
157
157
158

203
217
217
218

259
277
277
278

315
337
337
338

373
397
397
398
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Appendix 8.3.7: Alignment of SPB5 (maspin) protein sequences from vertebrates. Gene specific features includes a
non-inhibitory RCL (red box). Conserved intron positions are indicated above the alignment. Group V1 specific sequence
indels and intron indels are marked by * and #, respectively.

A1AT HSA
SPB5 HSA
SPB5 MMU
SPES RHO
SPB5 GGA
SPB5 XTR

A1AT HSA
SPB5 HSA
SPE5 MMU
SPB5 RNO
SPB5 GGA
SPB5 XTR

A1AT HSA
SPB5 HSA
SPB5 MMU
SPB5_RNO
SPB5 GGA
SPB5 XTR

A1AT HSA
SPB5 HSA
SPB5_MMU
SPB5_RHNO
SPB5 GGA
SPB5_XTR

A1AT HSA
SPB5 HSA
SPB5 MMU
SPB5 RNO
SPB5 GGA
SPB5_XTR

61
39
39
39
39
39

121
95
95
95
95
95

178
155
155
155
155
155

238
215
215
215
215
215

EDPQGDARQKTDT SHHDQDHPTFNK ITPNLAEJAFSLYRQLAHQSNST
—————————————————————— MDALQLANS AFAVDLFKQLCEKEPLG
—————————————————————— MDALRLANS AFAVDLFKQLCERDPAG
—————————————————————— MDALRLANS AFAVELFKQLCEKEPAG
—————————————————————— MDALOLANT AgAVDMFKKLCEKDRT

TFFFIVEIATA
LFHYTCLSTS
TLFHATCLSTS
TLFITCLSTS
TVFAEALCTSTS
vcggrcIsss

MFHLTEIPEAQTHEGFOELLETLHOQPDSQLOLTTGHGLEL

FENVED----IPFGFQTVTSDVHNKLS SFYSLKLIKRLYV
FENVED----VPFGFQTVT SDVHKELS SFYSLKLVKRLYT
FENVEKD----VPFGFKP ITSDVHKLS SFYSLKLIKRLYT
LQDVED----VSFGFQTVTADVSKLT SFFALKMVKRLEFV
FEKVKD----PDFGFQLLSSDISKISSANSLKLLKRVYV

128c 16T7a#
| | * &

SEGLEKLVDKQLEDVKKLYHSEAFT VNG -DTEEAKKQ) VDLVK--ELD

DESLNLSTEQTSSTKRPYAKELET VDIFKDKLEET KGOS FENILADNSVH

DESLHNPSTEQTSSTKRPYAKELETVDIIKDKLEETKGQ FEDILSENSIS

DKSLHNLSTEQTSSTKRP YANELETVDIFKDKLEETKGQ FEDILPENSIS

DKSLSPTTDJVNSTKRPFP SELELVE JKEKTEETRQK NILNEDSVS

DNSIECKKDJINSAKKPYPLELET IDJKSQAEEARTQ HFETVLNEGSCD

RDEVEARV! RPQEVEDWEEED! WY KRLGMFNIQHCKKLS S

DOIK TLVV| KJPESEWKECPIRLNKTDTKR MMEATFCMGHIDS THC

DOIK TLVV| KJPESEWKECP@RTISKTDTKP TLEATFCLGNIDDISC

DOIK TLV V| KQPESEYKECP@RINKTDTKP YOS S HLEATFCLGH IDDINC

DOOTLRV] KJPEAREIKECPIK VNKTETKR YOS EHLEATFCLGYVKELNV

ENTKIIMLGAAS) YT PHKSEFKEMDHINKKETKP o511 £ AR S TGV INELKT

262c
* I

WVLLMKELGH-ATATFFR]-—--- DEGKLQHLENELTHDIITKFLE--NEDRRSASLHL{

KITELPFONKHLSMFILIBZKDVEDE STGLEKTEKQLHSE SLSQWTHP STMANAKVELS T12

KITELPFONKHLSMLIVIBZKDVEDE STGLEKTEQQLNPETLLOWTHP STMANAK VKL ST

KITELPFONKHLSMLIVIBSKDVEDESTGLEKIEKQLNPETLLOWINP STMANAKVKLSL

AILELPCLNKHISMLILIBSKDIEDETTGLEKLEKALTPETLLOQWINP SMMANTKVHVEFL

MVLEMPFQSEHF SHMLILI DIEDDSTGLEKLEQDMTFEEYTHWTHP SMMANSKVEVSLIS

60
38
38
38
38
38

120
94
94
94
94
94

177
154
154
154
154
154

237
214
214
214
214
214

289
274
274
274
274
274
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A1AT HSA 23%0 MLSITGTYDIRKSVIRGOLETTEVI SI-I—GEDLSGVTEEAPI LSEAVRIKAVLTIDI 348
SPB5 HSA 275 MFKVEKMIDPKACIPENLSLKHIQSEDTSDFSGMSETKGVALSHVIRKVCLELTI 334
SPBS MMUO 275 WFEVEKMIDPEASIMESLETIKSLIHESTSDFSGMSETKGVSLSHVIEIRVCLEIT! 334
SPB E_RHD 275 IAFEVEFMTIDPEASIE SLET KSTANESTSDEF SGMSETEGVSVSHVIBIRVCLETITI 334
SPB5 GGA 275 FSVEGDYDBKPLIBESL HVIZMESASDF SEMCETEGVVLSEITEEVSLEVH 334
SPBE:XTR 275  HFFMEHNSYDIRED SLETHDRGHNEEASDF SEMTESKEGISTISQATOKACTEVDI 334
A1AT HSA 349 FIMIEQHTESPI 394

SPB5 HSA 335 IYTITRHNKTENIT 375

SPB5 MMU 335 ITYTITRHHETENTIT 375

SPB 5:R1-IO 335 FIVEHHETRHTIVI 375

SPBS GGA 335 TFLFRHHETEHNVILS 375

SPBS XTR 335 TYTLRHHETET I THT, 379




8. Appendix

140

Appendix 8.3.8: Alignment of SPB6 orthologs and paralogs (pSPB6) from vertebrates. Gene specific features includes
an inhibitory RCL (red box). Conserved intron positions are indicated above the alignment. pSPB6 from Fugu and Tetraodon
have common additional intron at 238¢ (novel), and 320a (feature of group V5). pSPB6 of Tetraodon has intron at position

85¢ with CD loop, not found in SPB6 of any other species reported till date. Presence of additional intron positions
marked by !. Group V1 specific sequence indels and intron indels are marked by * and #, respectively.

A1AT HSA 1 EDPQGDAAQKTDT SHHDQDHPTFHEITPHLAEI SLYROQLARHQSHSTI
SPE6 HSA 1 - MDVLAEANGTI| HLLETLGEDH-SK]
SPB6 MMU 1 - MDPLOEANGTI HLLEILGEDS-SKI
SPB6 RHO 1T - MDHLOEGHGT] KLLETLSEDS-SH
SPB6 GGA 1 - MDSLSAARNSTI DLLEELEREKSSTK

SPEG:?TR 1 - MDSLSAANGTIRATHFLEETHE SHET G

pSPBE_DRE 1 - HMEPLSARAH LSLFQETSDGDS S0
pSPBﬁ_FRU 1 - MAAP SPTCERANT SIRSLALFEELSDHNDTT
pSPBﬁ_THI 1 - MASPSPLSERANTSIRSLALFEELGDHDET
SPB6_PMA R e e e e e e T

85hc!

|

A1AT HSA 61 TEH— — —— =~~~ — LTET
SPB6_HSA 38 TIAROMAQ TS — ————— == =~~~ ——— e FHKSGG-
SPB6 MMU 38 IRAMVFMEAKGTINASQMAQRAIRA -~ —————— - — -~ ————— - LDKCSGH
SPB6_RNO 38 IFTMVFMERKGMIASQMVQTIRS ———————————————————— o LDKCSGH
SPB6_GGA 39 WSMILLESKGDWERQTIAK-————————————— - —— VLSLN
SPB6 XTR 39 WSMVLLEAKGHMWATQMSQLMKELAIFD-——————————————— YEFPLS INEFKQVLELD
pSPE6 DRE 39 WSMLSLEARGHKDOMSQT@HFDGAES —————————————————————————————————
pSPB6 FRU 42 OMSEVHHSHPARS ——————————————————————————— LKKG

pSPB6 TNI 42
SPB6_PMA 10

TEMSEVECFTEBEKPKDVEEQQQQQQLQQQHHLRLPDFLKKCLKTEG

A1AT HSA 88 PERQIHEGFQELLRTLHQPDSQLOLTTGHGLFLSEGLELVDE

EDVEELYHSEAFTVH

SPB6_HSAH 65 -GGDIHQGFOSLLTEVHETGTQYLLRVANRLFGEKSCDEFLSS] SCOEFYQAEMEELD
SPB6 MMU 66 GGGDVHQGFQSLLTEVHKTGTQYLLRT ANRLFGDETCDLLAS AKDSCLEFYEAELEELD
SPB6_RHO 66 GGGDVHQGFQSLLAEVHEKTGTQYLLETANRLFGEKTCDILAS AKDACREFYEAEMEELD
SPB6_GGA 62 KAEDAHNGYQSLLSEINHNPDTKYILRTANRLYGEKTFEFLSSATESSQEFYHAGLEQTD
SPB6 XTR 83 EVDDAHCHFQSLISEINKSGTHYLLRTANRLYGEKSYTFLEEQLGSTOEKHYHADLEAVD
PSPB6_DRE 66 ---QTHAGFTKLLTEMHNRAGAPHTLSLASRLYGEQSCRFQETELSDTRRLYGRELQPLD
pPSPB6_FRU 74 LEDDVHVSFSQLLWELHKENAPYATSVANRLYGEQSYQFVEDQI.GSTKEHYRRELE SVD
PSPB6_THI 102 CODDIHTSFSQLLDELHKKHAPYALSVANRLYG---——-——-—-————-——- EHYERELE SVD
SPB6_PMA 24 ————- YVGWGEMVHRFD-——— - ——————————————— ELDSSHKFYRAELBAVH
167 a#
| ok
A1AT HSA 148 G-DTEERKKQ EG; DLVE--ELDED
SPB6_HSA 124 TSAVEKSRKH LLSPGSVDPL

SPB6 MM 126 QGATEESRQH

SPB6 RHO 126 KEGDTEQSEQ

K

KISEDEIKEVLSPGTVHSD,
FKIEDENEELLAPGIVDED
K

SPE6 GGA 122 KNASEDSEEQ E ELLAEGITIHNS

SPB6 XTR 143 SRKAEESEGE QK EE DLLSSGSVDSL
pSPBE;DRE 123 ISQPEASRGT QOINHEK LLAEGSVDSLSBELV
PSPEG FRU 134 RAARRETSRSH| KO DLLGSDDVTGD,

pSPBG_THI 147 QSAREASRTIH

SPB6_PMA 54 KGAFEEARRKE

EQ, DLLVQGIVSSD
GO DLLASGVVHSL

are

60
37
37
37
38
38
38
41
41

87
64
65
65
61
g2
65
13
101
23

147
123
125
125
121
142
122
133
146

53

204
1383
1385
1385
131
202
182
193
206
113
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R1AT HSA
SPB6_HSA
SPB6_MMU
SPB6_RNO
SPB6_GGA
SPB6 XTR
pSPE6_DRE
pSPE6_FRU
pSPB6_THNI
SPB6_PMA

R1AT HSA
SPB6_HSA
SPB6_MMU
SPB6_RNO
SPB6_GGA
SPB6 XTR
pSPE6_DRE
pSPE6_FRU
pSPB6_THNI
SPB6_PMA

A1AT HSA
SPB6_HSA
SPB6_MMU
SPB6_RNO
SPB6_GGA
SPB6 XTR
pSPB6_DRE
pSPE6_FRU
pSPB6_THNI
SPB6_PMA

A1AT HSA
SPB6_HSA
SPB6_MMU
SPB6_RNO
SPB6_GGA
SPB6 XTR
pSPB6_DRE
pSPE6_FRU
pSPB6_THNI
SPB6_PMA

205
184
186
186
182
203
183
194
207
114

259
240
242
242
242
263
243
254
267
174

316
300
301
302
302
323
303
314
327
2314

372
357
359
360
360
383
361
372
385
292

212c 238c!
| | *
EEDRHVDOVTTVEPELERT.GMFH TOHCEKLS SWVLLIMERLGH-ATATFFIRY————— DEG
ERLYKVSENEEKP KOSTFEETYIGETFTOQILVLP{VGEELNMI THiAY————-DETT
EMPIREVSENEEEP KESTFEMT Y IGETFTEILLLPpVS SELHNMI TS ————-DEHV
EEPREVSETEEEKP ESTFEMTYIGETFTETILLLPAGHELHMITMINY———-—-DEHT
EMP K THENETKP BEGKYNMTYIGDLETEILETPMIGHELSMIVLIREDATODE ST
ESPI HENETEP KKRKFPMTYIGELFTKVVEIPEVDHELSMIILIPuDIHDGTT
EQOQIART SENE SKP QEGREFPLAFTPDVHCOILELPMAGEEL SML VLIRS AMEDDGT
DATIQHTSENSSKEP TOTSKFPFVEISERNCS LQLPE?GKELSMLIFIPHQIEDSTT
DAQIFNVTENS SKP QT SEFPFTFIPERECH ILEMPMIGEELSMLTIFIRSYOMEDS ST
DAEQK THENEEKP KBKYHFSH?EELHVHIVELPEEGHKLSMVILVPIHIEDETT

262c 290c
| |

KLOHLENELTHDITTKFLENE --DRESASLHLIS
DLRTVEKELTYEEKFVEWTRELDMMDEEEVEVSTIS
ELSTVEKEVIYEKF IEWTELDKMDEEEVEVE LIS
ELETVERKELTYEKF IEWTELDMLDEEEVEVEF LIS
GLEKLERELTYEKIMDWINPEMMDSTEVRELSLIL
GLEALEFELTYEEKFLKWTHPEMMD ITEMEL S L4
GLEEKLERALTLETLTDWTESDMMDVILEVEVSTIS
GLEKLEKLLTYDHFMEWTERPETHMKEVEVQVGLIY
GLEEKLEKLLTYDEFMEWTEPDMMD SVEVOVGLIS
GLEELESALTLESLEOWT SPENMSETLEVELHLIS

SITGTYDLESVI
KLEESYDME SV
KLEEHNYHNMHD
KLEENYDMEVVI
KLEENYDLKPTI
KLEDDYDLE SF1
EVEERLELKPL
KMEEEKCHMEKNTI
KLEEEFHMENV
PLEESYTLWEH

OLETTEVES-HG

320a!
|
LSGVTEEAPI TEAAGAMFTLEATPMS TPPE ') :Salabatd 3 (] 4P
FSGMS—QTIDI B--FCADHS
FSGMSSKQGI TEAAAAT AGMMT VECMEF'T 53 skl X1 (P
FSGIASKQGL TEAVAATGST ITMRCLEE'T 53 ikl M -1 : (P
JHMEFSGISSGHEL TEAAAATAGVMVILRCAMTVIEEE I RN : (P
FSGMSSANDH TEAAAATAATMMI RCAMT T2 NRAHESEE: (P
JOFSGVCAGGE] B--FCADHS
SDFS e ISPANDI T--FVADHI:
SHFS eEMSPANDI TEAARATGATMMIL.RCARP S0 ikl B #-111: (P
EDFSGIHGBRDI TEAAARATAATVMMRCARMG EalEalul i ¥ 181 : (P
FIMIEQHTESP! 394
FFIQHSKTHGTII 376
FFTHHVETHGII 378
FFIQHVETEGII 379
FFIERHNETSSTI 379
FFIMHEQTESTI 402
MLITEHHNPTGSLI 380
FFIFHHP SENTI 392
FFIPHNPSHMSTI 405
FFIERENSSGSVI 311

141

258
239
241
241
241
262
242
253
266
173

315
299
300
301
301
322
302
313
326
233

371
356
358
359
359
382
360
371
384
291
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Appendix 8.3.9: Alignment of group V1 serpin sequences from chicken genome. Group V1 specific sequence indels
and intron indels are marked by * and #, respectively.

A1AT HSA
MHET GGAR
SPB6_GGA
SPB10 GGA
SPE10b GGA
Gga—Spﬁ—E
SPB14 GGA
SPB14b GGA
SPBl4dc_ GGA
Gga-Spn-9
SPB5 GGA

B1AT HSA
MNET GGA
SPB6 GGA
SPB10 GGA
SPE10b GGA
Gga-Spn-5
SPB14 GGA

SPB14b GGA
SPBl4c GGA
Gga-Spn-9
SPB5 GGA

A1AT HSA
MHET GGA
SPB6_GGA
SPB10 GGA
SPB10b GGA
Gga-Spn-5
SPB14 GGA
SPBl4b GGA
SPBl4dc GGA
Gga—Spﬁ—E
SPB5 GGA

A1AT HSA
MNEI GGA
SPB6_GGA
SPB10 GGA
SPB10b GGA
Gga-Spn-5
SPB14 GGA
SPE14b GGA
SPBl4c GGA
Gga-Spn-9
SPB5 GGA

1 EDPQGDHHQKTDTSHHDQDHPTFHKITPHLHEFHESLYRQLHHQSHST
1

52
30
30
30
30
30
30
30
30
30
30

84
G0
G0
59
T2
81
68
68
68
19
60

120
94
94
94

122

131

108

108

108

130
94

—————————————————————— MESLSHANSRFALDLFEEVHETHP SG
—————————————————————— MDSLSAARNSTFALDLLEELREESSTE
—————————————————————— MERLSASTHSFTLDLYEELDVT SKEGQ
—————————————————————— HMEQVSASTGHFTVDLFHELHETHEDE
—————————————————————— MEATHEANT SFALDFFEHECQEDDHE
—————————————————————— MGSIGAASHMEFCIADVFKELKEVHHANE]
—————————————————————— HMDSTSVTHAKFCRDVFHEMEVHHVHE
—————————————————————— MGSTISAANAEFCIADVFHELEVOHTHE
—————————————————————— MGSISEMITEFCLDLYHELHET AK GO
—————————————————————— MDATOLANT AF AVDMFEKELCEEDET

T8c
I
DETLEGEHFN-———-—————————————
TQVLKTFH--————————————————————

STATAFAMT.SLeTEAD

TOITHEVVEFDELPGFG-—————————————
SOMEEVIEHFDS ITGAG-————————————
TOMEK FDSTAGLG-—————————————
QIEEVISHVSHATGTTSLES - -ELEGAVPE

———————————————— LHEAEDA-HHGYQSLLSETHNPDTKYTILETANELY
——————————————— EYEETENT-HSGFEELLSATHEPGHNTYLLESAHNOLE
ARPSEGRPKEREFMDPEHEQAENT-HSGFKELLT AFHEPENHYSLESANETY
TDERELSHHARACFOETEIGESGHI-HAGFEKALNLETHOPTESYLLES THOLY
—————————— DSTERQCGTSVHV-HSSLEDILHOITEPHNDVYSFSLASELY
—————————— STTDSQCGSSEYV-HHNLFEELLSETITEPHATYSLETRADELY
—————————— GSTOTECGKSVHI-HLLFEELLSDITASKANYSLETRANELY
EHNESELSQERESSPSLCHTDGHLHNHEAFHATLTIQLONLGEDYVLSLANSLE
———————————————— LoDVEDV-SEGFOTVITADVSELT SFFALEMVERLFEF

128c¢
|
LSEGLELVDERLEDVEELYHSEAFTVHEFG-DTEE AKEQ
GEESYSFLLERLTHTOEKLYGADLAAVDEFLHAYGEARKE
GEETFEFLSSRTES SQEFYHAGLEQTDFEHASEDSEEQ

EDKTYPLLPERLOLITEYYQRKPQARVHFETDAEQRFE R
VEETYALLPTYLOLSKEKYYKREPQEKVHFEKTRAPEQSEEE
GEESLPFSKEYLOLAKKYYSREPQSVDFVGARNATERE
AFERYPILPEYLOQCVEELYREGGLEP THFQTARDOARET,
VDETFSVLPEYLSCRARKFYTGGVEEVHFETAREEARQT,
AFEKSEPILPIYLECVEELYREAGLETVHFETASDOARQT,
TOOGFEPHOEKYLMCSKELYRAATETVDFORALEASELE
VDKSLSPTTDEVHSTKRPFPSELELVEFKEKTEETRQK

51
29
29
29
29
29
29
29
29
29
29

83
59
59
58
71
g0
&7
&7
67
T8
59

119
93
93
93

121

130

107

107

107

129
93

167
142
142
142
170
179
156
156
156
180
142
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A1TAT HSA
MNET GGR
SPB6_GGA
SPB10 GGA
SPB10b GGA
Gga-Spn-5
SPB14 GGA
SPB1l4b GGA
SPBl4dc GGA
Gga-Spn-9
SPB5 GGA

A1AT HSA
MNET GGA
SPB6_GGA
SPB10_GGA
SPE10b GGA
Gga-Spn-5
SPE14 GGA

SPBl4b GGA
SPBl4dc GGA
Gga-Spn-9
SPB5 GGA

A1AT HSA
MNET GGA
SPB6_GGA
SPB10_GGA
SPE10b GGA
Gga-Spn-5
SPE14 GGA

SPBl4b GGA
SPBl4dc GGA
Gga-Spn-9
SPB5 GGA

A1AT HSA
MNET GGA
SPB6_GGA
SPB10_GGA
SPE10b GGA
Gga-Spn-5
SPB14 GGA
SPE14b GGA
SPBl4c GGA
Gga-Spn-9
SPB5 GGA

168
143
143
143
171
180
157
157
157
181
143

213
190
190
190
218
2217
204
204
204
232
190

260
241
241
241
269
274
2h2
252
252
283
241

306
291
291
291
319
324
301
301
301
334
291

*k

—-———ElIVD--LVEELDED
—-———EHPDLLSEGSVHS
————FIELLAEGTITHS
—-———KINHLLPAGSLDSD
————KNKHNLLSSDDVEAT
————KHKSLLPPGSIDSL
-——-1I TVLOPSSVDSQ
————QUEDLLVSSSIDEG
————QUEDLLVSSSTDLD
EQHCEMEKELFAPGVIDSH
————FMENTTLHNEDSVSDQ

VITVERPLEEKET.GMFHTOHCEEL S SWVLIMEML.GH-ATATFFIRNDEGE ———
HERET QEKEFRFGYTISDMETEVLELPMDEREFSHMTTLIREDD TEDD S
HETEKEP REGEYNMTYTIGDLETKILETPMIGHELSHMTVLIREDATODE S

15DD TSDHT
15DD TEDGT

FLEDTFLMLHEQTHMEFKITELPMVEHNELSHMEVLI
DTFPVLIMEKMHFEMIELPVERELSHE TTI

HTTEP ILHLSDEFHWTYVESAQTIDVLELPVHHELSHME TT I-——-
QESKP QIGLFREVASMASEFMETILELPFASGTHMSHMLVLIRGDEVS ———
EESKP ILMMHSFHVHTLPHEKMRILELPEHSGDLSMLVLIPuEVS———
EESKP LiCHMITHSFHVATLPAEFMETLEILPFASGDLSHMLVLIAYDEV S ———
HERKP QKGTFKLGYIEELGTQVLELPEHQKLLSMIILI ETADGS

-——LOHLENELTHDITTEFLENEDE--BESASTHL.
-TGLOEKLEQOIL.TLEELOEWTEPEHLYSTDVHVHL .
-TGLEEKLERELTYEEIMDWIHPEMMD STEVETL SLi%
- TGLELVERELTHEEKLAEWSHS ARMMEVEVELYLIE
-TGLEQLERELTYERLSEWADSKMMTET LVDLHLIE
-TGLOKLIHNELTFEELSAWT SPELMEKMEME VYL
-——GLEQLESTINFEELTEWT SSHVMEERKTEVYLL
——GLERTEET INFDELEEWT STHAMAKE SMEVYLE
——GLERTEET INFEELTEWTHPHTMEKERRVEVYL:
PSGLEQTESTMT YENLMIWE SSEHMFETVVE VYL
- TGLEKLEEALTPETLLOWTHP SHMMANTEVHVE L

SHG-LRIDLSGVTEEAPIRELSEKAVBIKAVLT IDY

SAERDT.SGMSGAHDIRFLSKIVEIKAFVEVH

L MFSGISSGHEIMVLSEVVBIKSFVEVH]

PVOLIDEFTEMS AKEDFFLSEVILKAFVEVHI TEAAARATGVLV
—THEDFEGHMT DEEDIBRT SKVIIOSEFVAVDI TEAARARATAVIT
EGOLIDFRGHMSEHADIBFLSQVEBIKCYVEVHI TEAARARASSASL
SSS-BNLSGISSAESIBKTSQAVI AETHI BEVVGSAEAGV
SES-EWLTGISSVDHIMTSDAVEIGVEFMEVHEE edgof - Uyl ey uie
TPS-EWMLTGISSAESIMETSQRAVEIGAFMELSI ITEMAGSTGVIE
SESEEDLSALSSEESIVLSHIVBIEAYVEVH TTAAARATGATT

TESASDF SEMCETEGVVLSEITRIEKVSLEVH GESLEVPGYRT

143

212
189
189
189
217
226
203
203
203
231
189

259
240
240
240
268
273
251
251
251
282
240

305
290
290
290
318
323
300
300
300
333
290

355
341
341
341
368
374
350
350
350
384
341
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A1AT HSA
MNET GGR
SPB6_GGA
SPB10_GGA
SPB10b_GGA
PAI? GGA
SPB14 GGA
SPB14b GGA
SPBl4c_GGA
SPB12 GGA
SPB5 GGA

356
342
342
342
369
375
351
351
351
385
342

FLMIEQHTKSP]
FFLRHNPTKS IV
FFIRHNKTS S Ii
FFIRHNKSKT II
FFIRHNKSKT II
FITRHNKTKCII
FCIKHIATHAVI
FFIRYNPTHAT]
FLIKHNPTHT IVYF
FFIRHNPTST IigF
TFLERHNKTRHVILS

394
378
379
378
410
412
386
388
388
422
375

144
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Appendix 8.3.10: Alignment of group V1 serpin sequences from Xenopus tropicalis genome. Group V1 specific
sequence indels and intron indels are marked by * and #, respectively.

HlBT_HSH 1 EDPQGDAAQETDTSHHDODHPTFHEITPHLAEI SLYROLAHQSHSTIUT
HMHET XTR i --—-— MENLSSACTHRSFDLFEETHEHHNATG
SPBE:XTR 1 - MDSLSAARNGTIRATHFLEEKTHE SHETGRUT
SPESL XTR i --—-— MDATRLANTATAVDIFEELCEESATD
Xtr—EPn—Q i --—-— MD-TCTANHEIRT TDVLEETSETARGO
¥tr-5pn-5 i - = MSSLSESFSERSLDLOCEELEENPEEEIYT
Xtr-s5pn-6 i --—-— MESTHESTHERSTDIFEELHS SCENERIT
B85c
|
HlBT_HSH 51 EAD IFHL-——————————— TEI
MHET XTER 29 GH FDAVEDIHSH-———-—————
SPE6 XTR 29 GH LDEVDDAHCH-————-—————
SPBE:XTR 29 SQOGH FEEVEDPDFG—————————
¥tr-5spn-2 28 GH FDEVEDVHAQ————-—————
Xtr-Spn-5 29 SKEGD ITEEVFHFPAAAGSESSEPSCQQQTC

Xtr-spn-6 29 SREDWATQTQKVSECGKVSDAHSK—————————

A1AT HSA 88 PERQIHEGJOEI
HMMET XTER 70 @ -——-———-—- IROTI
SPB6 XTR 10 -—-——————- 20S
SPB5 XTR 70 -———————— ey
Xtr-spn-2 69 -—————--- ]
¥tr-Spn-5 7% QROGVHLL
Xtr-spn-6 70 —————--- ]

TGHGLFLSEGLELVDERILEDVEK
TLANBTLFGEESFEFLPDIRL.S SVEK
TANETLYGEKSYTFLEERLGSTQK
LLEEVYVDHS TECKEDIITHSAKK
TVHNELFGEEEYYFLPTIJLEATHA
SIANEAYGEKSFPESEQYLLCIEQ
ITANGHME AOMNEFPEFLOOYLECRAQRA

RTLHQPDSQ-LOI
{AEINKENVSSY
ISEINKSGTH-YLI
SSDISKISSA-NSI
KELMKHGND-YTI
SALHNKPNDH-YEI
SKLTEDPKG-VEI

167 a#

| * &

AxiivD- - LVKELDRDIVFA

GKUPEVLS AGAVNSFUKLY

GEKUKDLLS SGSVDSLURLY

GNFETVLNEGSCDENWKIT

GKHONLLPENS ISPNVLM
A
v

R1AT HSA 137
MNET XTR 112
SPB6_XTR 111
SPBS XTR 111
¥tr-spn-2 110
Xtr-Spn-5 128
¥tr-Spn-6 111

GEIMONLEFAKGSTLDST
GEHEDLEFEEHSTDE

212c
I
A1AT HSA 184 EEDIGHVDOVTTVE PSS ERLGHMEFHTIOHCK
MHEI:XTR 162 DMPIZOTHEEEQET L YOMEKTPFHYIP
SPB6 XTR 161 ESPI HEHNETEP KEAFKFPMTYTIG
SPBL XTR 161 EMDIZH THEKETEP LEART.SIGYTIN
Xtr-spn-2 160 SKAPRTTL.TITHEQ TE L G ATHIT FHMERTE
Xtr-spn-5 178 DAPIFTHENDET S LS OFKGEYELGSHE

¥tr-Spn-6 159 DAPI SEDVVESPLYOSQEFNLGATK

145

50
28
28
28
27
28
28

87
69
69
69
68
18
69

136
111
110
110
109
127
110

183
161
160
160
159
1717
158

233
211
210
210
209
221
208
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A1AT HSA
MHET XTE
SPB6 XTR
SPBS XTER
Xtr—gﬁn—Q
¥tr-spn-5
Xtr-Spn-6

A1AT HSA
MHET XTE
SPB6 XTR
SPB5 XTR
Xtr-Spn-2
¥tr-spn-5
¥tr-spn-6

A1AT HSA
MHET XTE
SPB6 XTR
SPBS XTE
Xtr—gpn—Q
¥tr-5pn-5
¥tr-spn-6

A1AT HSA
MHEI XTR
SPB6 XTR
SPBS XTR
¥tr-5spn-2
Xtr-Spn-5
¥tr-spn-6

234
212
211
211
210
228
209

2717
261
260
260
256
212
254

324
309
310
310
306
320
302

371
357
359
355
354
370
350

262c
*D I
ELSSWVLIMEMIGH--ATATFFINY————— DEGEIMOHLENELTHDITTEFL
ETHCEVLELPMVD-YELSMVIVIRNDHINDDTT GIROOLEKELSLEKTHEWT

ELFTEVVEIPMVD-HELSHMITLIRYDDTHDGTTGIBEAT.EEELT YEEFLEWT
ELEQDMTFEEYTHWT
EVDEEISYEHNLSEWT
LETHLTYETFTEIM

ETEQQLSWHYLAKGHM

ENEDE--BESASTHLI
EN-MM-PTDVHVHL
HPEMMDITEMEL ST
HP SMMANSEVEVSL
BSENMSSHYLAVYL
DLORTREVOVVVELL
SHMEN--TELDVYTII

EAPINEL

SHIN

AHNDINE'L

SKEGIST

QKO

FKAGINAT

vP-I

VFIMTEQHTESPI 394
LFFIFHHATESTI 377
LFFILHRPSQSTI 3759
ITYTTLEHHETET T 14T, 379
HFFIEHHETHCTI 374
LFCTEHTSTESLI 392
LFFIEDHPNDT Ti 370

146

276
260
259
259
255
271
253

323
308
309
309
305
319
301

370
356
358
354
353
369
349
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Appendix 8.3.11: Alignment of group V1 serpin sequences from Denio rerio genome. Group V1 specific sequence
indels and intron indels are marked by * and #, respectively. X indicates yet non-identifiable amino acids in respective serpins

of Danio.

A1AT HSA
MHEL DEE
pSPB6_DRE
Dre-Spn-2
Dre-Spn-4
Dre-Spn-5
Dre-Spn-6
Dre-Spn-28
Dre-Spn-29
Dre-Spn-30
Dre-Spn-31

A1AT HSA
MHEL DEE
pSPE6 DEE
Dre—SEn—Q
Dre-Spn-4
Dre-Spn-5
Dre-Spn-6
Dre-Spn-28
Dre-Spn-29
Dre-Spn-30
Dre-Spn-31

A1AT HSA
MHEL DEE
pSPE6 DEE
Dre—SEn—Q
Dre-Spn-4
Dre-Spn-5
Dre-Spn-6
Dre-Spn-28
Dre-Spn—-29%
Dre-Spn-30
Dre-Spn-31

A1AT HSA
MHEL DEE
pSPB6_DRE
Dre-Spn-2
Dre-Spn-4
Dre-Spn-5
Dre-Spn-6
Dre-Spn-28
Dre-Spn—-29
Dre-Spn-30
Dre-Spn-31

1
1
1
1
1
1
1
1
1
1
1

51
29
29
29
29
28
29
22
29
29
29

89
63
63
63
62
62
17
56
17
62
9

94
68
69
68
13
64
126
61
126
T3
129

EDPQGDAAQEKTDT SHHDODHPTFHETITPHLAE!

—————————————————————— MEGVSRANSLIFATDI SASSAEG
—————————————————————— MEPLSARH 1.S1 SDGDSSQ
—————————————————————— MEGVSRANSLIFATDI SASSAEG
—————————————————————— MESLSARNTQRSLNIPFKKMSGGHASG
—————————————————————— MEPVIAANTKFSL.DI Q-KSKD
—————————————————————— MESLSARNTQFSLINIFKKNSGGHASG
————————————————————————————— NSLATDI SASSAEG

—————————————————————— MESTLSAANTOIRSTHIRFEKEKISGGHASG
—————————————————————— MESLSAANTOIRSTHINFEEISGGHASG
—————————————————————— MESLSAANTOIRSTHIRFEKEKISGGHASG

FHHPPEPGGATPTP--AQR
i F l]’ _________________
FHHLPE S AGATPEAHQ SHI

85c
|

TORKPQITCGVKSQOHEPQALOQPOKFELPADLKKCP - AQOPVPGQKAREEQTH
————————————————————————————————————————————— VSDVH
TOKPQITCGVESQHEPQALQQPOKFELPADLKKCP - RQOPVPGQEREEQTH

DVEELYHSEAF
SSSLHNLYHADLO
SDTERLYGAELQ
STMELYHAEPQ
HDTEERYYDAGLE
KCEEWCFAGTIER
SDAKEYYRAGLE
STHMELYHAELGQ
SDAKTYYARGLE
TDTEREYYDAGLE
SDAKRYYERGLE

50
28
28
28
28
27
28
21
28
28
28

84
62
62
62
61
61
16
55
16
61
T8

93
&7
68
67
T2
63
125
60
125
T2
128

143
117
118
117
122
113
175
110
175
122
178
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A1AT HSA
MHEI DRE
pSPB6_DRE
Dre-Spn-2
Dre-Spn-4
Dre-Spn-5
Dre-Spn-6
Dre-Spn-28
Dre-Spn—-29%
Dre-Spn-30
Dre-Spn-31

A1AT HSA
MHEL DEE
pSPB6_DRE
Dre-Spn-2
Dre-Spn-4
Dre-Spn-5
Dre-Spn-6
Dre-Spn-28
Dre-Spn-29
Dre-Spn-30
Dre-Spn-31

A1AT HSA
MHMET DEE
pSPB6_DRE
Dre-Spn-2
Dre-Spn-4
Dre-Spn-5
Dre-Spn-6
Dre-Spn-28
Dre-Spn-29
Dre-Spn-30
Dre-Spn-31

A1AT HSA
MHET DRE
pSPB6_DRE
Dre-Spn-2
Dre-Spn-4
Dre-Spn-5
Dre-Spn-6
Dre-Spn-28
Dre-Spn-29
Dre-Spn-30
Dre-Spn-31

144
118
119
118
123
114
176
111
176
123
179

176
153
154
153
158
164
211
146
211
158
214

226
203
204
203
208
207
261
196
261
208
264

270
253
254
253
258
253
311
246
311
258
314

167 a#
| ok
T '—DTEEHHEQINH EGT-——————————————— QGEIVD--LVEE
ANRTGASEQS O REEQT ——————————————— ENKIRDLLEPGHM
PIDFISQPEHSP'IINE EQQT ——————————————— HEKIRDLLREGS
TNATRAADD SEOFIRKIERQT ——————————————— ENQIKDLLQPGV
KNATHKSED HVHIN ENT-—————————————— QOEKIKDLLPSGA
H DFuTHPEAiH?QIN NEKTEVDCKPDADQKCDP YENS IENLLGKED
KNaAKHESEAS VIR ERKHT - — ——————————— —— QEKIEDLLPSGA
TNATGASEGSE LINHHYIKQT ——————————————— ENKIRDLLKPGM
KNaKNKSEASE HINHHVIKHT ——————————————— QEKIKDLLPSGA
K DFIHKSEDAEEHIH KTH--————————————— KVEXXXXXXXXX
KJMIKNK SERREIV NN ENT - ———————— QEKIKDLLPSGA
212¢

I
LDRDT?FRL?HYIFFKGKWERPFE?KDTEEEDFH?DQVTT?K?PE;ERLG
|

VIGHMTELATLVHATYFEGHWLORFHAQDTKEMPFETHOEEHEPV QFEK
VDSLSELVLVHAVYFEKS SWERKFLEEHTHEQQFET SENE SEPVORLEFOEG
VHEMTELLLVHATYFEGHWMHTFDAHATEEMPFETHONE SEP VO L DOVE
IDAMTRTL.VLVHATYFEGHWEEKFPEEATEDGVFELHEHQTERPV QOERA
VSEDSVLALTSVMHFEAREWAQSFEPLHT ——————- HEDEAQHGOESIOTT

MEFHTIOHCKELS SWAR] =H—F H
EFPFHYTIYDHEVQ R KEELE] I
RFPLAFTPDVHCOIRE GEELH] L
HFPYECTPEYELCQ{ R Eig 1L
EFPSGYTEEME SH R GENLE] b4
IFPLGETIPDADSEILIN HsSDV H
QFPEFVVIPETIH SRR GENLE ¥
ELPFECLPEYELQ R HIQQELS L
REFSLASTPEMH S QLR HHGKHLS Y
EFPSGYTIEEME SH R GENLE] Y
HFPLASTPEMH S QR E?GKHLSI Y

MRHNMDTQTDIT EGK
RSDMMDVL-EVE PQR
SEGKMDTWREIT ETK
KPEVMHQR-EVQ POK
QOSHWMTPT-EVT -DS
K- -VMRQQ-EVQ PLK
MRDKMDTQGAVT ETK
KP SMMCQQ-EVO POK
KPEVMHQR-EVQ POK
KPEVMEQQ-EVO POK

148

175
152
153
152
157
163
210
145
210
157
213

225
202
203
202
207
206
260
195
260
207
263

269
252
253
252
257
252
310
245
310
257
313

315
302
302
302
306
300
357
295
359
306
362
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A1AT HSA 316
MNEI DRE 303

TEAAGAMFLEATPMS TPP haky 362
TEAAAATAATVAFCMLRE Gk 349

PSPBG6 DRE 303 349
Dre-Spn-2 303 350
Dre-Spn-4 307 353
Dre-Spn-5 301 347
Dre-Spn-6 353 402
Dre-Spn-28 2936 345
Dre-Spn-29% 360 408
Dre-Spn-30 307 353
Dre-Spn-31 363 409

A1AT HSA 363 394
MHET DRE 350 380
pSPB6 DRE 350 380
Dre-Spn-2 351  FHDFIR F 382
Dre-Spn-4 354 PVSFHE F 384
Dre-Spn-5 343 THEEFVE E' 382
Dre-Spn-6 403 AQIFHE F 433
Dre-Spn-28 346 BEYYFTE F 377
Dre-Spn-29% 409 PETFTE F 439
Dre-Spn-30 354 PLSFHE F 384
Dre-Spn-31 410 POSFHE F 440
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Appendix 8.3.12: Alignment of AGT (serpinA8) protein sequences from vertebrates. Gene specific features include
conserved angiotensin (cyan) and non-inhibitory RCL (red boxes). Conserved intron positions are indicated above the
alignment and additional introns are marked with *, found in AGT of Fugu (two) and Tetraodon (one).

A1AT HSA
BGT HSA
AGT MMU
AGT RHO
AGT GGA
AGT XTR
BGT FRU
AGT THI
AGT DRE

A1AT HSA
AGT HSA
AGT MMU
AGT RNO
AGT GGA
AGT XTR
AGT_FRU
AGT TNI
AGT DRE

A1AT HSA
AGT HSA
AGT MMII
AGT RNO
AGT GGA
AGT XTR
AGT FRU
AGT TNI
AGT DRE

B1AT HSA
AGT HSA
AGT MMU
AGT RNO
BGT GGA
AGT XTR
AGT FRU
AGT THI
AGT DRE

51
42
42
37
37
40

36

19
101
92
92
g5
g2
83

18

69
151
141
141
133
130
130

126

———————————————————————————————— EDPOGDAROETDT SHHDO
CEQLAKANAGKPEDPTFIPAPTOAET SPVDEKALODOLVLVAAKTDTEDE
CAOLENPSVETLPESTFEPVPIQAKTSPVHEKTLHDOLVLAAEKTLEDEDE
CAOLENPSVETLPEPTFEPVPIQAET SPVDEKTLEDELVLATEELEAEDE
CEELERLAQEG--EEKTFVPASITESQTTPAYEEDVEDEVELDSPSLSVEGE
CEEVEEQHHT I--EATLFTPVSIEVHISP--EEETLGST-VOSKELLGIVER

CESLOTOTSEPLOTTITPVAPLETDVLTPD——————— SEDVVEIEGQRDIVT
CEVIQSEEHFPLETVHPLPPLPGSTDPD——————— PRTASARESTLEN-LT
DHPTFHEITPHLAE| SLYRQLAHQSHSTNIFFSP EIHTHFHMLSL

QPAROVAMTANFMG
QKLIYLKDF?H?LGMBFYHLQREHR——QGQN?LLSP ELYGSLHSFYL
QRHSILPSL?HDHGERSFHGWRKTH——KDDSI HLFGSLVSFEFYL
ERTMRLHGL?H?LGLRMY——EHLS—KRHSTNTLLSP ETCGTL?HFYL

HFH———————- LTETPEAQTHEGFOELLRTLHOPDSO -
VPWEDEN - -CTSELDAHEVLS ALOAVOGLLVAQGEAD
VPVEEGD--CTSELDGHEVLAATRAVOGLLVTOGGSS
VPVEEGD--CTSELDGHEVLTAT.QAVOGLLVTQGGS S
FVPP SGDSHCTSEVDGEELLESLET TESLVETQDEE -
FRAHOSGDODCVSEVDALEVISTLEHIDHELEF SEDHS -
LSEDSDGEDCTVSIMDGHEVLETLONTHSTLVDDGPED -

SKKWATSYQQLMGLNLESEQTDCAYFVDGHT VLRTLOATISAHVDESRK - -

50
41
41
36
36
39

35

18
100
91
91
g4
81
g2

17

68
150
140
140
132
129
129

125

109
198
188
188
181
178
178

173
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A1AT HSA
AGT HSA
AGT MMU
AGT RHNO

AGT GGA
AGT XTR
AGT FRU
AGT TNI
AGT DRE

B1AT HSA
AGT HSA
AGT MMU
BGT RNO
AGT GGA
BGT XTE
AGT FRU
AGT THI
AGT DRE

B1AT HSA
AGT HSA
AGT MMU
BGT ENO
AGT GGA
BGT XTE
AGT FRU
AGT THI
AGT DRE

B1AT HSA
AGT HSA
AGT MMU
AGT RNO
AGT GGA
BGT XTE
AGT FRU
BGT THI
AGT DRE

110
199
189
189
182
179
179

174

154
248
239
239
227
224
223

218

204
298
289
289
277
274
273

12
268

254
346
337
337
325
322
323

62
318

SOROTLILLSTVVGVFTAPGLHLEQP AVOGLALYTPVVLPRSLDIF-TELDVA
SOTPLLOSTMVGLFTAPGFRLEHS JVOSLATFTPATFPESLDLSTDPVLA
SOTPLLOSTVVGLFTAPGLRLEQP AVESLGPFTPATFPESLDLSTDPVLA
———-LLFSEVFCLFSAEPGILLSQQIVHHLLP SADAFYTREAVDIF-THPSELA
————VESLEMTCLFVSEHVSLSETRTONLIP SADEFYVERGVDI-THSAKA
————— EITTHVWTFTEPOIQOLSEDRVOGTEDEFSDASFIRSVHII-SSPEVA

—-———-LOLTTGHGLFLSEGLELVDE! EDVKKLYHS—EHFTVHE—GDTEEH

192a

I
KKQIND Y{JE KGNOEKIIVDLVKELDRDIVF ARV I}y TFi RPGEVKDY
REKIDRFMQAVWGWKTGCSIMGASVDSTLAFNT YVH| GFSLLAEP
TEK IKAVHGWKMNLPLEGVSTDSTLLENT YVH| MRGFSQLPGV
RQK AVIGWKMNLPLEGVSTDSTLFFNT YVH] GFSQLTGL
TKQ BKSKZ0SKHLLTDLDPTHDLLVAVDVRLAANAKKASWLKEP
VEL

YLNTRSTKKSTYISTPVDDSVHILFTSYIH] LKNSYLIPEP
ELTVYNF{JEKT SDEKVKS AFKNLNS S SHLLFLT SEHFO &S

SERTAJOPE
——————————————————————————————————————— SURT AIFOP QS
EVEVNFIQKT SDNKVKSMFKGVTPKDLLFAS S VHKENKT AJOPE

233c*
I
WKRLGMFH IQHCKKLS SWVLLMKLGNAT ATFF
SGMGTFQHWSDIQDNFSVTIQVPFTESACLLLT
| TSGTGHFQHWSDAQNNFSVTCVPLGERATLLLI
iwv SGTGNFQHWSDAQNNFSVTRVPLGESVTLLLT

——HEi DHSTSVS
——QEiW DSHRATS SVIGHMFEYMTIDTSETFSATETPVGENVLLVLL
——QDAWIEPGEETATPLITSLSGMFHYEHDTHMSOLIVEVPLGENDFMLL T

EEEDEEEDQVTT?K

|
——QEQ DHSTSVSE
—-—HE DHSISVSHPI
|
|

SHMOE] IHETTT?KEPIHEHTGQYHYLHDK?HRCTI?KLPLSKRSSMLL?
SVEEHTHDTVT VAP HTGOYHYLEDOVHRECTVVELPLSERSSHMLLV
5DODY QKHSSVQHP TGDYEYLDDAGRECS IVRELGLSERTFMLLV

282b
I
MEDEG-KLOHLENELTHDITTEFLENEDERSASTHT(S
QEHYASDIDEVEGLTFQOHNSLHWMEELSPERT THLT
QEHCT SDLDEVEALTFENDLLTWIENPPPREATRTTLS
QCASDLDEVEVLVFOHDFLTWIENPPPEATET.TTIY
THGHDLDEVERKLPLOS - SAWLENLSPRETELT LA

QETHGHTLENME SSLSWDTFLEWLENLS SEYTHL ST, IESSYDIOQET
IEHERTDLHHVE SKELPENITSDWIONLSEGTLELTL, SHMSSVHDMEDL
MEHOGS SLOETESKELAKNTMSDWVONLSEGTLELTL, SHMS SVHHHMODL
IEHEGASTLODTEEPLLT -VIPTWLEHLEEEYLELSLE SLTAVTDIRESVT

151

153
247
238
238
226
223
222

217

203
297
288
288
276
273
272

11
267

253
345
336
336
324
321
322

61
317

302
395
386
386
373
371
372
111
366
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B1AT HSA
AGT HSA
AGT MMU
AGT RHNO
AGT GGA
BGT XTE
AGT FRU
BGT THI
AGT DRE

B1AT HSA
AGT HSA
AGT MMU
AGT RHNO
AGT GGA
BGT XTE
AGT FRU
BGT THI
AGT DRE

303
396
387
387
374
372
373
112
367

350
440
432
432
420
418
423
161
414

MMHPETEAQLLGS (Y

FLEATPMSTPPE
ESTOOLNKPEVLE
TSVQOPGSPEALD
ESAQOPGSPEVLD

DE---LPTLLGAEN
QAK---LSTLLGAER
ME - —--LPATLGKER
SDME - - -LPYLLGEEN
MMHMPETEAKTLGS QR

QLg---ITKVESNGRDLSGVTEEAP BKLSKAVEKAVLT ID
QAE---LPAILHTELNLQKLSNDR-IRVGEVLNSIFFELEAD-Big 2
LSHIGDTH-PRVGEVLNS ILLELKA-
LGKMGDTN-PRVGEVLNS ILLELQA-

SEMH——VEKYLMGSDEEFRRMSSKEHFTVDKVLHK?VFEMT

331c
|

LSEISDTH-RTVGKTIMNEAFFELSSDI
LSKEISHAE-IRTVGEVINEVHFELE
FSOLGHTEKPFHVDOVINEVIFEMS
FSLLGLPOQPFSTDOVINEVIFE

FIMTEQHTESPI
FAVYDOSATATH
FATYEQDSGTLH
FATYERDSGATLHI
LAVFERKS
FVVFEGETEAL
FCVSEANSHATI
FCVSEANSHATI
FAVVEGHSHATI

152

394
485
477
477
464
458
462
201
454

349
439
431
431
419
417
422
160
413
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Appendix 8.3.13: Alignment of heparin cofactor Il sequences from vertebrates. Gene specific features include an
inhibitory RCL (red box), acidic repeats (blue boxes), Heparin binding residues (orange boxes). Conserved intron positions
are indicated above the alignment. Novel intron positions are marked with * in conserved part and in non conserved part are
marked with HCII of the species and corresponding HCIl sequence numbering.

B1AT HSA
HCITI HSA
HCIT MMU
HCIT RNO
HCITI GGA
HCITI XTR
HCII FRU
HCITI THI
HCII GAC
HCII DRE
HCII PMA

A1AT HSA
HCIT HSA
HCIT MMU
HCII RNO
HCIT GGA
HCII XTR
HCII FRU
HCIT TNI
HCII GAC
HCII DRE
HCII PMA

A1AT HSA
HCII HSA
HCIT MMU
HCII_ RNO
HCII GGA
HCIT XTR
HCII_FRU
HCIT TNI
HCII GAC
HCII DRE
HCIT PMA

R T

50
31
32
11
36
42
42
41
48
38

94
15
16
g5
81
g8
30
g9
93
g3

LAEQLTHEN-
LAEQLTEEN-
LEDAHTHENG
FEDTSTGIN-
DPRGFEG--4A
DPEGFEG—-T
EPRGFEVG-G

-LSMPLLPADFHEENTVTHDWIPEGE
-LTTSFLPANFHEENTVTHDWIPEGEI
-LTVSLLPPHFHEENTVTHDWIPEGEI
TYMMPDLPLEFHRENTITHDLIPEEE

WIVDSLSVSPTD-—————————————————————————— SDVSAGNILOL
IID--AVSPTD-————————————————————————— SESSAGNILOL
VD--AVSPTD-——-——————————————————————— SESSAGNILOL
INITD--AAPHIV-—————————————————————————— SEIQQGNILEL
INTTD--AAPETKN-————————————————————————— SETQQGNIFEL
TIDEIATPAPDIDIFAEPSD—————————————————— PKIRRARLLRL
TIDEIATPAPDIDIFAEPSD—————————————————— PKIRRARLLRL
IDEIATPAPDIDIFAEPSD—————————————————— PKIRRARLLRL
IDEISTPAPDLDLFYEPSD-————————————————— PKIRRARLLRL
IDDINEDGSTGVIVDAEKVGLLHFTLSFSTEIKNLVDASFNKKLFLRR

49
30
31
40
35
11
41
40
47
37

93
T4
15
g4
g0
87
89
88
92
g2

16
116

95

96
105
102
119
121
120
124
132
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B1AT HSA
HCITI HSA
HCIT MMU
HCIT RNO
HCITI GGA
HCITI XTR
HCII FRU
HCITI THI
HCII GAC
HCII DRE
HCII PMA

A1AT HSA
HCIT HSA
HCIT MMU
HCII RNO
HCIT GGA
HCII XTR
HCII FRU
HCIT TNI
HCII GAC
HCII DRE
HCII PMA

A1AT HSA
HCII HSA
HCIT MMU
HCII_ RNO
HCII GGA
HCIT XTR
HCII_FRU
HCIT TNI
HCII GAC
HCII DRE
HCIT PMA

17
117

96

97
106
103
120
122
121
125
133

66
167
146
147
156
153
170
172
171
175
183

111
217
196
197
206
203
220
222
221
225
233

DODHPTFHEITPHLAEF
FHGESRETIORLHNTILHAEF
FOGESRIORLHTILHAEF
FOGESRIORLHNTILHAEF
FOGETRIORLHITLHANFEFG
FHGETREVORLHTIHANFG
FOGOSRLORTLHTINARFG
FHGOSRLOBRLHTVHAHF
FHGERSRLORLHIVHAHFG
FHGOTRLOBRTHVVHARF'
FOGETRIORLSTVHSDFE

SLYBQLAHOSH-5T!
HLYEVLEDQVHTEFD
HLYBEVLEDQATTSD
HLYRVLEDQATSSD
HLYBRSVADEANSSD
TLYRATENHTDASE]
ILYRSLENTVHQS D
TLYESLENTVHQS D

ILYRSVSESTPSGE]

B3c*

|
IFH————— LTEIPEAQITHEGFOQELLETLHQPDSOL
FEDFVHASSKEYEITT THNLFEELTHELFEEHFGY
FEDEFVHASSKYEVTT THHLFEELTHELFERHEGY
FEDFVHASSKYEVTT THHLFEELTHELFERHFGY
FEDFIHAS AKYEILMT VHHNLFEELTHELFEENEGY

EA4AD
EGERHEQVHSTI
BGEHEEVHSVI
BGEWWHEEVHSVI
EGOIROIOEVL.SVI

B N Y o O o Y o O o O o B s )

EGOWLEQVLLTIRGFEDFLHASSKYETLTLHHVFEELTHELFERENEFGY
GAGUHDO TYKEAMGF SEFVHASHHYDHTTVHELFEELTHELF EENEFGY
GAERODOTYEAMGE SEFVHASHCYDHTTVHELFEELTHELF EENEFGY
G5 QIYGHEGFHDF?HHSHHYDHTT?HKLFRKLTHRLFRRHFGY
GPMROEQLFOTVGFAEFVHASHHYDHSTVHELFEELTHELF EENEFGY
GG KEIYKHEGFESLVDSSSKYHIST?HKLFHRLHHRLFRHHFGY

EDVEKLYHSEAFTVH
TEVEEYYFAEAQTAD

OLTTGHGLFLSEGLELVDEI
TLESVHDLYTOEQFPILLD
TLESVHGLYTIQEQFPTRED
TLOSVHDLYTOQEQFP TRED
TLESVHDLYTREDFSTILHD
TLESVHDIYVERDFLIEREP
ELBEAVHDVYVEEDVAVEDVI
HLEAVHDVY TEEDVAVED
TLESVHDVYVEREVAVED
TLESVHDLYVERNVOQIOQDS
TLESASATYLORRWPLIPSYQOQULEBEKTYFAEAAT VD

154

65
166
145
146
155
152
169
171
170
174
182

110
216
195
196
205
202
219
221
220
224
232

160
265
244
245
254
2581
268
270
269
273
281
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B1AT HSA
HCITI HSA
HCIT MMU
HCIT RNO
HCITI GGA
HCITI XTR
HCII FRU
HCITI THI
HCII GAC
HCII DRE
HCII PMA

A1AT HSA
HCIT HSA
HCIT MMU
HCII RNO
HCIT GGA
HCII XTR
HCII FRU
HCIT TNI
HCII GAC
HCII DRE
HCII PMA

A1AT HSA
HCII HSA
HCIT MMU
HCII_ RNO
HCII GGA
HCIT XTR
HCII_FRU
HCIT TNI
HCII GAC
HCII DRE
HCIT PMA

161
266
245
246
255
252
269
271
270
274
282

211
316
295
296
305
302
319
321
320
324
332

259
366
345
346
355
352
369
371
370
374
382

HEKG, DLVKELDRD@VFALV
TMKL DALENIDP L
ILKL EALENIDP IL
TLKL EALENTDS IL

ILEL EATVHVHPT IL
TOOL EATLTHVDPALTMLILV
ILEL OQPLESTDPHMVIMILI

ILEL QPLESTDPHMVIMILI
ILEL EPLESVDPHMVIMILI

IQKI EPLKSVDPHMAVHMLL
Uss SDAVTNIDPSHVFLVI]
241c*
|
DQVTTVE EEKRLGMFHIQHCKKLSSWVLLHK
NEREVVE

SH&QTKGHFLBHHDQELDCDILQLE
SEUOTKGHFLAANDOELDCDTITLOLE
SulOTEKGHFLAANDOELDCDTLOLE

L KTKGHFLVAADPELDCAVLOLE

nu

HEETSV WEIHKGHYLHHHDHELECDILQLP
HEETQV s THRGHYLAAADHDI DCDITOLE
HEETHV s THEGHYLAAADHETL QCDITOLP

5

282k
I
ELOHLEHELTHDITTEFLEHEDE-BSASTHL
“METLEAOLTPEVVERWOESHMTH-ETREEVLLI
“METLEAQLTPOVVERWOESHMTH-ETREVLLIE
“METLEAQLTPOVVERWOESHMTH-ETREEVLLIE
“MEATEEQITPOVVEEWQESHMTHSETREVVLIE
“MELLEEQTISPOVVERWONTMTH-ETREEVELIS
“-METLEQETSPTVVSEWFENMTH-ETEEVVII
“-METLEQDISPTVVSEWLENMTH-ETEEVVLIE
“-METLEQETSPTVVEEWLENMTH-ETEEVATIS
“-MRESLEQETSPTLVHEWLSHMTH-ETEEVVE
GLETLERALSFDLLEEWLOAMTH-ETEDVITIE

L OTEGHFLAAADPEIDCGVIQLPFVGHISHMI TVI

155

210
315
294
295
304
301
318
320
319
323
331

258
365
344
345
354
351
368
370
369
373
381

307
413
392
393
403
399
416
418
417
421
430



8. Appendix

B1AT HSA
HCITI HSA
HCIT MMU
HCIT RNO
HCITI GGA
HCITI XTR
HCII FRU
HCITI THI
HCII GAC
HCITI DRE
HCII PMA

B1AT HSA
HCII HSA
HCIT MMU
HCII ENO
HCIT GGA
HCITI XTR
HCII FRU
HCIT THI
HCIT GAC
HCII DRE
HCII PMA

308
414
393
394
404
400
417
419
418
422
431

358
463
442
443
453
448
466
468
467
471
481

331c

I
ITKV@SHGEDLSGVTEERPBKLSKAV]
TRML3DKNGHMAGIS-DQRIAIDLFK

TEHGHMSGTIS-DORTATDLFK
HENGHMSGIS -DOETTTDLEE

IEEL3SEKGNYCGVS-EEKVSIDRFH
ATDLIYT -HGDFSGVS-DKDINIGLFQ
LTDMJKDSGDFSEMT - SEKV SMNWLK
LTDLJE S SGGFSEMT - SEKV SMNWLK
LTDLIFOE SGDFSAMT - SDKVHMSWLK
MTDIQTEKGDFSPMT - SEKVITIHWFK
VIELZOANIDLSGMTGRKDVQVSSFQ

AVLTID
GTITVH
STITVH
STITVH
GTITVH
GTITVH
GTITVH
GTITVH
GTITVH
GSITVHI
GETETDM

TEAAGAMFTLEATP
TOQATTVTTVGEFMP
TOQAARAVTTVGEFMP
TOQAAAVTTVGFMP
TEAGATTHVGFMP
TEAARAVTVVGFMP

TEAAATTOVGFMP
TEAAAT TOVGEFMP
TEAAATTQVGFMP
TEAAAMTHTIGFMP
SEAAAVTTVGFTP

394
499
478
479
489
484
K02
504
503
507
517

156

357
462
441
442
452
4417
465
467
466
470
480
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|
Appendix 8.3.14: Alignment of ZPI (serpinA10) protein sequences from vertebrates. Gene specific features include an

inhibitory RCL (red box), except ZPI3_FRU and ZPI3_TNI. Conserved intron positions are indicated above the alignment.
There is a unique intron 94a position in fish specific Spn_94a_FRU and Spn_94a_TNI.

A1AT HSA 1 13
ZPI HSA 1 51
ZPI_MMU 1 51
ZPI_RNO 1 51
ZPI_GGA 1 49
ZPI XTR 1 9
ZPI1 FRU 1 18
ZPI1 TNI 1 18
ZPI1 DRE 1 18
ZPI2 DRE 1 18
Spn 94a FRU 1 17
Spn_94a TNI 1 17
A1AT HSA 14 ———mmm - SHHDQDHPTFNKITPNLAEJAFSLYRQLAHQSHST 18
ZPI HSA 52 EEKAWLMASRQQLAKET SHFGFSLLRKISMRHDG - 96
ZPI_MMU 52 QQLSHETSS§GFNLLRKISMRHDG- 100
ZPI_RNO 52 - QQLSNET SSI3GFSLLRK ISMRHDG - 88
ZPI_GGA 50 EEQSFEELTLHNFTEKT ANZGFNLYRKIAMKLDH - 92
ZPI_XTR 10 EEQIPTVLSFANVSQMS SDFGFNLYRKIANKHDH - 13
ZPI1 FRU 19 VQLP SAT ISDLSFKNMDIFAMNL YRT IS SFHDK - 52
ZPI1 TNI 19 HLP SATISDLSFKNVDZAMNL YRKIS SFHDK - 52
ZPI1 DRE 19 TEOTTD--VEELATKNADJATRLYSKIAS SSDD- 50
ZPI2 DRE 19 IHHEELRTPDISDLAFRNTDFATNLYRKISSLHDR- 52
Spn_94a FRU 18 FINITDGSLEKLTHGNTD! LYQAVASRTDD- 51
Spn_94a TNI 18 IPDGSVENLASENVD YQAVASRTDD- 51
94a!
|
A1AT HSA 19 NFNLTE-IPEAQTHEGFQE 98
ZPI HSA 97 LQALK-PTKPGLLPSLFK 146
ZPI_MMU 101 NLOALS-QAGPLILPALFK 150
ZPI_RNO 89 NLQALS-QAGPLILPALFK 138
ZPI_GGA 93 TTIMAT YLLAREGE NLHSLKDRDR-HYLPALFK 142
ZPI_XTR 14 SLGESSLLLEATRGN TYNPFKDQENP YLLPELLK 94
ZPI1 FRU 53 TSTSFARLIMASDGYV, NLHQLEQAGQLDLIPGLFK 103
ZPI1 TNI 53 TSASFAALIMESDGY, TLHQLEQDGQPEVIPGLFK 103
ZPI1 DRE 51 AVHTLGATLAFATL GGANOSELLQGIGVDSMVKDGEQERIQNILQ 101
ZPI2 DRE 53 VERGLEVSTCFSALLLARQGSWRTEILKGIMLEALD-GGDSRRVPELFQ 102

EQLLOGIR- -GLTGLDAQMLPE 'FQOHL 100
QLSQGIR--ATTGLDPQTLPD  FONL 100

Spn_%4a FRU 52

CLETFALST SALLSATSGP
Spn_9%4a THI 52

CLETFALSSVIRSATLSATSGP

A1AT HSA 99 LIRTLHOPDSQLOLTTGHGLFLSEGLKLVDERLEDVEKLYHSEAFT VHIRCD 149
ZPI HSA 147 GLRETLSRHLELGLTQGSFRFIHKDFDVKETE?HLSKRYFDTEC?PMHI T 197
ZPI:MMU 151 KVEETFSSHEDLGLSQGSFAFTHEDFDIKET YFHLSEKYFDIEYV S THIZOH 201
ZPTI BHO 139 BEVEETFSSHEELGLTQGSFAF THEDFETEET YFHLSTMYFDTEY VP THIRRH 189
ZPI GGA 143 QLEDNITTHEELLFVQGILSFIQKDEFTVEE NLSKQYFDMEFLCVDIZON 193

ZPI:XTR 95 TIKEKIAKHEELVILHIGSLSFLHETFSMEDERVHITEKYFDMEYEL TDIYH - 144
ZPI1 FRU 104 LIHNNITOHNGSLERLDQGMAT FMHPEFEVEKT RODOLETFFDADIKSVHIRTH 154
ZPT1 THT 104 LLSDHITOHGSLOLEQGMATFTHTDFMVEETQHEQLETFFDADTE S A 154

ZPI1 DRE 102 QLREDA—————— AOTPATGLFIKQDVERDDSIFSHOVEQYYHADVONVHYAN 146
ZPI2 DERE 103 QLHONIS ——--LOMEQGTATFLDOHFHLOTHRSQOTORFFHAEVLEVDIRSK 149
Spn_gda_FRU 101 RTATOPGH--ITHLKQAVATTLP SHHFEVSASLEELVOTEFGGYMP SLEYTD 149
Spn_9%4a THI 101 RTTTQQGHT—RTCLKQBHHVLPSHHFE?SHSERQLVQTKFGGYIPHVRYSD 150



8. Appendix

A1AT HSA
ZPI HSA
ZPI MMU
ZPI_RNO
ZPI GGA
ZPI XTR
ZPI1 FRU
ZPI1 THI
ZPI1 DRE
ZPI2 DRE

Spn;gda_FRU
Spn_%4a THT

A1AT HSA
ZPI HSA
ZPI_MMU
ZPI_RNO
ZPI GGA
ZPI_XTR
ZPI1 FRU
ZPI1 TNI
ZPI1 DRE
ZPI2_DRE

Spn;gda_FRU
Spun_%4a THI

A1AT HSA
ZPI HSA
ZPI_MMU
ZPI_RNO
ZPI GGA
ZPI_XTR
ZPI1 FRU
ZPI1 TNI
ZPI1 DRE
ZPI2_DRE

Spn_%4a FRU
Spun_%4a THI

A1AT HSA
ZPI HSA
ZPI_MMU
ZPI_RNO
ZPI GGA
ZPI_XTR
ZPI1 FRU
ZPI1 TNI
ZPI1 DRE
ZPI2_DRE

150
198
202
190
194
145
155
155
147
150
150
151

201
249
253
241
245
196
206
206
198
201
201
202

252
300
304
292
296
241
257
257
249
252
252
253

302
351
355
343
347
298
308
308
300
303

Spn_%4a FRU 303
Spn_%4a THTI 304

DLVEEIRDETRVE AT, VHY TF!
ELFDETHPERRELILVDYTIT,
ELFDETHPERRKLILVDYVL

ELFDEINFPE

RKVLEMLESVEPL,
'DQEEQVVTHVDHQ

LLLATVS

DI OF VT ATDAIROLLLATVSYYQTQF SPLFHA

KDINEEEDJHVDOVTITVE EEERLGMFHIQHCKKLSSWVLLMKELGHHTHI
VFEVDTRHLDE YKT IK{JPR 8 ¥ G AGKFASTFDENFRCHVLKLP P40 GHATMI,
SFIEADTIJHL.DE YRATE{DY GHFTSTFDKKFRCHILKLPHQGHHTML
IFWE ADTIQHT. DK YKAVEK iﬁYREGHFHSTFDKKFRCHILKLF GHATML
EFE IETRHIHEYESVQ EazESDKVHSTYDEHLRCHVIKLP GEAYML
ALNEVDSIRF IDEYNS VTP R S YKETDKVAS VFDEDLSCTVFKLP p{R.GH AHMI,
HIVHAPIFY TDHYSVVQ VPR SF LEDKF YMMVDTFLGVEVLKLP pKEG V ST,
HEWVIAPRYIDHYSCCQ LEDKF YMTMDENLGVHVLEKLE MEEGYV SML

TFIROED HNEYHIVQ) RSGKYYLAYDPTFEKVGILELPCENGIAML
HHINEK S DEYHIVQ) EEKFSVVEDRDLRBRHLRLPERGGHSML
SLIODE HEXYVV RADKYFLAYDESLEVGVLELPMGD SHMAMT,

RADKFFLAYDPLLEVGVLELPMSDGT AMT

282b
|
E-GKLOHLENELTHDITTEFLEHNHEDERSASTHLIX
FHMGDHLALEDYLTTDLVETWLENMKT EHME VE'FL
KETGDYLALEDYLTVDLVETWLONMKT EFIME VEF L
ESGDHLALEDYLTTDLVEMWLODMEKTREME VE'FX
IVINEEGEDYVSLEDHLTMELVE SWLANMK SEHNMD T SES
ITKHEEKEGDFGILEDHLTKELTHSWOAKMOSEETDIFFS
IVIRSHENVDYTETDDE ITADETFEWTEMLEPEVELEVHL S
IVIRHHENVDYTETDDE ITADETFEWTERLOKTELEVHLE
VLIMSDEDVDYTYVDE SMTGEVFEGWVAKLKEKTELE T LIE SLEQSHSIRSV
ITLMSHADADYTATEDETSAERTHGWIENMERTETYTPHTETHHTHRAHT CHV
??IPuEDVDIIVVEEK?TGEKIRGWIRQLKKTKLEVQLEEEMLEKSYHERD

VVIRSDEDVDITDVEEKMT GEKTEAWTIRQLKKTELEVQFISRFLLEE SYMMGD

331c
|
LSGVTEE-APLELSKAVEIKAVLT ID
LSELSATGENLOVSEVLOETVIEVD
LSELSEMARNLOVSEVLOOSVLEVD
LSELSAVARHLOVSEVVQQSVLEVD
LSHLTDO-KEHLTVSQVVQEAVIEVD
JHLTDLTEE-EHNIMLTEITQORMIEV
DS-ANLSKLECLTFYISLEVLEIEKAVIEVD
HS—HHLTKLSKDQGLK?SEVLEERVIEVD
'STEMLTGISSS—EGLKLSEV?QKVHYD?D
OVHESVOGLAQATLTLTLSVSETKAVIEV
DDEIDITEMGS - —KGPELTQVYQESAVEVGDSIE
DGLRIE TREMGA--KGPELTOVYQT SALSVEDSE IR SUNEE

158

200
248
252
240
244
195
205
205
197
200
200
201

251
299
303
291
295
246
256
256
248
251
251
252

301
350
354
342
346
297
307
307
299
302
302
303

351
401
405
393
396
347
357
357
349
353
351
352
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R1AT HSA ELVANNFT EATPMS IPPES3UAT 394
ZPI_HSA LU SETTAYSMPPViRQYD 444
ZPI MMU LT SETTAYSMPP ARy 448
ZPI_RNO 394 SEITAYCMPPViRQYD 436
ZPI_GGA 397 SEITIAFSVERVIRGYN 439
ZPI XTR 348 AEITAYSLPLTERA 390
ZPI1_FRU 358 TVN. 398
ZPI1 TNI 358 FVH 100
ZPI1 DRE 350 TFN. 391
ZPI2 DRE 354 IIN 396
Spn_94a FRU 352 TIN 392
Spn_9%4a THI 353 TIH 394
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Appendix 8.3.15: Alignment of as-antitrypsin like sequences — Spn_215c from Fugu and Tetraodon. Gene specific
features include an inhibitory RCL (red box). Conserved intron positions are indicated above the alignment. There is a unique
intron 215¢ position in these fish specific group V2 serpins.

A1AT HSA
Spn_21Lhc FRU
Spn_215c THI

A1AT HSA
Spn_215c FRU
Spn_215c THI

A1AT HSA
Spn_215hc FRU
Spn_ 215c TNI

A1AT HSA
Spn_215c FRU
Spn_ 215c TNI

A1AT HSA
Spn_ 215c FRU
Spn_21Lhc THT

A1AT HSA
Spn_ 215c FRU
Spn_21bc THT

A1AT HSA
Spn_21Lhc FRU
Spn_215c THI

A1AT HSA
Spn_21bc FRU
Spn_215c THI

A1AT HSA
Spn_215c FRU
Spn_ 215c TINI

31
51
38

19
101
i3]

129
150
137

179
200
187

229
250
237

279
298
285

329
348
335

3717
398
385

————————————————— EDPOG-DAARQKTD--TSHHDOQDHPTFHKITPHL

LN AN RS e VG D IGONOKEQDT SADHSTESLSLVT AAN
———————————— MLLVARGHQG-DGAEKLEGQQSSAANS SAGVPLLTAAN

AFEI SLYRQLAHQSHS - -TRITFF TATAFAMTL. ST &STKAMMMHDETLE
RE! RLYESLARNPDSOQGKIUTIFF sV AV GEIRHEQLFE.
REI RLYBESLARQPDSBRGERVEF sV AV GEIRHOOQLEFE

HFHLTETPEAQTHEGFOQELLETLNQPDSQLOLTTGHGLFLSEGLEKLVD
HSTWLSQTDVDOAFQSTLFEKTEEASHEVTS -EGTAVFMDHNLFKPQP
LSHT SLSQAQVDOAFQSLFEQTRRT SSQVIB-EGTAVEFVDHLFEAQP

Gl
Gl
Gl

EQLEDVEKLYHSEAFTVH
EQILDTLKESYFADGEFHVD!

DTEE REEQ) KG DLVEELDE.
KESSESANT EKiRS EKLVESLDP
GITHTLEQSYFADGFAVDSKSSESTDT EKi§S ELVKEDLDP

192a 215c!
| |
DINVE NYIFI EPREVEDWNEEEDIFHVDOVT T VEQPLLUILERTGHEH
T ISY1 TPIRDPDILNEEDLI DEETEVPE ILIHTEKEFE
s ISYT SPADPDLIOEDVIITVDEETEVE TLEEFFE

IQHCKKLS SWVLLMKELGHAT ATFF
TYRDOMFNT SVLHLPFNS SHSMLLLI
TYHDQTVHNT SVLRLPFNS SHSMLLLI

EGKELOHLEHNHELTHDITTKFLEH
D--MSKLENATS ARHVTEKWLEW
H--MAQTLEQATLSPAHT SKWLEW

OLETTEVRSHGLIDLSGVIEERPLEK
E D! ) LSGIAEGQQLA
E Ju LTGISEGGERLS

FIMTE
IITD
IITE

282b
|
EDRESASLHLS
MEKYREYSVYTIE
MESETFHVYVIX

SITGTYDI
SIKTSYSI
SIKETSAS]

331c?
|
LSKEAV
VSEVVI
VSEVVI

AVLT I
ATLDVIH
ATLDVDI

TEAAGAMFTEATPMS TPPE 'k 8 H 1) AP
ATAAAATGTATTLFSYNY VIR 4N P
VLEFDE:

QHTEKSPI
HSSDHTI
HSTESTI

30
50
37

18
100
87

128
149
136

178
199
136

228
249
236

278
297
284

328
347
334

376
397
384
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Appendix 8.3.16: Alignment of as-antitrypsin like sequences — Fru-Spn-17 and Tni-Spn-4 from Fugu and Tetraodon
respectively. Gene specific featuresinclude a non-inhibitory RCL (red box), and G-rich region from 108-165 (blue boxes).
Conserved intron positions are indicated above the alignment.

A1AT HSA
Fru-Spn-17
Tni-Spn-4

A1AT HSA
Fru-Spn-17
Tni-Spn-4

A1AT HSA
Fru-Spn-17
Tni-Spn-4

A1AT HSA
Fru-Spn-17
Tni-Spn-4

A1AT HSA
Fru-Spn-17
Tni-Spn-4

A1AT HSA
Fru-Spn-17
Tni-Spn-4

A1AT HSA
Fru-Spn-17
Tni-Spn-4

A1AT HSA
Fru-Spn-17
Tni-Spn-4

A1AT HSA
Fru-Spn-17
Tni-Spn-4

e

27
48
51

68
97
98

117
147
143

154
197
183

204
245
229

2h2
295
279

302
344
328

352
393
374

———————————————————————— EDPOGDAAQETDT SHHDODHPTFHKT

AR Ry IR - —— G ICTFGPRAEKEFAGPLPOQEAHOHT.HT
LB Ry IR AR s R G ICTFGPTAQKDEFARPGPGEASBEHLHAT

TPNLAEGAFSLYRQLAH-—————- QSNSTIFF
SALNTLLAFEP YHGLASRVSTEPERQQR-JILF
SALNTLLAFEPYQALAS-—-BEPEAPQQPTLF

BraTaFAMLS--LE
GLASAVVLLSRVSR
GLASBARLLSRVSE

TKADJHDE ILEG
SESRSQALELLG
PERRSQALTLLG

TFHLTETPEAQTHEGFOELLRETLHOPDSQ-LOLTTGH

ISTERSVEDAVSSLTDLLHNLTLPE
GSPEQSVEDTLSALTHLLHNLTLPEE————-

GLFLSEG————-——-—-—-— LKLVDKFLEDVKKLYHSEAFT -VNJGDTEEA
EiggagaTTREDEDEESD RREAETHEESQLK?WSELH 10SD
—————————— DNgSSTDAAERRTHAESQLKVWSRLOADEKQAD
KKQEﬂDYEﬁKG VED,
YQSFLSEEWS RRH
HQSFPSENQ RRH

EEEDHVDOQVTTVEPEEKELGMFNTOHCKELS SWVLIMKYTL.GH--ATAT
VPESROLHATASLE LLIFEDDS SDVMMLYDTHCSATVVOLAQSERLAWL
VERESZOTHMATASVE EDDSSDVEMLYDTHCSATVVOLAQSERT.AWL

282b

FFi EGELOHLENELTHDITTEFLENEDERSASLHLIS SITGTYDIRE S

LYK - AELQTLEGCLS SRRMSFWLSNLKPGRAE ILFZ4FQLRRS YHVKH
LL#YR - AELQSLEGCLYEGRMRFWLSHLKP GHAE ILFIJUL.OLRRS YNIREK
331c
I
Vil OLEITKVESHGRDLSGVTEEAPLKLSKAVIKAVLT ID{E) :
LISKNS €AS SLASDAPDF SGLSEKETLRLVKAS QE VMLE VEIA AR Hofelelel
LRSS SSLuSDLP———GQSEEKTPRLQEASEEVMLEvEuHKLEEAGS—

FIMTEQHNTESPI VVHINT QK- 3914
LLTYDHVTGLWVI TSDIHADV - 435
TIMVYDRVTGLVIRLL &P TSDIMAHT — 416

26
17
50

67
96
97

116
146
142

153
196
182

203
244
228

251
294
278

301
343
327

351
392
373
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Appendix 8.3.17: Alignment of as-antitrypsin like serpins from Gallus gallus. Gene specific features include an
inhibitory RCL (red box). Conserved intron positions are indicated above the alignment.

A1AT HSA
A1AT GGA
Gga-Spn-12
Gga-5Spn-13
Gga-Spn-14
Gga-5Spn-15
Gga-5Spn-16
ZPI GGA

A1AT HSA
A1AT GGA
Gga-Spn-12
Gga-Spn-13
Gga-5pn-14
Gga-Spn-15
Gga-5pn-16
ZPI GGA

A1AT HSA
AlAT GGA
Gga-5pn-12
Gga-Spn-13
Gga-5Spn-14
Gga-5Spn-15
Gga-5pn-16
ZPI_GGA

A1AT HSA
A1AT GGA
Gga—gpn—IQ
Gga-5Spn-13
Gga-5Spn-14
Gga-5pn-15
Gga-Spn-16
ZPI GGA

e

10
34
36
50
34
34
36

11
21
64
T4
a3
67
66
g6

90

10
114
123
132
116
115
135

———————————————————————————— MPEQAVGHE-—————————————
Lad:im A e e - ————— ————— — ——— BRGKACHEVHHTH--
LN A e —— — —— ————— ———— OFRPEYHHEQDHNSKG
LedTle) b) tEy D [N L AR RS RATT YPAVE SMEQTDHHHEEPEAT —
KS ALY L CLE LT G VO A T e PKPHHSHEHKEEERP ——
KT VEY ICL L L AGT HAE AY G — phahi bbb ILTASHHHNGHHPH--
[KTRTY I LLLCELCEFE I 5 K A Dl b IEPESPEEDKELNF

IFFSPISIST LG AKERY
IFFSPVSVSHE HLLHLGER
IFFSPLSLSTHFAMLELGE

IFFSPVSISEE

33
35
19
33
33
35

40
20
63
13
gz
66
6h
a5

a9

69
113
122
131
1156
114
134

139
119
163
172
181
165
164
133
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A1AT HSA
A1AT GGA
Gga—Epn—lQ
Gga-Spn-13
Gga-Spn-14
Gga-5pn-15
Gga-Spn-16
ZPT_GGA

A1AT HSA
R1AT GGA
Gga-Spn-12
Gga-Spn-13
Gga-5pn-14
Gga-Spn-15
Gga-Spn-16
ZPI GGA

A1AT HSA
Al1AT GGA
Gga-Spn-12
Gga-Spn-13
Gga-Spn-14
Gga-Spn-15
Gga-5pn-16
ZPI GGA

A1AT HSA
A1AT GGA
Gga—Epn—lQ
Gga-5pn-13
Gga-Spn-14
Gga-Spn-15
Gga-5Spn-16
ZPI GGA

140
120
164
173
182
166
165
184

190
170
214
223
232
216
215
234

240
220
264
273
282
266
265
284

288
269
312
321
330
314
313
333

163

189
169
213
222
231
215
214
233

239
219
263
272
281
265
264
283

287
268
311
320
329
313
312
332

337
318
361
370
379
363
362
382
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A1AT HSA
A1AT GGA
Gga—gpn—12
Gga-Spn-13
Gga-Spn-14
Gga-5pn-15
Gga-Spn-16
ZPT_GGA

A1AT HSA
R1AT GGA
Gga-Spn-12
Gga-Spn-13
Gga-5pn-14
Gga-Spn-15
Gga-Spn-16
ZPI GGA

338
319
362
371
380
364
363
383

384
363
409
421
126
413
410
429

TEAAGAMFTEATPMS TPPE ol VKFHKPE'V

Y IEQNTKEP

374
419
432
437
425
425

164

383
362
408
420
425
412
409
428
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Appendix 8.3.18: Alignment of as-antitrypsin like serpins from Xenopus trapicalis. Gene specific features include an
inhibitory RCL (red box). Conserved intron positions are indicated above the alignment.

A1AT HSA
A1AT XTR
¥tr-5pn-9%
Xtr-Spn-8
¥tr-s5pn-10
EP45 XTER
Xtr—gﬁn—12
¥tr-s5pn-13
ZPI XTR

FRRERRRR

'—'

A1AT HSA 14
A1AT XTR 50
Xtr—gﬁn—B 45
¥tr-5pn-8 45
Xtr-Spn-10 22
EP45 XTR 22
¥tr-spn-12 22
Xtr-Spn-13 1

ZPI_XTR 7
A1AT HSA 34
R1AT XTR 78

Xtr-Spn-9% T3
¥tr-Spn-8 13
¥tr-5pn-10 48
EP45 XTR 12
¥tr-spn-12 47
¥tr-5spn-13 25
ZPT XTR 30

A1AT HSA T8
A1AT XTR 122
¥tr-spn-9% 117
Xtr-Spn-8 117
¥tr-Spn-10 98
EP45 XTE 119
Xtr-Spn-12 97
¥tr-5pn-13 68
ZPI XTR 73

————————————————————————————————————— EDPQGDARQKTHNT
TR SRR AR E A B WHDGOTKHGKDHDHNGHDHGDHDHDHHHHGK

SHHDQDHP—————————————————————— TFH--——-——— KITPHLAE
GKHHDHKH-————————————————————— HHHAGEDMACHK
KHTDDSHG—————————————————————— DHHHDE SMPCLK
THTDDSHG—————————————————————— DHHHDE SMPCLK

SHQEHA-——————————————————————— NGHAGGKIAQE

—————— ENELN TFESPV S TR AMLEN.G
—————— N [FFSPVS TSN AMLYLGAR]
—————— HPTEI

TFHSPVSISTFAMLELG
IFUSPRSIST

IfJFSPLS IEI‘MFEML

IFFSPISISEY

4 HIFVTKTQAEKE STQK
I3 BIS AECKR - - - SPKQ

33
T1
T2
T2
17
T1
46
24
29

17
121
116
116

97
118

96

67

T2

126
170
1656
165
146
167
145
1156
122
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A1AT HSA
A1AT XTR
¥tr-5pn-9%
Xtr-Spn-8
¥tr-s5pn-10
EP45 XTER
Xtr—gﬁn—12
¥tr-s5pn-13
ZPI XTR

A1AT HSA
A1AT XTR
Xtr—gﬁn—B
¥tr-5pn-8
Xtr-Spn-10
EP45 XTR
¥tr-5pn-12
Xtr-Spn-13
ZPI XTR

A1AT HSA
A1AT XTR
Xtr-Spn-9%
¥tr-Spn-8
¥tr-5pn-10
EP45 XTR
¥tr-spn-12
¥tr-5pn-13
ZPT XTR

A1AT HSA
A1AT XTR
¥tr-spn-9%
Xtr-Spn-8
¥tr-5pn-10
EP45 XTR
Xtr-Spn-12
¥tr-s5pn-13
ZPI XTR

127
171
166
166
147
168
146
116
123

177
221
216
216
197
218
196
166
172

2217
271
266
266
247
268
246
216
222

276
320
315
3156
296
315
295
265
272

HEINT T LLVNYTI
[DIRYT T TLVINYTI
DT ML L L LD Y Ti

KEQFEYQSIEI
KELF VHI
KELF

YESLTHSFVDIHMPEFSIS'KI

BRHST SIMKE [PKESTSEST
ESSG TE N

166

176
220
215
215
196
217
195
1656
171

226
270
265
265
246
267
245
215
221

275
319
314
314
295
314
294
264
271

325
369
364
364
345
364
344
314
321
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A1AT HSA
A1AT ¥TR
Xtr—EFD—B
¥tr-Spn-8
Xtr-Spn-10
EP45 XTR
Xtr-Spn-12
¥tr-5pn-13
ZPI XTR

A1AT HSA
A1AT XTR
Xtr-Spn-9%
¥tr-spn-8
¥tr-5pn-10
EP45 XTR
¥tr-spn-12
Xtr-Spn-13
ZPT XTR

326
370
365
365
346
365
345
315
322

ST KT S KEWHKAV L) T D -
PI K‘IISKHVHKAEL bl — - |
12T KV SKEWHK{JT VE TDEEE

A

EIH ERDIAAFI

394
437
432
435
414
434
413
384
390

167

370
414
409
412
390
409
389
360
366
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Appendix 8.3.19: Alignment of as-antitrypsin like serpins from Danio rerio. Gene specific features include an inhibitory
RCL (red box). Conserved intron positions are indicated above the alignment.

A1AT HSA 1 - EDPQGDARQKTDT SHHDOQDHE - 21
A1AT DRE 1 MRGHIFCCATAALLVATAWAAPHDGHEGHDHGSHTADHHHHLHHGKDEPH 50
Dre-Spn—-8 1 MWGHIYCCATAALLVATAWAAPHDGHVGHDHGSHT ADHHHHLHHGKDEPH 50
Dre-Spn-9% m T -

Dre-Spn-10 - e mm e -
Dre-Spn-12 e e e e -
Dre-Spn-11 T e e e it -
ZPI1 DEE 1 — MKMGFFTLLIEASLLSVSV 19
ZPI2 DRE 1 — e MEFRLLLVFISACFLCSAE 19

HlHT_HSH 22 ——————- TFHEITPHLAEI OSH——STIU NN E————IR LY
A1AT DEE 51 PSHEGVDACHLLAPHRAMNNYSI ERIPDEO EKNTFESP eS| 96
Dre—gpn— 8 51 PSHEGVDACHLLAPHI HDFBF 96
Dre-Spn—-9% i - 32
Dre-Spn-10 i1 --—-———————— 32
Dre-Spn-12 i - 32
Dre-Spn-11 i - : 36
ZPT1 DRE 20 ; 60
ZPIZ DEE 20 62
A1AT HSA 59 108
A1AT DEE 97 144
Dre-Spn-8 97 144
Dre-Spn—-9% 33 81
Dre-S5pn-10 33 81
Dre-Spn-12 33 81
Dre-Spn-11 37 85
ZPI1 DEE 61 107
ZPI2 DRE 63 108
A1AT HSA 109 158
A1AT DRE 145 AMQLE 194
Dre-Spn-8 145 AMOLE 194
Dre-Spn-9% 82 GVDIDV 130
Dre-Spn-10 82 EVDIDV 130
Dre-Spn-12 82 GVDIDV 130
Dre-Spn-11 86 EVDIDV 134
ZPIl_DRE 108 AROQIPAT HYAHGQOARKGSINY] 155
ZPIZ_DRE 109 SLOMEQ IMASKPAVCESLANY] 158
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A1AT HSA
A1AT DRE
Dre-Spn-8
Dre-Spn-%
Dre-5pn-10
Dre-Spn-12
Dre-Spn-11
ZPI1 DRE
ZPI2 DEE

A1AT HSA
A1AT DEE
Dre—gﬁn—ﬂ
Dre-Spn—-9%
Dre-Spn-10
Dre-Spn-12
Dre-Spn-11
ZPTI1 DRE
ZPI2? DRE

A1AT HSA
A1AT DRE
Dre-Spn-8
Dre-Spn—-9%
Dre-5pn-10
Dre-Spn-12
Dre-Spn-11
ZPI1 DERE
ZPI2 DRE

A1AT HSA
A1AT DRE
Dre-Spn-8
Dre-Spn-9%
Dre-Spn-10
Dre-Spn-12
Dre-Spn-11
ZPI1 DRE
ZPI2 DEE

159
195
195
131
131
131
135
156
159

209
245
245
181
181
181
1856
206
209

257
293
293
231
231
231
235
254
257

3056
341
341
281
281
281
285
303
306

==

YVHEYHT]
AIVIREYHNT

——EGKLOH]
--DG
--DG
MGRET I
MKQKT
MEQENT|
MGRET I

KOSHSIMSTSI
—ADADYT PLIE[)E ISARERTHGTKHMRETETYTPHTETHHTHAHTCHVHTC

331c

VK FAIRYDE GG SLAEASGN
SET#WIEV TSAASSTSV

169

208
244
244
180
180
180
184
205
208

256
292
292
230
230
230
234
253
256

304
340
340
280
280
280
284
302
305

353
389
389
328
328
328
304
351
355
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A1AT HSRA 354 USRS T EF - - KIS VEFTMTIEQHTESPI 391
HlHT:DRE 390 RGN UV T H— —HSRT VI, TVEDSTHS 4129
Dre-Spn-8 330 EEC ISRV TT - — YT VL, TVEDSTMS 4129
Dre-Spn-9% 329 ISDLSEDEAL IFITDOTHDH| 372
Dre-5pn-10 329 IRPTSYDPLSIum: AL IE IFTITDOTHDH| 372
Dre-Spn-12 329 SRR RS TTEFHAE IFITDOTHDH| 372

Dre-Spn-11

ZPI1 DEE 352 Mgl AL TFH - - TEFVVYHEVTEC I DIHTEHN- 391
ZPIZ2 DEE 356 RS RN TTH - — NS FFLYHEET ASTI TOIHTL.S- 396
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Appendix 8.3.20: Alignment of as-antitrypsin sequences from vertebrates. Gene specific features include an inhibitory
RCL (red box). Conserved intron positions are indicated above the alignment. In Tetraodon, A1AT_TNI sequence has gap in
genomic sequence at intron 331¢ position to RCL.

B1AT HSA
A1AT MMU
A1AT RNO
B1AT GGA
A1AT XTR
A1AT FRU
A1AT THI
A1AT DRE

HlHTL_PMH

A1AT HSA
A1AT MMU
A1AT RNO
B1AT GGA
A1AT XTR
AB1AT FRU
A1AT THI
A1AT DRE

A1ATL PMA

B1AT HSA
A1AT MMU
A1AT RNO
A1AT GGA
A1AT XTR
A1AT FRU
B1AT THI
AB1AT DEE

A1ATL PMA

B1AT HSA
B1AT MMU
A1AT RNO
A1AT GGA
A1AT XTR
A1AT FRU
A1AT THI
B1AT DRE

A1ATL PMA

o

=N

22
22

24
23
34
23
50

20
38
38

64
40
58
56
100

68
g6
g6
48
112
89
107
106
149

LARBEARn - IS o - EDYDDRPYMOPFHLTPPPLSVQATEQP

——————————————————————————————— EDPQGDARQKTDT SHHDQD

—————————————————————————————————— FLAEDVQETDT SQKDQ
—————————————————————————————————— FLAEDAQETDTSQQDQ
TKHGKDHDH-—-—— HGHDHGDHDHDHHHHGKGKHHD- - ——— HKHHHHAGE
HQHHN-——-——-———- HWHQHGHE-————————————————————— GHDG
HDHHDHHDH- - - ~-HDHHDHQHG SK—————————————————————— GHDG
HDGHEGHDHGSHT ADHHHHLHHGED - — ——————————————— EPHP SHKG

LASHETWDYPEPLAPGOSPAAS SEEGSSEEEGDERE SHRGEGEREGEEDEY

HPTFHEITPHLAE
SPASHETATHLGD
SPTYBRKISSHLAD
-“-MPEQAVGHEVCO
DMACHETAP SHSQ
EDICHLLSHGHAD

SLYRQLAHQSHST—-|
ISLYRELVHQSNTS--|
SLYRELVHQSNTS ——|
CCFYKEISSHENSG—-|
KLFRQVVADHP SE--|
;FALYKQLNAKSDAG-K
EHPCHLVSNGNADRGFALYKHLKAKSDAK-KJIFFSPLGIS S
VDACHLLAPHNADJAFSLYKKLASHPDAQGKYIFFSPVGIS
KSKTQRIASAVNGLGFRLYKQVLGGAGPA-DYTFFEJIFPTAS

TFHLTETPE - -AQTHEGFOELLETLHOPDSQLOLTTG
FHLTOTSE--ADTHESFOHLLOTLHRPDSELQLSTG
FHLTOITPE--ADTHEAFHHLIOTILHRPDSELOLHTG
FHPRATSE--NHETHEGYROQLTOMTHRENEGLOQLHMG
HFHHTEITE - -EETHHGFOHLLHMLHDPDRELQLH S
I ——GAFNQ--SOVDEAYMHL FHMEEHNEGHOELRT.
I ——SAFNQ--SOVDEAYKHLFHMFEHHEGHOELTT.G
¥ ——SALTP--EQVHEGYEHLLHMIL.GHSQDAMOLEAG
FEELLHGEEEAK SHEYFARTLHSATLYRESAGFELMGK

21
21

23
22
33
22
49

19
37
37

63
39
57
55
99

67
85
85
17
111
88
106
105
148

115
133
133

95
159
134
152
151
198
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B1AT HSA
A1AT MMU
B1AT RNO
A1AT GGA
A1AT XTR
B1AT FRU
A1AT THT
A1AT DRE

A1ATL PMA

A1AT HSA
A1AT MMU
A1AT RNO
B1AT GGA
A1AT XTR
A1AT FRU
A1AT THI
A1AT DRE

A1ATL PMA

B1AT HSA
A1AT MMU
B1AT RNO
A1AT GGA
A1AT XTR
B1AT FRU
A1AT THT
A1AT DRE

A1ATL PMA

A1AT HSA
A1AT MMU
A1AT RNO
B1AT GGA
A1AT XTR
A1AT FRU
A1AT THI
A1AT DEE

116
134
134

96
160
135
153
152
199

166
184
154
146
210
185
203
202
249

216
234
234
196
260
235
253
252
299

265
283
283
245
309
284
302
301

A1ATL. PMA 349

HGLFLSEGLELVDERLEDVEKLYHSEAFTVH
HGLFVHHNDLELVEKRTLEEAKHNHYQAEVESVH
HGLFVHENLELVEKERLEEVENHYHSEAFSVH
HVLFVLDELEPQQ HSLREFYEGE TYPMH

HALFIDHHVELIQQRTDDVEKYYESEAFSTD
HAARAVDETFHNPLEAYMTDIKDYYSAEVLDV
HAARAVHOTFHPLETYMEDTEDY YT AHVFDVD
AGVATRDGFEVVDORLKDAQHYYNSEAFGVD
HVVFSKKGLWLYRQE;RTVRHLFKSH?RS?D

DLVEELDEDSVE'E EPi
AVEELDQINSVE'R KP
DIMEQLDEDINVE'R EPi
DLINNLDPL, KPI
DLLSSVDENAVL KPi

D DOVEDLDPD
D DOVEDLDPI
DET HMVEDLD AT
SEEFTDVISDVDTER

o oa @ m s 0

FLGMFHIQHCEKELS SWVLLMEMLGHATATEFFI -EGELOHLE
LSGMLHVHHCSTLS SWVLLIMD -DGEMOHLE
TELGHMEFDMAYCSTLS SWVLMMD -DGEMOHLE
GIGAFEHGYDEQLSSTVVQOMD 180 - QGEMEKLE

NGHMYHVAFDEELGCTVVOQIP -EGELERQVE

TGEFDYYSDEFDHHSSTIMIP
TGRFDYYFDLDHNHSSVIMMILP
BTGRYDIYQODPVHOTTVLMVE
QPRRAEKLSYAQODRKTLESTVIELP

282b
|
HELTHDITTEFLENE --DRRSASLHLIL
OTLSKELISEFLLHE--ERRTLAQTHFI:
OTLTEDLISEFLLHE--QOTRSATLYFI:
FELSCERMARWRTLVS-EKSHSVHLYLIY
EATEEST TMSWEEQF --BYQSTELT Tix
HSISKEQILHWFHSL--FEMSVELMILIY
GSISKEQILHWHHSL--FEMSVELMT.IX
ESTCRHHLENWHDEL--FERSSVDL
ESVSQEQLEEWLSLLGPSHHYVQLSLIY

SITGTYIM
SISGEYNHI
SISGTYNHI
TLHGERYHI
STMATTI.DI
SISADASIN:
SISADASI
SISATSK
KISVSYDIN

172

165
183
1383
145
209
184
202
201
248

215
233
233
195
259
234
2h2
251
298

264
282
282
244
308
283
301
300
348

312
330
330
293
356
331
349
348
398
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B1AT HSA
A1AT MMU
B1AT RNO
A1AT GGA
A1AT XTR
B1AT FRU
A1AT THT
A1AT DRE

A1ATL PMA

A1AT HSA
A1AT MMU
A1AT RNO
B1AT GGA
A1AT XTR
A1AT FRU
A1AT THI
A1AT DRE

313
331
331
294
357
332
350
349
399

362
381
380
343
406
381
384
398

A1ATL PMA 448

331c
|
LSGVIEE-APIRKL.SEKAVRIKAVLT TDIYK e F ey n oy W N
LSGITEEHNAPIRKT.SOAVEIKAVLT IDI TEAAAVTVLOMVPMSMP
LSGITED-APIRKLSOAVEFEAVL T LINNE e i oy v ey R Aoy L i L
LSGITGQ-POHERTSOATRIOARVVEVDI TEAAAATGME TVPMSVP
LSGIVEG-TPIRKVSKAVEIKAGLSVDI TEAAAATAFE TMPMMTIP
LSGISQE-PEIRKVSEVS ARNE I SCGTTAAASTT TE TMPMSMP
FSGISQE-PERKVSK----——-—————————-EEL STT TE TMPMSMP
FSGMTEE -VEVEVSBEVLEIOAVHS VDI TEAAATTT TETMPMST.P
LSEITGHM-QKISHVDETT| S?LH?HEE TEAKAETVVGIMP TSMP
FIMTEQHTESPI 394
FITFEEHTQSP T 413
ITFMIVESETQOSPI 411
LVITLE--ENTI 374
VITIYDPTIPESTI 437
VLILEESTESTI 413
VLILEHSTRSTI 413
VLIVEDSTHMS II 429
VLIYDEETERV 179

173

361
380
379
342
405
380
383
397
447
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Appendix 8.3.21: Alignment of THBG (serpinA7) protein sequences from vertebrates. Common features incorporated

(as section 8.3)

ATAT HSA

THEG HS5A

THEG MU
THEG EBHNO

A1AT HSA
THBG HSA

THEG MU
THBG BMO

B1AT HSA
THBG HSA
THBG MMU
THBG RNO

A1AT HSA
THBG_HSA

THEG MU
THBEG ENO

A1AT HSA
THBG_HSA

THEG MU
THEG EBHNO

1
1
1

32
48
51
L1

g2
98
101
101

132
148
151
151

182
198
201
201

——————————————————— EDPOGDARQETDT SHHDODHPTEFNEITPHNLA
R R AR AR ARSI RN L - - - SPEGEVTIACHS SOQPHATLYEMS STHA
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Appendix 8.3.22: Alignment of PAI1 sequences from vertebrates. Gene specific features include inhibitory RCL (red box)
and group V3 specific discriminating amino acid indels (indicated by ** or * ) and an intron indel (indicated by $). Conserved
intron positions are indicated above the alignment. A predicted low complexity region (GENSCAN) within the intron at
position 290b for PAI1_FRU was deleted manually.
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Appendix 8.3.23: Alignment of GDN sequences from vertebrates. Gene specific features include an inhibitory RCL (red
box), helix-D (yellow box), a conserved N-glycosylation site (cyan box) and group V3 specific discriminating amino acid
indels (indicated by ** or * ) and an intron indel (indicated by $). Conserved intron positions are indicated above the
alignment. A predicted low complexity regions (GENSCAN) within the intron at position 290b for GDN_FRU was deleted

manually.
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Appendix 8.3.24: Alignment of serpinE3 sequences from vertebrates. Gene specific features include an inhibitory RCL
(red box), a group V3 specific discriminating amino acid indel (indicated by * ) and an intron indel (indicated by $). Due to
sequence heretogeneity, a two amino acid insertion between positions 171/172 cannot be assigned. Conserved intron
positions are indicated above the alignment. In Fugu and Tetraodon, the serpinE3 sequences are fragmentary.
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Appendix 8.3.25: Alignment of pancpin sequences from vertebrates. Gene specific features include an inhibitory RCL
(red box), a conserved C-terminal extension (blue box), group V3 specific discriminating amino acid indels (indicated by **

*) and intron indel (indicated by $). Conserved intron positions are indicated above the alignment. Additional introns at
positions 205b and 217a in PANC_XTR are indicated by !.
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Appendix 8.3.26: Alignment of neuroserpin sequences from vertebrates. Gene specific features include an inhibitory
RCL (red box), a conserved C-terminal extension (blue box), an N-glycosylation site (cyan box), group V3 specific
discriminating amino acid indels (indicated by ** or * ) and an intron indel (indicated by $). Conserved intron positions are
indicated above the alignment. Gaps in the genomic region within NEUS_TNI gene are responsible for gaps in coding region
and the absence of an intron at position 90a (indicated by ?).
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Appendix 8.3.27: Alignment of PEDF sequences from vertebrates. Gene specific features include non-inhibitory RCL
(red box) and a nuclear localization signal (brown box). Conserved intron positions are indicated above the alignment.
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Appendix 8.3.28: Alignment of oz-antiplasmin from vertebrates. Gene specific features include inhibitory RCL with
putatuive operlapping two reactive sites P2-P1 and P1-P1’ (red boxes), cysteine residues [blue box] and N- and C-terminal
extensions. Conserved intron positions are indicated above the alignment. Predicted (by GENSCAN and FGENESH) low
complexity regions at the intron at position 67a for A2AP2_FRU and A2AP2_TNI and at the intron at position 123a for
A2AP1_FRU were deleted manually.
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8L HHMLSSLERRLAGA--TLILASR--VYLOKGYEVEEE
o] K LETVREKELSE3——ILRTATR--IYLEEGFQIEDS
#THESLHNILAGLRFN--DLOTATO--TIFLRQ FOPEQD
M THHILGGLLAHFENT-—-SLEVATR--MYLRPGSEIERS
S8 THHILGHLLPHFENT--SLEVATRE--MY¥LRPGFEVELS
M THTALSSLLENFRER--SHP IASE——-IYLETGFEAESD
—PNLHGTFRDLIQKEITSGESVIENALR—-TF AARNTIEIEKED
—PNPOASFQALVEKLHHGRD 3TN IAAR—-IF TAKHATIEKGQ

EALKKCamID AEKTVDLVEELDRD EVEDNEEEDRIHVDOVT
DPSLPCORDSRHLDEQF
DPSLPCOKDFRIHLDERF
DPSLPOEDSRHLDEQF
DASFPAPDAIHLESDDF
EOTPHFLSDLPODVLLILLI R DFSLPSEDSY INDDH
EENPOFLAALPLNVLVHLII A& D1 DFREFQ= RGARTLDDMI
WreHT SNFLERIPHGVLHL AT DPLEpNS KGVIYTLDIEI
e H T SHEFLES TP HIWVHL ML LA D F THIF EGVTE DIME

EHISEFLISLPPSAVHNLII e LPHF S TENYY IDENC
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g5
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250
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124
1a7
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261
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205
231
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235
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L1AT HSA
LZAP HSL
LZLP_MMU
LZA4P_BHNO
LZLP_GGL
LZAP_XTR
AZAP1 FRU
LZAP2_FRU
LZAP2_TNI
LZAP2 DRE
LZAPLZ_PMA
LZAPL1 PMA

L1LT HSA
LZAP_HZA
AZLP_MMU
LZAP_FNO
LZLP_GGL
LZAP_XTR
LZAP1 FRU
LZLPZ FRU
L24P2_TNI
LZLPZ_DRE
LZAPLZ PMA
AZAPL1 PMA

L1AT HSL
LZAP HS3L
L24P MMU
LZLP RNO
L2AP GGA
LZLP TR
L2AP1 FRU
LZLP2_FRU
L24P2_TNI
L2LP2_DRE
AZAPLZ PMA
L2APL1 PMA

Z215
262
262
262
3l4
zZ08
232
231
236
280
157
231

275
322
32z
JzZ2
374
266
292
£91
298
340
246
294

337
333
383
333
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353
352
357
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307
355

Z238c
I
PHNKRLG—HFNIQHCKKLSSWULLHKELGNATAIFF
EkICARTYPLEWFLLEQPE IQWVAHF PFENNMIFVVL
DIHAVSTPLEWFLLEQPE IOV AHF PFENIMIFVT
el HA QS YPLEWFLLEQPE IQVAHF PFQNNMIFVWV T
EWlIELORYPLAWF TLESQD IOVAKFPFEGHNMIFVVT
Elbl3 ACKYPFEWFFLES IESOVAKF QF KGHMIFVVL
EVRED AKHPL3LF IDNEMD ACWVARFRFRELMSLLVWY
Dbl 3 FOYPFRLLHDPELESOVASF AFEGHNTSF LW
Db M3 30 Y PFRLLHDPELEACV ASFAFEGHNTSFL IV
Dl LGPEYPLSVF THHELD AWV ARFPFEGDRILLYY
CHNDPPTILHRE——-—--REFNLEIZWVDVAQLEFQGDENHML IF
ETCEPTEFASGYPIKKGRHPSLPUTUAKIQFQGNTSLLLF

FLENEDE-RIASLHLI@ALS ITGTYL)
LHFPLVWERP TEVRLIGAL YLEHQMDINY A
LYHPSLOERP TEVWLIAEL HL Q0T TR A
LYOPSMEREEFTEVRLIGAL HLE QHL DR A
LCRLFPEEVPTTVEIRAI TLD Y OLEMMN S
LT3RFPREFKNTHNLEMPALNLD TELE]

LTY3RLPEERAVOVEVIRAF KLEV3QE

LTESELESGHNRIVYLIFELELEMEEDIRST

UL

SHGRDLSGVTEELP
DA
G-
05—
I5-
TH—
ST-
SG-
G-
SH-
Mi-
KT-

DEG-—-KLOHLENELTHDIITE
THFEWNYSOVLANLS———-WDT
TYFEWNVIEVLANLT-—-TWDT
TYFGUNYIEVLANLT-—-WDT
QY TUNTIHVLENFP-——-YG0
T3STUNLIFKLLANF3———-03D
ToSOVIVASLLPELN---V3K
LPGIGNV3ISLLPELN---IS5D
PGIGHNVESVLPELN-—-1I3D
TIGHVINWVIATALELN-—-—-I35D
DEVTTHLTALEQSLISDLLLN
DAVITHNLIALESSLIIQLVTT

PDLRGIZEQS—
POLRGISEQN—
FDLRGISDOI—
FNLOEISDEFP-
PDLIGITHE A
PNLAETADGE -
PHNL3GISDYP—
PDLIGITDHP -
PELDEITEWP—
PDFHNEIZEEP—
POLEEISDIP—
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274
321
321
321
373
265
291
290
295
339
245
Z293

33e
382
3Gz
352
434
JZa
352
351
358
400
308
354

394
440
440
440
491
333
410
405
411
457
iga
415
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L1AT HSL
LZAP HZA
AZLP_MMU
LZAP_FNO
LZAP_GGL
LZLP XTR
LZAP1 FRU
LZLPZ_FRU
LZAP2_TNI
LZAP2 DRE
LZAPLZ PMA
LZAPL1 PMA

L1AT HSL
LZAP HZA
AZLP_MMU
LZAP_FNO
LZAP_GGL
LZLP XTR
LZAP1 FRU
LZLPZ_FRU
LZAP2_TNI
LZAP2 DRE
LZAPLZ PMA
LZAPL1 PMA

442
44z
442
493
335
412
410
459
3iad
417

431

PRELE-——————————— EQODSFGNEDFLOSLKGFPRGDELFGPDLELVEPMEED YR OF GEPK
LPQLQ=——==—mm EQRDSFDNRL IGQNDKADFHGGKTFGPILELAPRMEEDYPOF S3PK
QPQPQ=——m——mm EQODSFDNRRLDQNDEAD IPGGKTF APDLELVPRLEEDYPOF S3FPK
APOVE——— e ELODLPD——m—mm e e e ATDDNEYTHPE
QETGE-——————=———— DPENF DEGFLFK———— === === —mm e e
PVHMQT———————————— GDEVGFP IDESMTRFEGPPE-—————————— e mm e m o
DRMSH-——————————~ DDPLVNGTMS DQPVSVDNENSNNLF TERALCS AP TGENMIMD ————
STMIT-——————————— HEGHADKTDD - —KPFEVHPE—————— - —— o e oo
VEEEEGISSVHYWRFLES TGDGOHHVOALCOSSDYRGFGLRIWDPWCH I TTHV IDESPVANGT
EKKKE-—————————— EEHGDS——————— SSSEEHGGEGKHGKKGEKHHH-————————————

PHNSAVWVINASFERT 443

491
491
491
514
400
435
455
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429
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Appendix 8.3.29: Alignment of protein sequences of C1 inhibitor and fish specific group V4 (FSG4). Gene specific
features include two pairs of conserved disulfide bridges (blue boxes and marked as pair C1 and C2), inhibitory RCL (red
box). Additionally, FSG4 possess two extra Ig domains (labeled as Ig1 and Ig2 domains) with invariant cysteine residues
(pink boxes). Conserved intron positions are indicated above the alignment. Predicted introns in Ig domains of FSG4 are
indicated by #.

#
A1AT H3A - e -
C1IN H3A4 1 ] R P AT S 330D PESLODRGEGEVATTVISENLFVERPIL a0
C1TN MMU 1 IS AR AR P E A TS HE TODPLEAQARSRESFPERDDSWAP-PEPTVY 59
C1TN ENO 1  EAARENS ARG S EV T HS 50D P LV QEGSRDAVPERD GIREP-TEHT G 59
C1IN GGA 1 - —————— TPALEPLGP-————————————————— VEFWVL 32
F3G4 FERU 1 iGN AN RNl - — C TH-L OV TSGSSLELP S LPA-VTEFITAPASWTEFN, VIIL 56
Facd THI 1 AR RN AN IRNEAR SN —— C TR - LTV TTGVSLELPSFPARLPELVTAPITWUTFN MML 57
F3G4 DRE 1 sl — ————| GIRARARG R T L L Y33 T3 -—-LP VPDNAPALAGSTYIWNF - '\ ——— 49
Igl Dom-—
#
L1AT H3A - -
C1IN _H3A 61 EVSSLPTTHNITTNSATEITANTTDEPTTOPTTE-—-——--—-———-————— - ———— a3
C1IN MMO &0 LP3ITWPTTIVAITITHNDTHGEVANESF3QHIOP-—-—-—-——————— az
C1IN BWo &0 OQ33TWPTTIGAITEISNDTMDOVANESFIQHVOP-—-—-—-—-—- az
C1IN GGh 33 AP———-—---m———— EESGTAAG3VATPEPE--—-——-——-"-"-""""""""""""""-—— 51
Face FET 57 SAAVEDEVREIKRDGLYLZIZPITAAHOGOVACLVE-——-VINNDIVRTYDIAVI 5———- 1058
F3G4 TWNI 538 GAEASDIVREIKENGIYLIIFPVIVAHOGOTVOLVN-——-QTHMMNILBAYTITVT '5---- 109
F3G4 DEE 50 -APQTEPHTLIERGEILTLENVNIIVIGOYE VOEGYRDEARVRRSRTFILOVE 'PPLLG 108
ain
A1AT H3A - e -
C1TM H3A 94 -——-————— PTTQPTIQPTOP——--TTOLP-—-TD3PTO-————————————————————— 116
C1IN MHO 93 -—----—-- AAQLPTDSPGOPPLNAS30PSTASDLPTO - - —————— 121
C1IN BWNO 93 -—-—————- RAQLPEDSPROSPVNSS 3PP TASLAPPTO - —————— 121
C1TN GGA 52 —-—-—————- TTTPPETPPGT——————————— INPP———————————— - a7
Facd FREU 105 FAYDINAAQGITIVLP S VFPHSIO-TLANALWYEETGIG-—————— OETLLHFSEEPLDE 160
F3z4 THNI 110 LFYEINALQGSTIYLFP  IVPOSNQ-IPAKALWYKETDAG-——-——-- QOR3--DFREGASGE 159

F3G4 DEE 105 EWOWIRVELGYDVILF EVIFSNETISPIVVWEQVTGOGAVLLNPDENTIVEEKEEKDEE 168
Ig2 Domain

RIAT HSE 1 mmmm e e EDPQGD &
CLIN HSA 117  —mmm e e e e e e PTTGSFEPG 125
CLIN MMU 122 ———m———mmmm oo oo oo o ATTEPFMPE 130
C1IN BNO 122 ————mmmmmmmmmm e APTEFL®FE 130
CLIN GGL B8  —mmm o e e e e e PG 70

Fac4 FREU 161 LER-VQOIYPLDODOSVEF THNVLMEDIGTYRAESPEGEELIVVREVTVEVAPTPVE VI MGE 219

Fact THNI 160 MOR-LOR-YTPLAHDOEWITTNVVEEDIGTYT EYPVGVELITILVTVE-—-APVPTIMGE 214

F3G4 DEE 163 PORVFWDISPEERDWAIKISOTRWEDAGHMYOOVINTNQTLLVELEMEG——--—-FFPPHEEG 224
C1
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A1AT HSA
C1IN HSA
C1IN_ MMU
C1IN_ENO
C1IN GGA
F5G4_FRU
F3G4_THI
F3G4 DRE

A1AT HSA
C1IN_HSL
C1IN_MMU
C1IN_ENO
C1IN_GGA
FSG4_FRU
FSG4_ TNI
FSG4_DRE

A1LT HSA
C1IN HSA
C1IN MMU
C1IN RNO
C1IN GGA
F5G4 FRU
F5G4 TNI
F5G4 DRE

A1LT HSL
C1IN_HSi
C1IN_MHU
C1IN_ENO
C1IN_GGL
F3G4_FRU
F5G4_TNI
FSG4_DRE

1z6
131
131

71
Zz0
215
225

aa
133
135
135
130
279
274
254

1z4a
232
237
237
130
331
326
336

156
291
296
296
239
380
3g5
395

AAQETDTSHHDODHP TFNEITPNL AERAF SLYROL AHO-23NS RV TATAFANL S
———PVTLMSDLESHSTEAVLGDALVDRISLELYHLF 3 AMEEVE = ] T L
———PLACWEDSDRDSSEARKLSEAL TIRSVELYHAF S ATEMAK TOWVL
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FATEWEPMLDODSRSDEAVLOESLAERSMELYSFLEES-LPSDI SHLL
TTDFWESMNDPD RS SKATLOESLGDRSTSVYSELEGS -ELE SHLL
C1
B7a 123a
I I

LETELADWHDEILE FHLTEIPEAQTHEGFOQELLETLNQPDSOLOLTTGNGLFLSEGLE
LEAGENWETHNLES IS Y ——-PEDF HOALEGFT-——————- TEFITAVIQIFHIPDLA
LEAGD A ESNLES IS Y ——-PEDF HOALEGFE———————— AEGTTAVIQIFHIPDLA
LEAGDOWESNLED I3 Y ——-PEDF HOTLEAFS———————- SEGVTEVIOIFHEPDLA
LgARGEQNOORL LA T)RGY———- 0P GL H3ALOOLVI——————- VSGLLSATYIFHHPDLH
LEARD TIyWORATER WAV ——-PHDF 3@ HF OMAKLREKL ————— AISLOM3I3IQITYHFENI
LEARGENORATES MRV ——-PHEFSMIHFHIKKLEEKL - ———— DTILOMAIQIYYHPDIN
LEARGENWRMHLE GL———PLGFS LHTELKKLRGUH ————— EDTLEMASATIFYNPEQOQ

ERGRCEH D LVEELDRDQVE

A SRLLDSLPSDRRL
AEN@HEMEKLLDSLPSDRRL
HEMMNELLDSLPSDRERL
REAWHELVPOLLSQLPDEPEL
AN QHLVDSVSPS QLHF
AN QRLVDESVSSS
ENFQNEFHTOL IDDVDPS

IRD TYWHAIOSLYGISPRVLGP-DSAANLEL
IRD TYWVMASLSLYGISPREVLGP-DGD ANLEL
LEPRRLNEZWEFYEARPRELSG-NGILDLO
L3ESgTMOS IOFYESVPTRLLE-TSEENTY
LIESRTHNHIIQFYEAVPTRLLE-TSEENTH
LAEMITMNOIKEF YEFVEOEL TH-D S TRV AL

L_'L_'L_'L_'L_'

LUDKELEDUKKL?HSEAFT?NEGDTEEAKK
IRDTFVMASRTLYSSSPEVLSN-ISDANLEL

mwmonmEAgd 448
=)
=

19Za 238
I I

WY IF A FINERPRIEVEDNWE EE DRHVD OV T TV IKRLG—HFNIQHCKKLSSH?LLHKE
WATYLSAKWETTIID PEFWENEPRHF E-I3WV T SEEYPVAHF IDOTLEAEVGOLOL
WAVYLSAKE I TIREP EE-NMAPRF TE-TISHI SEVEYPVAQFDDHTLEAEVGOLOL
WAVYLS AFNEETIE OFE-MMASIRL TE-NSHNI ILSSKEYPLALFNDOQTLEAFRVGQOLOL
SAVHIEO AR KTKHE?LLP MEHGHEPWVD
WAV KLERDLLNP-RDALRYSELNGDLVS
IMAYS ELERLSEP-EERHRTEPNGDLVS

IT3EEYPVASFTDPRLOVOVGELEL
LAY K ESTH-NEEFRTHMF3GETED

[ = I = I = N

PVFHHPDYLLATMIDNALEACVGREF AL
MVLYHOIYPLAMTLD TDLEANVARF AL
KTLY3sNY ILONGYNEQLEADVGEFPL

193

65
15z
137
137
1z9
275
273
243

125
231
236
236
179
330
325
335

135
290
295
295
238
3ge
354
394

244
349
353
353
295
445
443
453
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A1AT HSA
C1IN HSA
C1IN_ MMU
C1IN_ENO
C1IN GGA
F5G4_FRU
F3G4_THI
F3G4 DRE

A1AT HSA
C1IN_HSL
C1IN_MMU
C1IN_ENO
C1IN_GGA
FSG4_FRU
FSG4_ TNI
FSG4_DRE

A1LT HSA
C1IN HSA
C1IN MMU
C1IN RNO
C1IN GGA
F5G4 FRU
F5G4 TNI
F5G4 DRE

245
350
354
354
299
449
444
454

£99
409
413
413
358
507
S04
514

358
466
470
470
414
S564
561
57z

LGHMATATFFMIDE-——-GELOHLENELTHD IITEFLENEDR——-E3ASLHLIGELS ITGTYD
SHNL ALV ILVyoN-LEHRLEDMEQALSPAVFEATINEKLEMSKFOP TLL TLIgE T TT3 QD
SHML3FVI F-PEHOLEDVEEALNPTVFEAINEELELIKFLPTYLTMIHIEVESSQD
SHMLAFWVI O3-FPTHOLEDMEEALNP TWFEAILEKLELIEF QP TYVHMR IEVESS QD
AGGLALVVLVYRG-FPEALEAVERALDPPTFLALLORAANTPVREP TTVALIRRLHLDL AV
TGDESLYIL ——TWYDLOLVEESMTYD TLROLMDEMETVWVEFOETEVTLIgIELDWVERD
TGETALY VLA HTHAD L OOV EERNTD TALLEN IHMHETIVPORKAEVILIFRIELDVERD
TS LY ILVYRTL3EESF LLMENN IMNEN TLEEMVIEMI QTR AQS AEVTLIRATEL TMTT2

BesvilcoLEIT

ML IMEKLEFFD-
MLSVMEKLEFFD-
MLZIMEKLEFFD-
VVAKVHDMDFG-L
MFULMEKLELSSL
MF ML MEKLELHSL
VDDLARNMELSDL

SNGEDLSGvTEEAPLKLSK—A KAWL TID
SYDLNL@GLTEDPDIRCV S A- MOEOTVLEL
TYDLHNL@GLTEDPDIRCOV S A- MERETVLEL
TYDLNLM®GLTEDPIRCYSS-HERETVLEL
L-DREE LML AOGPEV AV -D A LOEAVLTLD
E-DEIL GLYSEDEEEL—DD? IEGLLAL

Dot

E-DEL®GLYIED L-DEVEERGFLAL
-PHNL@GHFPGEPESF IZDVEREEAFLSL
Ca

(r
(r
e
Lr
i r
(r
(r
e
Lr

]

M= TP PEE A3 FLMIECNTESF|R 394
R TL LWV Nt LFVLWD QOHEF PV S00
-FEWVQ LFLLUDQQHRF PV S04
—-FEWVQ LFLLWDQRHEF V)3 S04
REIALCSINER LFVLWDEGNAIR|®NY 445
w-F34L IFLLWADRAN PRy 596
F3ALL FLLWSDOANV PR 593

IS -F S AL LILWIDE A AVERgME a4

194

295
405
41z
41z
357
506
503
513

357
465
469
469
413
563
Sa0
571
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|
Appendix 8.3.30: Alignment of ATIIl sequences from vertebrates. The ATIII gene specific features are conserved helix-D

(yellow box), eight residues involved in heparin binding (orange box), six cysteine residues (blue box) and N-glycosylation
sites (cyan boxes).

L1AT H3A e -
ATIIT H3A 1 SCGEREVYLLSLLL IGF WDCW T Clstessiatat v aiii 5
ATIIT MMU 1 g AAGERELCLLSLLL IGALGC AT Clateduaytany iy ik 59
LTITITI BNO 1 pFEEReay VAGERELCLLSLLL IGALGC A Clte o sty el i S 59
ATIIT GA 1 ARy A M) Wk ) N Ay — — — — — — — — —— ————— DIWTASE 44
ATIIT XETR MY LLILLLLISLLG .’ FOH-ADIWLAL AP 44
ATIIT FRU 1 ey Ry A s AT N — — — — — — — —— —— —————— VLD ImzaHF 43
ATIIT THI 1 AR E g A A — — — ——— ————— VLD I3 auF 43
ATIIT DEE 1 AR AN N — — — — ———————————— HATED I®I AP 44
1c
L1AT H3A 1 - EDFQGD ALK TD TS HHDODHP TFNEITPNL AERQAF SLYROL AHO- 33T IFF 52
ATIIT H3A 53 —-—-EEEATEDEGSEQ----KIPELATHN: WVWELSEANIRRLTTFYOQHLADIENDNDWIFL 110
ATIIT MMU 60 ----GEEATEEDGSEQ--—--EVPELTHN: S WVWELSEANIRRLTNF TOHLADIENDNDWIFL 111
ATIIT FWNo 60 —-—--ARKATEEDVLEQ----EVPELTHNSWVWELSEANIRRLTHNF YOHLADIENDNDNIFL 111
ATIIT oGAL 45 -—-—-- EFFFQESEVLDPGEGRIPDF TNR EVWEL IRANSRAVF YEHLPNSEDEEER TFL 99
ATIIT XTR 45 EVVETEEEEREPTTQEQ---EVPESTHNF:VYELSQANAFRATLFTENLADSERDEERTIFHN 101
ATIII FEOT 44 -—-—-——- PEAPEPLTTHP-——--VPGETHP  WVWELSKAN ARRANS LY ECVASSRGPESNIFH 23
ATIIT THI 42 ----——- FOGAQPPTTPP———-VPESTHNP I VWELSKANGRAL ALFEOVASS-RPEDRVE N a7
ATIIT DEE 45 -—-—-—-- EIQPHNEEPEN-——-IFVGTHNR VWELIKANSRALSLFEQLAEGESHNDER TFL 23

=1
I

EILATAFAMLIL TKADEHDEILEGENFN—LTEIPEAQIHEGFQELLRTLN—QPDSQL 110
RISTAF AMTELEASNDTL 0OLMEVFEFDTISEKTSDOIHFFF A UL ANESS 170
RISTAF AMTELEASNDTLEQLMEVFEFDTISEKTSEDOIHFFF A UL LY S ANESS 171
EIZTAFAMTEL L LY S ANESS 171
EIZTAFAMTEL CGDELQQLHEUFQFDTISEKTSDQUHFFFA L LY AZANESS 159
RISOAF TMAEL TLEQLMEVFHFDTWIERASDOQIHYFF AL LF 5 ANESS 161

L

L

L

L1AT H3A 53
ATIIT H3A 111
ATIIT MMO 112
ATIIT FNo 112
ATIIT GA 100
ATIIT XTER 102
ATIIT FRU 24
ATIIT THI 25
ATIIT DEE 24

1
=
=

WIZTAFAMTEL OTLEQLMEVFEFDTIKEETSDOVHFFFA LT v EDESN 153
WIZTAFAMTEL OTLEQLMEVFOFDTIKEETSDOVHFFFA LT EDATT 157
EIZTAFAMTEL TTLEQLMEVFOQFDTIKEETSDOVHFFFA LT “EHETT 153

) (1 (1 (1 (1 (1 (1 0

AR1AT H3A 111 QLTTGNGLFLSEGLKLUDKELEDUKKLYHSEAF EKGE 1a9
ATIIT H3A 171 ELVIMRLFGDEILTFHNETTODISELVYGAELQPLD SHETE 230
ATIIT MMU 1%z DLVIANRLFGDEILTFHNESTODVIEVWTGAKLQPLD AMETE 231
ATIIT FNWNo 172 HNLVIANRLFGDEILTFHNESTODVIEIVTGAELQPLD AMETE 231
ATIIT oGA 160 ELISANRLFGEEISLVFNETYONISE IVVGAELWEL AMETER 219
ATIIT XTR 16z ELVSVNRLFGEEILTFHNETYQDISEIVVGAELWEL SHETEE 221
ATIIT FRU 154 ELVIANRLFGDEILAFDOTYONISETVYGAELLFPLD WISHETENL 213
ATIIT TWI 158 ELVIANRLFGDOIDLOSQTYONISETVYGAELLFPLD N ST T SHETENL 217
ATIIT DEE 154 ELISANRLFGDKSTTFNETEQHISETUYGAKLHPLD FEFFEALASRITEYEWTI ANETERN 213
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L1AT H3L
ATIIT H3A
ATIIT MMU
ATIIT EFMO
ATIIT GA
ATIIT XETR
ATIIT FRU
ATIIT THI
ATIIT DEE

L1AT H3A
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ATIIT MMU
ATIIT EFMO
ATIIT GA
ATIIT XETR
ATIIT FRU
ATIIT THI
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L1AT H3A
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ATIIT THI
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ATIIT MMU
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ATIIT XETR
ATIIT FRU
ATIIT THI
ATIIT DEE
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220
222
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215
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226
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280
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a77
Z7a
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334
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332
337
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340
407
403
403
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399
391
39a
392

VDLVEELDED———- i, ERPREVEDWEEED
TOWVIFP3IEAINEL-- { KRS PENWREEL
FIVIPQGAINEL—— { KRS PENWEEEF
FIVIFPQGAIDEL-— { KRS PENWEEEF
TEVIFEEGIDDL-- { EZ P APMIWELDL
TODVIFEDAITFD—- { K3 SENPEND
QDTLP-PGVLDEN— { FIEDEDNV VS E
QDTLPDTGVLGLOD A— SERNMERRDEDIV TV ID
FDTLP-EGIIDTHN- X CNRI'-I DEQMNVHELD,

dfzc!

I
DEGE-LOHLENELTHD IITEFLENEDRES
FPEEILAFKVEEKELTPEVLOQEWLDELEEMM
FPEEILAFKVEQELTPELLOQEWLDELSETH
FPEEILAFKVEQELTPELLOQEWLDELSEVH

HFNIQHCKKLSSH?LLHKELG—NATAIFF
FFRYREVAEG-TOVLELPFEGDDITHMVLI
FFEYRRVAEG-TOVLELPFEGDDITMVLI
FFEYRRVGEG-TOVLEMPFEGDDITHMVLI

FFEYAFIQEDEVOVLELPREGDD ITHVL FAGTPLVEVERDLTSDELODWIDIMMEWS
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Appendix 8.3.31: Alignment of HSP47 homologs from vertebrates. Group V6 gene specific features are a non-inhibitory
RCL (red boxes) and an endoplasmic reticulum (ER) retention signal (light blue boxes). Fugu gene HSP47_FRU1 has two
additional unique introns at positions 36b and 102c. In HSP47_TNI, the intron at position 192a is tentatively assigned
(indicated by ?) and an additional low complexity region at the intron at position 300c (predicted by GENSCAN and
FGENESH) was deleted manually.

A1AT HSA
HSP47 HSA
HSP47 _MMU
HSP47_RHO
HSP47 GGA
HSP47 XTR
HSP47 1 FRU
HSP47 2 FRU
HSP47 THI
HSP47 1 DRE
HSP47 2 DRE
HSP47 3 DRE
HSP47 PMA

A1AT HSA
HSP47 HSA
HSP47 _MMU
HSP47_RHO
HSP47 GGA
HSP47 XTR
HSP47 1 FRU
HSP47 2 FRU
HSP47 THI
HSP47 1 DRE
HSP47 2 DRE
HSP47 3 DRE
HSP47 PMA

A1AT HSA
HSP47 HSA
HSP47 _MMU
HSP47_RHO
HSP47 GGA
HSP47 XTR
HSP47 1 FRU
HSP47 2 FRU
HSP47 THI
HSP47 1 DRE
HSP47 2 DRE
HSP47 3 DRE
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192al!l
AIAT HSA 144 LVEELDRDJV--F. 201
HSP47 HSA 159 PEVTKDVERTDG--ALl 216
HSP47 MMU 159 PEVTKDVERTDG--ALl 216
HSP47 RHO 159 PEVTEDVERTDG--AL|S 216
HSP47 GGA 147 PEVTEDVEKTDG--AL 204
HSP47 XTR 167 PEVISDMERTDG--AL 224
HSP47 1 FRU 147 PEITEDVQHADG—-AM 204
HSP47 2 FRU 157 PLGKGDSKAD———————————— 178
HSP47_THI 2 T 87
HSP47 1 DRE 147 KI FRSATIHSIRUEWARKT PEITEDVEHTDG—-AM 204
HSP47 2 DRE 145 KI ERSA HASKS PEVTEDVEETDG--AMII| 202
HSP47 3 DRE 155 ALEDAQKQSDMEKL(YWAKSGMDEEETAALKTALEFRAGAMI] 214
HSP47 PMA 177 EVHLEDKRGALKALFWAAQHY AKELDGADG--& 234
225a
|
A1AT HSA 202 GMFHIQHCKKLSSWVLLMKNL GH-ATATFFRSDEGK- 259
HSP47 HSA 217 TELYNYYDDEKEKL QLVEMPLAHKLSSLII P 276
HSP47 MMU 217 RTGLYNYYDDEKEKL QMVEMPLAHKLSSLII P 276
HSP47 RHO 217 TELYNYYDDEKEKL QLVEMPLAHKLSSLII P 276
HSP47 GGA 205 RTGLYNYYDDEAEKL QVVEMPLAHKL S SMIF I P 264
HSPa7 XTR 225 TELYNYLEDEENGLQILEMPLAHKLSSMLF T P 284
HSP47_1 FRU 205 TGLYDFYDDEVHRIYVLHMPLGQKQASMILTMIVHIEP 264
HSP47 2 FRU 179 RAGLYRFHED IQHMVQVLEAPLWGGKASMVLLIBZFHVED 236
HSP47_THI 88 RAGLYRFYEDMENMVQVLEAPLHGGEASVVLLIBSFHVES 145
HSP47 1 DRE 205 RTGIYGFYED TENRFL IVSMPLAHKKS SMIF T P 264
HSP47_2 DRE 203 RTGIYGFLDD T THKLLVLEMPLAHEMS SLVL T S 262
HSP47 3 DRE 215 RS GVYRHYEDMENMVQVLELGLWEGKASIVLLIIZFHVES 272
HSP47 PMA 235 TGFYNFYHDERAQVQLLEMQLEGHLESLLIABJLHTES 294
AIAT HSA 260 LQHLERELTHDIITEFLENEDRRSASLHLG 318
HSP47 HSA 277 LERLEKLLTKEQLKIWMGEMQKEAVAISL: 336
HSP47 MMU 277 LERLEKLLTKEQLKAWMGEMQKEAVAISL: 336
HSP47 RHO 277 LERLEKLLTKEQLKTWMGEMQKEAVAISL: 336
HSP47 GGA 265 LERVEKLLHREQLKTWASFMEKRSVAISL: 324
HSP47 XTR 285 LERVEKLLTREQVKTWVGEMTKEAVAVSL: 344
HSP47 1 FRU 265 LERLEKLLSKEQVDTWISEMTHEAVAISL: 324
HSP47 2 FRU 237 LARLDKLLTVQLVSEWLEESSMSSISISL: 296
HSP47 THI 146 LARLDRLLSLQLMSEWLEESSISSVSISLE 205
HSP47 1 DRE 265 LDRLEHNLLTRQQLDTWISKLEERAVAISL: 324
HSP47 2 DRE 263 LERVEKLLTRQQLHTWVSAME(QEAVAISL: 322
HSP47 3 DRE 273 LARLDRLLTLDRLEEWFGELHSTSMALSLI: 332
HSP47 PMA 295 LERLEKLLTKQQLEEWTSKLQEKTIAV 354
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AIAT HEL 319 SGVTIEE--API 1|i.l"LTIIZIIEI(— GTEAAGAMFLEATPHMSTPPE 375
HSFP47 HSA 337 SPEMSGE--EDI S‘iil']:" A AN ECHPF DD IYGREEGLRSPEL 392
HSP47 MMU 337 SPEMSGE--EDI I AHE R Y N CHPFD D IY GREEGL RSPEL! 392
HSF47 RHO 337 SPEMSGE--EDI I AHE R Y N CHPFD D IY GREEGL RSPEL! 392
HSFP47 GGA 325 SKISGE--EDI SHVFI IR GHPYDAD TY GREEGHMRHEPEL 380
HSFP47 XTR 345 SKISGE--EDI SMFI IR GHPFDSDIYSREEQL RAPKEL 400
HSF47 1 FRU 325 SHISGE--EDI 3 ) FHEAT AT AR T R CHE YD TS TF GTEKGQL KHPEL| 380
HSF47 2 FRU 297 SEVSGEAKG] SAVLOWISLELAAQA 353
HSF47 THI 206 SEVSGESEG] GAVLOQWISLELAADA 262
HSF47 1 DRE 325 SHISGE--EDI LT AR R ) Y S GHPFDP S IF GSERBMRHPEL| 380
HSF47 2 DRE 323 SHISGE--EDI SHYFL ASAMEWDTE - 378
HSF47 3 DRE 333 STLSSLGQG G.IWI.I* GHSHKDIWLEDED 389
HSF47 PMA 355 SGMIGG—-RE BB RHYE AR Y N CEEYDMSVHGHP DEMRHPHL| 410
AI1AT HEL 376 394
HSP47 HSA 393 417
HSP47 MMU 393 417
HSF47 RHO 393 417
HSFP47 GGA 381 405
HSFP47 XTR 401 425
HSF47 1 FRU 381 405
HSF47 2 FRU 354 378
HSF47 THI 263 287
HSF47 1 DRE 381 405
HSF47 2 DRE 379 403
HSF47 3 DRE 390 414
HSF47 PMA 411 435
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Appendix 8.4: List of marker genes flanking serpin genes.

Appendix 8.4.1 Marker genes flanking Ciona serpins.

Name Accession id ‘ Brief description

bZIP ¢i0100130316 | Basic-leucine zipper (bZIP) transcription factor
Pleckstrin-like | ¢i0100130317 | proteins involved in intracellular signaling or as constituents of the cytoskeleton
Lactase ¢i0100150830 | Carbohydrate transport and metabolism
SEC25 ci0100151625 | Vesicle coat complex COPII, subunit SEC23
fCRD ci0100134603 | Secreted frizzled-related protein working as a Wnt antagonist.
CGI-69 ¢i0100134650 | Mitochondrial carrier protein CGI-69

ZPR-1 ci0100134707 | Zn-finger, ZPR1 type

PreRYK 0100134759 | RYK receptor-like tyrosine kinase precursor
DZIP1 ci0100141107 | Zn-finger, C2H2 type

GKReg ¢i0100135373 | Glucokinase regulatory protein

Kv+ 0100147129 potassium voltage gated Kv channel

NGAP like ci0100147243 | NGAP like protein

SOH1 ci0100147293 | Transcriptional regulator SOH1

VTRS ¢i0100152710 | Valyl-tRNA synthetase

STXBP1 ci0100147806 | syntaxin 5

ChMH ¢i0100147808 | Chondromodulin-1 precursor

SUR4 ci0100147829 | Surfeit locus protein 4

NET-7 ci0100147944 | tetraspanin 15

SPARC ci0100148004 | Calcium-binding EF-hand

Fbox like ¢i0100131254 | Cyclin like F-box

WD40 ci0100147754 | G-protein beta WD-40 protein

Appendix 8.4.2 Marker genes flanking group V1 serpin genes in vertebrates.

[ Brief description |
GMD GDP-mannose 4,6-dehydratase

WHIP Werner helicase interacting protein 1

RIPK1 Receptor (TNFRSF)-interacting serine-threonine kinase 1
BPHL Biphenyl hydrolase-like (serine hydrolase; breast epithelial mucin-associated antigen)
TUBB2A Tubulin, beta 2A

TUBB2B Tubulin, beta 2B

SEC5 EXOC2, Exocyst complex component 2

FOXQ1 Forkhead box Q

FOXF2 Forkhead box F2

DUSP15 Dual specificity protein phosphatase 15

IRF4 Interferon regulatory factor 4

PECI Peroxisomal D3,D2-enoyl-CoA isomerase

RPP40 Ribonuclease P/MRP 40kDa subunit

CDYL Chromodomain protein, Y-like

GPS GDP-fucose synthetase

P5CR Pyrroline-5-carboxylate reductase

EF1D Elongation factor 1 delta

FVT1 Follicular lymphoma variant translocation 1

VPS4B Vacuolar protein sorting 4 homolog B (S. cerevisiae)
SNX-16 Sorting nexin 16
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ZFPH Zink finger protein homolog

MTI Mitochondrial topoisomerase |

ACVR2B Activin receptor IIb

FAM82B Family with sequence similarity 82, member B

SPSB3 SplA/ryanodine receptor domain and SOCS box containing 3
WWP1 WW domain containing E3 ubiquitin protein ligase 1

CKl Type | cytokeratin

STARTD3 StAR-related lipid transfer (START) domain containing 3
SCF9 Solute carrier family 9

FAM110C Similar to FAM110C

SHEPB Similar to sodium-hydrogen exchange protein-beta

Appendix 8.4.3: Marker genes flanking group V2 serpin cluster.

Gene Brief description

DICER Dicer1, Dcr-1 homolog

GSC Goosecoid

HEATL KIAA1622 or HEAT-like repeat-containing protein
DEADB DEAD (Asp-Glu-Ala-Asp) box polypeptide 24
ITPK1 Inositol 1,3,4-triphosphate 5/6 kinase

GLRX5 Glutaredoxin 5 homolog (S. cerevisiae)

Appendix 8.4.4: Marker genes flanking serpinA7 in mammals.

Gene ' Brief description

IL1RAPL2 Interleukin 1 receptor accessory protein-like 2
NRK Nik related kinase
MUMA1L1 Melanoma associated antigen (mutated) 1-like 1

Appendix 8.4.5: Marker genes flanking group V3 serpins in vertebrates.

Gene Brief description

Flanking PAI1 gene

AP1S1 Adaptor-related protein complex 1, sigma 1 subunit
MUC3B mucin 3B

MUC12 mucin 12

MUC17 mucin 17

Flanking neuroserpin-pancpin genes

PDCD10 Programmed cell death 10

GOLPH4 Golgi phosphoprotein 4

Flanking GDN gene

CUL3 cullin 3

AP1S3 Adaptor-related protein complex 1, sigma 3 subunit
WDFY WD repeat and FYVE domain containing 1

S28 Serine carboxypeptidase S28

Flanking serpinE3 gene

GUCY1B2 Guanylate cyclase 1, soluble, beta

ARL11 ADP-ribosylation factor-like 11

WDFY2 WD repeat and FYVE domain containing 2

INTS6 Integrator complex subunit 6/DEADH box 26
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Appendix 8.4.6: Marker genes flanking group V4 serpins in vertebrates.

Gene Brief description

OATP Organic anion transporter polypeptide

SCF Solute carrier family

SCFL Solute carrier family like.

NUP98 98 KDa Nucleoporin

RTN4R Reticulin 4 like receptor 1

DPH1 Region containing DPH1-OVCA2

RPA1 Replication protein A1 70 KDa

WDRD WD repeat domain

SMYD4 SET and MYND domain containing 4

FMO Flavin-containing monooxygenase

ZDHHC5 Zinc finger, DHHC domain containing 5

ABP ATP/GTP-binding protein

SHTAR 5-Hydroxytryptamine 4 receptor

TAR1 Trace amine receptor 1

DOC2B Double C2-like domain-containing protein beta (Doc2-beta)
similar to mouse rabphilin 3A homolog

Appendix 8.4.7: Marker genes flanking group V5 serpins in vertebrates.

Gene Brief description

RC3H1 Ring finger and CCCH-type zinc finger domains 1
STIL TAL1 (SCL) interruptin

ZBTB37 Zinc finger and BTB domain containing 37

Appendix 8.4.8: Marker genes flanking group V6 serpins in vertebrates.

Gene Brief description

ARRB1 Arrestin, beta 1

GDPD5 Glycerophosphodiester phosphodiesterase domain containing 5
MAPG Microtubule-associated protein 6

MOGAT2 Monoacylglycerol O-acyltransferase 2

DGAT2 Diacylglycerol O-acyltransferase homolog 2 (mouse)
RPS3 Ribosomal protein S3

EFNB3 Ephrin B3

TRAP Tudor repeat associator with PCTAIRE 2

GUCY2F Guanylate cyclase 2F, retinal

LRR Leucine rich region

202
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Appendix 8.5: List of Figures.

Figures Caption to figures Page
No.

1 Three-dimensional structure of uncleaved a1-antitrypsin (PDB code 1HP7), a member of the serpin family. 4
2 Branched pathway model. 5
3 Physiological functions of selected serpins in vertebrates (A) or invertebrate model organisms (B) 6
4 Gene structure-based phylogenetic classification of vertebrate serpins. 7
5 The phylogenetic tree of animal evolution. 8
6 Models and examples of intron gain. 10
7 Models (A-B) and example (C) of intron loss (taken from Roy and Gilbert, 2006). 1
8 Fate of duplicated single genes (A-C) and duplicated gene families (D-E). 12
9 Exonization of intron sequences to generate novel gene products. 13
10 Exonization of an Alu element. 14
1 Exonization through RNA editing. 14
12 Intron early (E) hypothesis and intron first (F) hypothesis during evolution of life. 15
13 Intron late (L) hypothesis during evolution of life. 16
14 BLAST algorithm. 21
15 Overview of FASTA algorithm. 22
16 An example of the hidden Markov model for protein sequence alignment based on SAM (sequence

alignment and modeling) (Krogh et al., 1994). 24
17 Summary of multiple sequence alignment algorithms (Thompson et al., 1999). 24
18 Steps in CLUSTAL algorithm. 25
19 Algorithm of MUSCLE. 27
20 Algorithm of T-COFFEE. 27
21 The UCSC genome browser as seen in Firefox 2.0 web browser. 30
22 The Ensembl browser as seen in Firefox 2.0 web browser. 31
23 The NCBI mapviewer as seen in Firefox 2.0 web browser. 31
24 Protocol for phylogenetic study of vertebrate serpins. 33
25 Generalized scheme of intron position mapping. 35
26 Xenopus tropicalis. 42
27 Danio rerio. 43
28. Tetraodon nigroviridis. 45
29. Fugu rubripes. 46
30 Petromyzon marinus. 47
31 Ciona intestinalis. 48
32. Comparison of gene structure of vertebrate serpins and Ciona serpins. 50
33 Genomic organization of Ciona serpins 51
34 Comparison of genomic organization of Ciona serpin Ci-Spn-5 and Human ATNII. 51
35 Comparison of genomic localization of Ciona serpin Ci-Spn-9, Ci-Spn-10, and human HSP47. 52
36 Phylogenetic tree of Ciona serpins 52
37 Branchiostoma floridae 93
38 Strongylocentrotus purpuratus 54
39 Nematostella vectensis. 55
40 Synteny organization of group V1 serpins in vertebrates. 59
41 Genomic localization of serpinB6-like genes in fishes. 60
42 Genomic localization of Dre-Spn-4 from Danio rerio. 60
43 Genomic localization of four group V1 serpins from Danio rerio namely Dre-Spn-6, Dre-Spn-29, Dre-Spn-30,

and Dre-Spn-31. 61
44 Evolutionary tree of group V1 serpins from different vertebrates. 62
45 Synteny of group V2 (a1-antitrypsin like) serpin genes in vertebrates 66
46 Spn_9%4a orthologs unraveled by chromosomal gene order from selected fishes. 67
47 Synteny organization of serpinA7 gene in mammalian genomes. 68
48 Synteny of the angiotensinogen (AGT) genes in vertebrate genomes. 68
49 Synteny analysis of the heparin cofactor Il (HCII) gene in vertebrates. 69
50 Genomic organization of the fish specific group V2 serpins — Fru-Spn-7 and Tni-Spn-3. 70
51 Genomic organization of the Danio specific group V2 serpin genes — Dre-Spn-9, Dre-Spn-10, Dre- Spn-11

and Dre -Spn-12. 70
52 Phylogenetic tree of group V2 serpins from different vertebrates. 72

53 Genomic localization of PAI1 genes in vertebrates. 75
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54 Genomic localization of GDN genes in vertebrates. 76
55 Genomic localization of serpinE3 genes. 77
56 Genomic localization of neuroserpin and pancpin genes in vertebrates and comparative analysis of micro-

synteny with serpins of higher invertebrates — Bfl-spn-1 (B. floridae) and Spu-spn-1 (S. purpuratus). 78
57 Comparison of discriminating amino acid indels among selected human serpins and invertebrate serpins. 80
58 Sequence comparisons among selected group V3 serpins and invertebrate serpins. 81
59 Evolutionary tree of group V3 serpins and related serpins from lancelets and sea urchins. 82
60 Synteny of the group V4 genes, a2-AP and PEDF. 85
61 Genomic localization of the C1 Inhibitor gene and a fish specific group V4 (FSG4) gene. 86
62 Domain architecture comparisons of C1 inhibitor and a fish specific group V4 (FSG4) serpin. 87
63 Phylogenetic tree of group V4 serpins based the Maximum Parsimony method. 88
64 Synteny comparison of ATIII genes in different vertebrate genomes. 90
65. Sequence logo of RCL region of ATIII from different vertebrates. 91
66 Genomic localization of HSP47 homologs in different vertebrate genomes. 93
67 Evolutionary tree of HSP47 homologs from lamprey to human created with the UPGMA method using

MEGA4. 95
68 Distribution of vertebrate serpins based on their intron-coded classification into six groups (V1-V6). 97
69. Comparison of reactive center loops (RCL) of selected group V2 serpins in (A) chicken, (B) X. tropicalis and

(C) zebrafish. 99
70 Intron positions of PDCD10 genes in metazoans. 102
71 Exon-intron organisation of the neuroserpin gene lineage. 103
72 Summary of evolutionary history of HSP47-related serpins from fishes. 105
73 Gene structure comparisons between vertebrate (V1-V6) and lancelet (L1-L3) serpin groups. 106

74 Phylogenetic tree of vertebrates emphasizing timescale and lineages displaying intron gain in serpin genes. 108
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Appendix 8.6: List of tables.

Tables Captions to tables

O OO ~NOOOT B WN -

—_
N —-~ O

13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

Classification of vertebrate serpins.

Overview of rare genomic change (RGC) markers for phylogenetic purposes
Genomes analyzed.

Major databases used.

Variants of BLAST suite.

Variants of FASTA.

Tools for multiple sequence alignment.

Tools for multiple sequence alignment editing and representation
Major phylogenetic tools

Major genome browsers

Locations of signature sequences in a typical serpin.

List of genomes and corresponding genome browsers used in building maps synteny of different serpins

genes.
Summary of the phylogenetic methods.

List of serpins of Gallus gallus.

List of serpins from Xenopus tropicalis genome

List of serpins from Danio rerio genome

List of serpins from Tetraodon nigroviridis.

List of serpins from Fugu rubripes

List of serpins from Petromyzon marinus

List of serpins from Ciona genome draft version v1.95.

List of serpins from Branchiostoma floridae

List of serpins from sea urchin - Strongylocentrotus purpuratus genome
List of serpins from Nematostella vectensis

Physiological roles of group V1 serpins and associated diseases/syndromes.

Intron positions of group V1 genes in different vertebrates.

Physiological roles of group V2 serpins and associated diseases/syndromes.

Intron positions of group V2 genes in different vertebrates.

Physiological roles of group V3 serpins and associated diseases/syndromes.

Intron positions of group V3 genes in vertebrates.

Intron positions of group V4 genes.

Intron positions of the ATIII gene in different vertebrates.
Intron positions of group V6 genes in different vertebrates.
Sequence comparisons of HSP47 homologs in vertebrates.

Sequences flanking the insertion points of novel introns in vertebrate serpin genes.

Genome size of selected animals.
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Appendix 8.7 Abbreviations

a+-AT as-antitrypsin

02-AP az-antiplasmin

aa Amino acid

ATII Antithrombin [l

AGT Angiotensinogen

Bfl Branchiostoma floridae

cDNA Complementary DNA

Chr. Chromosome(s)

CilCIN Ciona intestinalis

cpDNA Chloroplast DNA

Dme/DME Drosophila melanogaster
Dru/DRE Danio rerio

EST Expressed sequence tag
Fru/ FRU Fugu rubripes

Gga/GGA Gallus gallus

HCII Heparin cofactor Il

HSA Homo sapiens

HSP47 Heat Shock Protein 47kDa

Id. Identity

Indel Insertions/deletions

kb Kilobase(s)

kD or kDa Kilodalton

Mb Megabase (109)

mRNA Messenger RNA

Mmu /MMU Mus musculus

mtDNA Mitochondrial DNA

MY Million year(s)

MYA Million years ago

Nt Nucleotide(s)

NEURO Neuroserpin

Nve / NVE Nematostella vectensis
P1-P1’ Cleavage site in the reactive center loop
PAI1 Plasminogen activator inhibitor-1
PAI2 Plasminogen activator inhibitor-2
PANC Pancpin

PEDF Pigment epithelium derived factor
Pl Protease Inhibitor

PMA Petromyzon marinus

RCL Reactive center loop

RGC Rare genomic changes
Rno/RNO Rattus norvegicus

Scaf. Scaffold

Spn Serpins

Spu/SPU Strongylocentrotus purpuratus
Tni/TNI Tetraodon nigroviridis

WGD Whole Genome duplication(s)
Xtr/XTR Xenopus tropicalis

ZGC Zebrafish gene collection

ZPI Protein Z-dependent protease inhibitor
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