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ABSTRACT

Here 1 document the breadth of the CAP (Cysteine-RIch Secretory Proteins (CRISP),
Antigen 5 (Ag5), and the Pathogenesis-Related 1 (PR)) protein superfamily and trace
some of the major events in the evolution of this family with particular focus on
vertebrate CRISP proteins. Specifically, | sought to study the origin of these CAP
subfamilies using both amino acid sequence data and gene structure data, more precisely
the positions of exon/intron borders within their genes. Counter to current scientific
understanding, | find that the wide variety of CAP subfamilies present in mammals,
where they were originally discovered and characterized, have distinct homologues in the
invertebrate phyla contrary to the common assumption that these are vertebrate protein
subfamilies. In addition, | document the fact that primitive eukaryotic CAP genes
contained only one exon, likely inherited from prokaryotic SCP-domain containing genes
which were, by nature, free of introns. As evolution progressed, an increasing number of
introns were inserted into CAP genes, reaching 2 to 5 in the invertebrate world, and 5 to
15 in the vertebrate world. Lastly, phylogenetic relationships between these proteins
appear to be traceable not only by amino acid sequence homology but also by

preservation of exon number and exon borders within their genes.
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CHAPTER 1: INTRODUCTION

The CAP superfamily of proteins has members that are wide spread throughout
prokaryotic and eukaryotic phyla, including those within the bacteria, plant, fungus, and
animal kingdoms. The name CAP is an acronym derived from the three major protein
families, which includes: Cysteine-RIch Secretory Proteins (CRISP), Antigen 5 of insect
venoms (Ag5), and the Pathogenesis-Related 1 (PR) proteins of plants. Members of this
superfamily of proteins contain a conserved domain known as the SCP (Sperm-Coating
Protein) domain, since several important members were first discovered by their ability to
bind to mammalian sperm [1, 2]. The CAP superfamily of proteins plays a wide array of
functions in different organisms; in addition, many other members have not been
functionally characterized.

Phylogenetic trees, constructed by Mega 6 neighboring joining alignment based on
amino acid sequence [3-5] such as that in Figure 1, show that the CAP superfamily
contains an number of subfamilies including the following: bacterial SCP domain
containing proteins, pathogenesis-related (PR) proteins most commonly found in plants,
fungal pathogenesis related (PRY) proteins, venom antigens (Ag) of insects, CRISP
proteins of vertebrates, glioma pathogenesis related (GLIPR) proteins, golgi-associated
pathogenesis-related (GAPR) proteins, and Cysteine-Rich LCCL domain-containing
(CRISP LD) proteins. A few smaller subfamilies have been excluded from Figure 1,
which include: peptidase inhibitor (PI) proteins, C-type lectin (CLEC) proteins, and
HrTT proteins, plus numerous eukaryotic SCP domain-containing proteins that do not fall
within a recognized subfamily. (Note: In this thesis I will use the term CAP/PR domain,
consistent with the terminology used in most of the research literature. However, anyone
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searching data bases in regard to this domain should use the term SCP domain. This
acronym originated because CAP domain containing proteins were initially discovered in
sperm.)

Not only are CAP proteins widely distributed throughout the eukaryotic taxa, species
spanning both vertebrate and invertebrate animal phyla exhibit in their genomes multiple
CAP family genes. An inventory substantiating this observation is found in Appendix 1,
which includes representative species whose genomes have been completely sequenced.
The inventory was generated using currently available amino acid data on NCBI’s protein
database (www.ncbi.nlm.nih.gov/protein/) and GeneBank. Current information on each
of these CAP genes ranges from genomic sequence only (coding for a hypothetical,
predicted, or “uncharacterized” protein), to genomic and mRNA sequence, to fully
sequenced and structurally characterized protein products. Nevertheless, it is clear from
this inventory that the CAP superfamily of genes and their protein products have
undergone an extensive evolutionary history that started in the bacterial and primitive
eukaryotic world and has continued to expand to the present day.

It is the goal of this thesis to document the breadth of the CAP superfamily and to
trace some of the major events in the evolution of this family with particular focus on
vertebrate CRISP proteins. Specifically, I sought to study the origin of these CAP
subfamilies using both amino acid sequence data and gene structure data, precisely the
positions of exon/intron borders within their genes. Surprisingly, | find that the wide
variety of CAP subfamilies present in mammals, where they were originally discovered
and characterized, have distinct homologues in the invertebrate phyla contrary to the
common assumption that these are vertebrate subfamilies. In addition, | document the
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fact that primitive eukaryotic CAP genes contained only one exon, likely inherited from
prokaryotic SCP-domain containing genes which were, by nature, free of introns. As
evolution progressed, an increasing number of introns were inserted into CAP genes,
reaching 2 to 5 in the invertebrate world, and 5 to 15 in the vertebrate world. Lastly,
phylogenetic relationships between proteins appear to be traceable not only by amino
acid sequence homology but also by preservation of exon number and exon borders

within their genes.



Figure 1. Subfamilies of the CAP Superfamily
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Figure 1. MEGA7 ClustalW amino acid sequence alignment and Neighbor Joining
Phylogeny Tree alignment of various CAP/PR domain-containing proteins. The figure
presents a wide array of identified CAP/PR proteins in a large number of organisms.
Organisms and accession IDs of the amino acid sequences are available in
supplemental data table 1.



CHAPTER 2: IN-DEPTH ANALYSIS OF CAP SUPERFAMILY PROTEINS

The CAP Superfamily Proteins: Domains, Sequences and Structural Relationships

All CAP superfamily proteins, by definition, have the CAP/PR domain consisting of
about 160 residues typically found at the N-terminal (Figure 2). As a result, this domain
is recognized as a conserved domain in NCBI databases
(www.ncbi.nlm.nih.gov/Structure/). More precisely, proteins of the CAP superfamily are
characterized by four highly conserved “signature” sequences within the CAP/PR domain
[6]. Of these highly conserved sequences, CAP1 is an eleven amino acid segment
characterized by the following sequence: GH[Y or F] [Sor T]Q[VorL] VWss|[Sor
T] (s = small residue). CAP2 is a twelve amino acid segment characterized by the
following sequence: hh V C [N, Hor Q] Y sP s G N h (h = hydrophobic residue). CAP3
is a five amino acid segment characterized by the following sequence: HN x x R (x = any
residue). Finally, CAP4 is a four amino acid segment characterized by the following
sequence: G [E or Q] N [I, L or V] [6]. In Figures 3, 4, and 5, these CAP signature
sequences are boxed in the aligned sequences of bacterial, plant, and fungal CAP
proteins, respectively.

Almost all members of the CAP superfamily are secretory glycoproteins and are
stable over a wide range of conditions [7]. Currently, thousands of CAP superfamily
proteins have been sequenced and a modest number have had their tertiary crystal
structure resolved. In addition, a number of CAP superfamily proteins have had their
biological functions defined. Pr-1 and Pr proteins express antifungal activity and play a

role in pathogen resistance and wound-signaling in plants [8-10]. Ag5 is a major allergen
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of vespid venom, localized in the venom secretory ducts of stinging insects [11]. CRISP
and CRISP-like proteins are expressed in the venom of insects and the reproductive track
of vertebrates [12, 13]. Protease inhibitors, which are expressed in neuroblastoma and
glioblastoma cell lines, are involved in trypsin inhibition [14].

Regardless of these diverse physiological functions and due to the high degree of
conserved sequence motifs in the CAP superfamily, we hypothesize that each CAP
subfamily shares a common point of origin. In this chapter we will define each CAP
protein subfamily by its key characteristics, region of expression, cause of expression,
and other relevant features. In Chapter three we will also take an in-depth look at the
genome sequence and amino acid sequence data to identify evolutionarily conserved
characteristics of the CAP superfamily of proteins. In particular, we will use currently
available genome sequences and exon structure data to trace evolutionary relationships
within the CAP superfamily. Exon border data can provide analytical information to
extrapolate evolutionary associations between protein sequences within a genome and
between species. Gene cluster data will be used to identify points where gene duplication
has occurred, and this information will be used to infer the point of origin and
diversification of protein function. Finally, I will focus on the evolution of vertebrate
CRISP proteins, examining the origin of each of their three domains.

In order to analyze and evaluate evolutionary characteristics of CAP superfamily of
proteins, | will assess CAP proteins in invertebrates and vertebrates. A wide array of
organisms have been chosen for this analysis based on the availability of protein

sequence, genome data, and scaffolding or genome assembly data.



Figure 2. Domain Structure of CAP Proteins
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Figure 2. The domain structure of CAP superfamily of proteins after MEGA7
ClustalW alignment. All CAP proteins have the pathogenesis-related (CAP/PR)
domain, which contains a SCP conserved domain (red line) and four CAP signature
sequences. The four signature sequences, which are CAP1, CAP2, CAP3, and CAP4,
are used to identify CAP superfamily proteins. Pr-1 has been labeled with these
signature sequences; all subsequent CAP superfamily proteins have equivalent
signature sequences in the same region, due to ClustalW alignment. Many but not all
CAP proteins also contain a Hinge region (blue box). The CRISP subfamily contains
an ICR domain (green box) in which is embedded a conserved Crisp domain (red
line). Organisms and accession IDs of the amino acid sequences are available in
supplemental data table 2.



Bacterial, Plant, and Fungal SCP/PR Proteins

CAP/PR related domains in their most primitive form occur in bacteria. While
bacterial sequence information (Figure 3) show recognizable similarities to the consensus
SCP sequence there are many residue sites that deviate from the consensus (consensus
sequences shown of Figure 4 for reference), many of these even lying with the CAP
signature regions (boxes in orange). Furthermore, unlike eukaryotic CAP superfamily
proteins, those from bacteria lack any recognizable CAP2 signature sequence near their
C-terminus. In addition, they do not contain the entire series of six conserved cysteine
residues found in most CAP/PR domains but rather 2 to 4 of these evolutionarily
advantaged cysteines. This suggests that primitive CAP proteins may have had a rather
different tertiary structure than later CAP proteins or at least had a structure that was not
as well stabilized by disulfide bonds. Whether this lack of cysteines stems from the early
history of the earth when it lacked an oxidizing atmosphere is not clear. In contrast, the
pathogenesis-related (Pr) proteins of plants, presumed descendants of bacterial SCP
genes through phylogenetic analysis, have a distinct series of six cysteines all disulfide-
bonded. The NMR solution structure of recombinant tomato P14a protein (Figure 6), a
prototype member of this group, demonstrates that these disulfide bonds (in red) link the
central beta-sheet with the surrounding alpha helices thus creating a stable tertiary
structure that is relatively heat and solvent resistant — a characteristic common to most

CAP proteins [15].



Figure 3. ClustalW Amino Acid Alignment of the CAP/PR Domain in Bacterial
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Figure 3. This figure provides MEGA7 ClustalW amino acid sequence alignment of

CAP/SCP domain-containing proteins in bacteria. The CAP signature sequences are

W wwm W 22 -0 E e Hw gdgwiz 2

-

220w =

highlighted in orange. Unlike other CAP superfamily proteins, these bacterial proteins

contain only three of the four CAP signature sequences. Organisms and accession IDs

of the amino acid sequences are available in supplemental data table 3.

Pr proteins contribute to the systemic acquired resistance and hypersensitive

responses in plants [10]. Systemic acquired resistance in plants is analogous to the innate
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immune system found in animals. Tobacco and tomato plants expressing high levels of Pr
proteins have significantly reduced disease symptoms when infected with several forms
of fungus [8]. In addition, when researchers induce stress or wounds on tobacco leafs, Pr
gene expression is elevated [9]. Indeed Pr protein expression has been identified as a
defense response in many plants; they lower infection rates and hinder the spread of
disease, in addition to inducing necrosis in neighboring cells to prevent the spread of
infection [10]. This suggests that early forms of CAP proteins were secretory proteins,
which played an important role in pathogen defense. However, it should be noted that
plant Pr proteins pathogen defense function is not homologous to CAP proteins immune
function in humans.

As shown in Figure 2, Pr-1 proteins have a single CAP/PR domain that exhibits all
four CAP signature sequences (orange boxes, Figure 4). The SCP domain consensus
sequence is highlighted green. This SCP 50% consensus sequence was generated by
EMBL SMART (website: smart.embl-heidelberg.de). ClustalW alignment of all CAP
amino acid sequences within Solanum lycopersicum (tomato) show 100% to 81% query
coverage and between 97% and 36% identity (with an E value ranging from 5e-118 to 2e-
25) (data not shown), a strong indication of homology due to gene duplication rather than
independent origin. Additionally, ClustalW alignment of Pr-1 amino acid sequences in
Figure 4 shows 100% to 96% query coverage and between 92% and 65% identity (with
an E value ranging from 8e-113 to 3e-78) (data not shown). Also evident are six highly
conserved cysteines (yellow highlight) which, as expected in secreted proteins, are

disulfide-bonded.
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Figure 4. ClustalWW Amino Acid Alignment of the CAP/PR Domain in Plant
Pathogenesis-Related Proteins

C ommon name - Protemn name Amino Acid Sequence

ssppshlst

Tommato - PR P4 -MGLFNISLLLTCLMVLAIFHSCEAQNSPQDYLA
Potato - PR 1b -MGLFNISLLLTCLMVLAIFHSCDAQNSPQDYLA
Cocao Tree - CRISP-lke ---MAWSKLALACLIIVSFALPSLAKTLKQEFLD
Grape Vire - PR-1 -MGLFKISLVFICLVGLALVHTSCAQNSQQDYLN
Sesane - PR related MHKTILVALFFFATITATILQYSSCHAQNSPQDYVS
Peach - PR related -MGLSKISFAFVCLIGLALLQSTGAQDSPQDYLN
CAP3

xHNc hRlupluxusMhel sWDspLAQ s tAQsaAsp
Tomato - PR P4 VIHNDARIAQVGVGPMSWDANLASRAQNYANSRAGD
Potato - PR 1b VIHNDARIAQVGVGPMSWDAGLASRAQNYANSRTGD
Cocao Tree - CRISP-lke AQNEARAEVNVEPMAWDAQVAAYAQEYANQRIAD
Grape Vire - PR-1 AHNTARAQVGVGSMTWNNTVASYAQNYANQRIGD
Sesame - PR related AHNAARIAQVGVGPIAWDEKVAAFARNYVNQRIGD
Peach - PR related AHNAARIAQVGVAPLTWDPNLVAYAQRYANSRAGD

CAP4

CshtHS s s xxx[GENL|lahsshspsussAlpsWhseE
Tomato - PR P4 CNLIHSG---AGENLIAKGGGDFTGRAAVQLWVSE
Potato - PR 1b CNLIHSG- - -AGENLAKGTGDFTGRAAVQLWVGE
Cocao Tree - CRISP-lke CDLVHSGG-PYIGENIAWGSDDLSVADAVKMWVDE
Grape Vine - PR-1 CNLVHSNG-PYIGENIIAWGSGSLTGTDAVNLWVGE
Sesame - PR related CNLVHSTNRPYIGENLAKGSGEFTGRAAVELWVRE
Peach - PR related CNLVHSNG-PYIGENIIAKSTGDLSGTAAVNLFVGE

CAP1

hpecasasosssssspsl]GHaTQIVWs sT|lpe lGCG
Tomato - PR P4 RPDYNYATNQCVGGKMCIGHYTQVVWRNS|IVRLGCG
Potato - PR 1b KPNYNYGTNQCASGQVCIGHYTQVVWRNS|IVRLGCG
Cocao Tree - CRISP-lke KVYYDHGSNTCASGQVCIAHYTQVVWRNS|IVRLGCA
Grape Vine - PR-1 KPNYDYNSNSCVGG-KCIGHYTQVVWRNS|IVRLGCA
Sesame - PR related KPFYDYSSNSCVGG-ECILHYTQVVWRNS|IVRVGCA
Peach - PR related KPDYDYNSNTCAAGKMCIGHYTQVVWRNS|IVRLGCA

CAP2

s spCssshplal VCpYsP sGNIUhhuvuxzxzxx
Tomato - PR P4 RARCNNGWWIFISCNYDPVGNWVGERPY
Potato - PR 1b RARCNNGWWFISCNYDPVGNWVGQRPY
Cocao Tree - CRISP-lke KVRCDNGGTIFITCNYDPPGNY/IGETPY
Grape Vire - PR-1 RVQCNNGGWEVTCNYDPPGNYVGQRPY
Sesame - PR related RARCNNGWWIFISCNYDPPGNY IGQRPY
Peach - PR related KARCTNGGTIFIGCNYDPRGNIIRGQRPY

CAP signature sequence

SCP consensus sequence
Figure 4. MEGA7 ClustalW amino acid sequence alignment of CAP/PR domain-
containing proteins in plants. The 50% consensus sequence of the SCP domain is
highlighted in green. The CAP signature sequences are highlighted in orange. The
highly conserved cysteine residues are highlighted in yellow with a red font color.
Lower case abbreviations used in the SCP consensus sequence are as follows: x, any;
s, small; u, tiny; h, hydrophobic: a, aromatic; 1, aliphatic; o, alcohol; ¢, charged; p,
polar; t, turnlike. Organisms and accession IDs of the amino acid sequences are

C Conserved cysteines

available in supplemental data table 4.

CAP proteins of fungi, exemplified by various examples presented in Figure 5, like

the Pr proteins of plants, have one CAP/PR domain. Fungal PRY proteins share a notable
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degree of amino acid sequence homology and almost identical domain structure
homology with plant Pr and bacterial SCP. However, in many cases they contain
additional inserted sequences that make many of these proteins larger than their plant
counterparts. Although the function of proteins belonging to the PRY subfamily is not
known, it is speculated that they may play a role in host defense similar to the Pr proteins
of plants [6]. ClustalW alignment of PRY amino acid sequences in Figure 5 show 92% to
59% query coverage and between 44% and 35% identity (with an E value ranging from
3e-34 to 4e-24) (data not shown). Like plant Pr proteins they contain cysteines at

conserved CAP/PR sites, although frequently four rather than six.
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Figure S. ClustalW Amino Acid Alignment of the CAP/PR Domain in Fungal
CAP Superfamily Proteins

Common name - Protein name

Mushroom (M. roreri) - Pr-1

Yeast (S. cerevisiae) - PRY1

Yeast (C. ghbrata) - PRY -lke
Yeast (C. orthopsilosis) - PRY1
Yeast (L. maculans) - SCP-PRY -tke
Mold (C. militaris) - PRY1

Mushroom (M. roreri) - Pr-1

Yeast (S. cerevisiae) - PRY1

Yeast (C. glabrata) - PRY -lke
Yeast (C. orthopsilosis) - PRY1
Yeast (L. maculans) - SCP-PRY -lke
Mold (C. militars) - PRY1

Mushroom (M. roreri) - Pr-1

Yeast (S. cerevisiae) - PRY1

Yeast (C. glbrata) - PRY -lke
Yeast (C. orthopsilosis) - PRY1
Yeast (L. maculans) - SCP-PRY -lke
Mold (C. militaris) - PRY1

Mushroom (M. roreri) - Pr-1

Yeast (S. cerevisiae) - PRY1

Yeast (C. glbrata) - PRY -lke
Yeast (C. orthopsilosis) - PRY1
Yeast (L. maculans) - SCP-PRY -lke
Mold (C. militaris) - PRY1

Mushroom (M. roreri) - Pr-1

Yeast (S. cerevisiae) - PRY1

Yeast (C. ghbrata) - PRY-lke
Yeast (C. orthopsilosis) - PRY1
Yeast (L. maculans) - SCP-PRY -tke
Mold (C. militaris) - PRY1

Mushroom (M. roreri) - Pr-1

Yeast (S cerevisiae) - PRY1

Yeast (C. ghbrata) - PRY -lke
Yeast (C. orthopsilosis) - PRY1
Yeast (L. maculans) - SCP-PRY -lke
Mold (C. militaris) - PRY1
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Figure 5. MEGA7 ClustalW amino acid sequence alignment of CAP/PR domain-
containing proteins in fungi. The CAP signature sequences are highlighted in orange.
The highly conserved cysteine residues are highlighted in yellow with a red font color.
Organisms and accession IDs of the amino acid sequences are available in
supplemental data table 5.
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Figure 6. Tertiary Structure of the Tomato P14a Pathogenesis-Related Protein

Figure 6. NMR solution structure of the tomato pathogenesis related leaf protein 6
(accession ID: NP_001234314, PDB ID: 1CFE) [12]. The helices are represented by
green rods, the B-strands are represented by tan arrows, and the polypeptide chain is
represented in light blue. Additionally, the three disulfide bonds are represented in red.
These disulfide bonds create a stable tertiary structure that is relatively heat and
solvent resistant — a characteristic common to most CAP proteins.

CAP Proteins of Insects: the Venom Allergen Subfamily

Insect venom and saliva contain a series of antigenic proteins of which the best
characterized are Allergen 5 (Ag5) and Allergen 3 (Ag3). They are highly immunogenic
and are commonly associated with allergic response to insect bites [11, 16, 17]. These

proteins are largely found in invertebrates and are rarely expressed in vertebrates. Ag5
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and Ag-related (AgR) proteins have been identified in the saliva of ticks, sandflies, red
fire ants, mosquitoes, honeybee, blood-feeding ticks, and many other species [18-22].
AgR genes are also expressed in the midgut of Drosophila melanogaster during late
embryogenesis, larval, prepupal, and adult stages [23], although their function has not
been identified. Ancylostoma caninum (hookworm) also expresses an AgR protein during
its transition from the external, free-ranging stage to the parasitic stage in the host gut.
Here, AgR is hypothesized to play an important role in inhibiting immune effector
mechanisms by direct immunosuppression [24].

Sensitivity to insect allergen proteins can be extreme. The Ag5 proteins of
Hymenopteran insects can elicit an allergic reaction in humans by elevation of both IgE
and 1gG antibody responses [11, 16, 17]. In many cases, a nanogram dose of insect
venom can sensitize and provoke anaphylaxis [11, 17, 25].

The insect venom proteins, like the Pr proteins of plants, consist of only one domain —
the CAP/PR domain (Figure 2) with typical CAP signature sequences (orange boxes,
Figure 7). The proteins within this group are also highly homologous, 94% to 77% query
coverage and between 63% and 48% identity (with an E value rage from 1e-90 to 6e-56)
(data not shown). Likewise, their CAP/PR domain contains 6 highly conserved cysteines
(yellow highlight, Figure 7) which are typically disulfide bond linked. Additional
cysteines found near the N-terminal of some members are part of the signal sequence and

therefore not found in the mature processed protein.
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Figure 7. ClustalWW Amino Acid Alignment of Insect Antigen-Related Proteins

C ommon name - Protein name

Parasitic wasp - Ag3
Parasitic wasp - Ag5
Jewel wasp - Ag5-tke
Jewel wasp - Ag3-lke
Red fire ants - Ag3
Leafcutte bee - Ag3-like

Parasitic wasp - Ag3
Parasitic wasp - Ag5
Jewel wasp - Ag5-tke
Jewel wasp - Ag3-lke
Red fire ants - Ag3
Leafcutte bee - Ag3-like

Parasitic wasp - Ag3
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Red fire ants - Ag3
Leafcutte bee - Ag3-like
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Leafcutte bee - Ag3-like
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Parasitic wasp - Ag5
Jewel wasp - Ag5-tke
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Red fire ants - Ag3
Leafcutte bee - Ag3-like

Parasitic wasp - Ag3
Parasitic wasp - Ag5
Jewel wasp - Ag5-tke
Jewel wasp - Ag3-lke
Red firc ants - Ag3
Leafcutte bee - Ag3-like
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Figure 7. ClustalW Amino Acid Alignment of Insect Antigen-Related Proteins

Parasitic wasp - Ag3
Parasitic wasp - Ag5
Jewel wasp - Ag5-like
Jewel wasp - Ag3-like
Red fire ants - Ag3
Leafcutte bee - Ag3-lke

GYDAWYTT
GFDNWYTT
D-GKFNKF

--GFYQQ
EPDNWTKH
T-DAWKHY

CAP2
YLVCNYGPS GNW
YLVCNYGPTGNW
YLVCNYGPS GNW
QAM - - = =« - - - - -
YLVCNYGPAGNV
YVVCNYGPGGNV

IGRPVYYTY -
IGSPLYQTR -
IGEPVYQTR -
LGAPIYEIKK
LTQPIYDIKK

CAP signature sequences Sites of non-aligned sequence omission

C Conserved cysteines

Figure 7. MEGA7 ClustalW amino acid sequence alignment of antigen and antigen
related proteins in insects (invertebrates). The CAP signature sequences are
highlighted in orange. The eight highly conserved cysteines are highlighted in yellow
with a red font color. Organisms and accession [Ds of the amino acid sequences are
available in supplemental data table 6.

Page 2 of 2

The Cysteine-RIch Secretory Protein (CRISP) Subfamily

As represented in Figures 8 and 9 (and Figure 2), CRISP proteins have three domains
— the CAP/PR domain at the N-terminal and the ion-channel regulatory (ICR) domain at
the C-terminal (green, Figure 8), with a hinge region (blue, Figure 8) separating them.
The Hinge region and the IRC domain together are sometimes referred to as a cysteine-
rich domain (CRD) [26].

The CAP/PR domain is characterized by the usual four CAP signature sequences
(orange, Figure 8) and there are sixteen conserved cysteine residues spanning the entire
protein (yellow highlighted in Figure 8). ClustalW-aligned sequences of CRISP proteins
from virtually all vertebrates share significant homology, with percent identity ranging
from 40 to 90 and percent query cover ranging from 60 to 90 (Figure 8). Immediately
obvious is the highly conserved positioning of the cysteines. As verified by the X-ray

crystallographic structure of snake venom CRISP proteins, these conserved cysteines
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form disulfide bonds (red lines, Figure 9) that not only stabilize the CRISP structure but
also increase the likelihood that many CRISP protein have comparable tertiary structures.
This likelihood is further increased by the fact that predicted alpha helix and beta sheet
secondary structure is consistent over a wide range of CRISP protein sequences including
the examples shown in Figure 10.

Surprisingly and almost completely unappreciated is the fact that CRISP-like proteins
are also widely distributed throughout invertebrate phyla including worms, flies,
mollusks and sea squirts (see Figure 11). This was discovered using NCBI’s gene and
protein database, Ensembl’s database (http://uswest.ensembl.org/) and GeneBank. Like
their vertebrate CRISP cousins, many of these proteins have CAP/PR domains
(unshaded) and ICR domains (green) separated by a Hinge region (light blue). As
expected, these invertebrate proteins have the four CAP signature sequences (orange) and
six conserved cysteines in the CAP/PR domain and four and six conserved cysteines in
the Hinge region and ICR domain, respectively.

The discovery of “vertebrate” CRISP and CRISP-like proteins in invertebrate phyla is
contrary to current dogma and suggests that the origin of CAP proteins having multiple
domains predated the divergence of vertebrates from invertebrates. This is not entirely
surprising since even the most primitive of vertebrates such as lamprey, express CRISP
proteins having the typical PR/Hinge/ICR domain organization like that of mammalian

CRISP proteins (Figure 8).
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Figure 8. ClustalW Amino Acid Alignment of Vertebrate CRISP2 and CRISP2-
Woodpecker - CRSP2
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Western clawed frog - CRISP2
Aftican dawed frog - CRISP2

Afican dawed frog - CRISP2
Zebra Finch - Truncated CRISP
Falcon - Cysteine-rich P.

Western clawed frog - Allrin
Afiican dawed frog - Allurin
Japanese rice fish - CRISP3
Burmese python - CRISP-like
Anple lizard - Cysteine-rich P.

Chimp - CRISP2

Human - CRISP2
Zebrafish - CRISP3
Aftlantic cod - CRISP3
Stickleback fish - CRISP3
Tilapa fish- CRISP3

Amadillo - Cysteine-rich P.

Falcon - Cysteine-rich P.
Chicken - Cysteine-rich P.

Japanese rice fish - CRISP3
Burmese python - CRISP-like
Anple lizard - Cysteine-rich P.

Commeon name - Protein name
Spotted gar - Unchar.
Zebrafish - CRISP3

Aftlantic cod - CRISP3
Stickleback fish - CRISP3
Tilapa fish- CRISP3

Lamprey - Unchar.

Chicken - Cysteine-rich P.

Platypus - CRISP1
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Figure 8.
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Western clawed frog - Allurin
Afiican dawed frog- Alharin



Figure 8. ClustalW Amino Acid Alignment of Vertebrate CRISP2 and CRISP2-
like Proteins
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Figure 8. ClustalW Amino Acid Alignment of Vertebrate CRISP2 and CRISP2-

like Proteins
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Figure 8. ClustalWW Amino Acid Alignment of Vertebrate CRISP2 and CRISP2-
like Proteins

Figure 8. MEGA?7 ClustalW amino acid sequence alignment of vertebrate CRISP2 and
CRISP2-like proteins. The CAP signature sequences are highlighted in orange, the
hinge region is highlighted in blue, and the ICR domain is highlighted in green. The
highly conserved cysteines are highlighted in yellow with a red font color. CRISP
proteins have sixteen highly conserved cysteines; six of the cysteines are located in
the CAP/PR domain, four are located in the Hinge region, and six more are located in
the ICR domain. These highly conserved cysteines form eight disulfide bonds (shown
in Figure 9) improving the structural stability of the protein’s tertiary structure. In
addition, CRISP proteins can be traced back to early vertebrates and share a high
degree of amino acid sequence conservation between species. Organisms and

accession IDs of the amino acid sequences are available in supplemental data table 7.
Page 5 of 5
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Figure 9. Domain Organization and Tertiary Structure of a Full Length CRISP
Protein: Venom CRISP From the Chinese Cobra

N Terminal

Hinge Region:
~26 residues
2 disulfide bonds

Pathogenesis-Related
(CAP/PR) Domain:
~160 residues

3 disulfide bonds

Ion-Channel Regulatory
(ICR) Domain: ~40 residues,
3 disulfide bonds

Figure 9. The tertiary structure of the Chinese cobra cysteine-rich venom protein
natrin-1 (CRVP1) (accession ID: Q7T1K6.1, PDB ID: 3MZ8) [88]. The helices are
represented by green rods, the p-strands are represented by tan arrows, and the
polypeptide chain is represented in light blue. Additionally, the eight disulfide bonds
are represented in red. The CAP/PR domain has seven cysteines, of which six are
involved in three disulfide bonds; the Hinge region has four cysteines and two
disulfide bonds; and the ICR domain has six cysteines and three disulfide bonds.
These disulfide bonds create a stable tertiary structure that is relatively heat and
solvent resistant — a characteristic common to most CAP proteins.
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Figure 10. ClustalW Amino Acid Alignment and Secondary Structure of Selected
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Figure 10. ClustalWW Amino Acid Alignment and Secondary Structure of Selected

CRISP Proteins
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Figure 10. MEGA7 ClustalW amino acid sequence alignment and secondary structure
predictions for the Chinese cobra cysteine-rich venom protein natrin-1 (CRVP1)
(accession ID: Q7T1K6.1, PDB ID: 3MZS8) [88] and other selected CRISP proteins.
Alpha helices are represented by green rods, the p-strands are represented by tan
arrows. Additionally, the CAP signature sequences are highlighted in orange, the
Hinge region is highlighted in blue, and the ICR domain is highlighted in green. The
highly conserved cysteines are highlighted in yellow with a red font color. The
CAP/PR domain has seven cysteines, of which six are involved in three disulfide
bonds; the hinge region has four cysteines and two disulfide bonds; and the ICR
domain has six cysteines and three disulfide bonds. These disulfide bonds create a
stable tertiary structure that is relatively heat and solvent resistant — a characteristic
common to most CAP proteins. Organisms and accession IDs of the amino acid
sequences are available in supplemental data table 8.
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Figure 11. ClustalW Amino Acid Alignment of Invertebrate CRISP2-like Proteins
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Figure 11. ClustalW Amino Acid Alignment of Invertebrate CRISP2-like Proteins
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Figure 11. ClustalW Amino Acid Alignment of Invertebrate CRISP2-like Proteins
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Figure 11. MEGA?7 ClustalW amino acid sequence alignment of invertebrate CRISP2-
like proteins. The CAP signature sequences are highlighted in orange, the Hinge
region is highlighted in blue, and the ICR domain is highlighted in green. The highly
conserved cysteines are highlighted in yellow with a red font color. Organisms and
accession IDs of the amino acid sequences are available in supplemental data table 9.
Page 3 of 3

Mammalian CRISP1: In many vertebrates and all mammals, spermatozoa leaving the
testes are not competent to fertilize an egg. Mammalian sperm mature in the epididymis
and reach a capacitated state in the female genital track. After capitation, with the help of
chemoattractants released by the egg’s cumulus oophorus, sperm will locate the egg and
bind to the zona pellucida, thereby triggering the acrosome reaction and release of
proteases that dissolve the zona pellucida. This clears a path for sperm delivery and
fusion of the sperm with the egg plasma membrane [27].

In mice, CRISP1, a 32 kDa protein expressed in the epididymis, plays an important
role in fertilization. CRISP1 binds to the sperm surface in the epididymis, migrates to an
equatorial position during sperm capacitation and subsequently appears to play a role in

both sperm-zona pellucida interaction and gamete fusion. In addition, sperm from
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CRISP17 knockout mice, exhibit lower levels of protein tyrosine phosphorylation during
capacitation and significantly reduced ability to penetrate both intact zona pellucida and
to fertilize zona pellucida-free eggs during in vitro fertilization [28].

Similarly, in humans CRISP1 is a major glycoprotein expressed in the epididymis and
participates in sperm-egg fusion [29]. Its epididymal origin underlies the fact that
CRISP1 is absent in the seminal plasma of individuals with obstructive azoospermia
(OA) — a blockage of extratesticular ducts [30] — and its absence serves a good indicator
for OA in males.

Mammalian CRISP2: Mouse CRISP2, also known as Tpx-1, is only expressed in the
testis, where it has been associated with mediating the binding of spermatogenic cells to
Sertoli cells [31]. In addition, CRISP2 has been localized to the sperm acrosomal granule,
a single secretory granule that undergoes exocytosis during the acrosome reaction [32].
Antibody binding experiments have strongly supported the involvement of CRISP2
released at that time in sperm-oocyte binding [33-35]. Indeed, antibody inhibition of
CRISP2 significantly decreases the sperm’s ability to penetrate the zona pellucida [32,
35]. CRISP2 has been implicated in the initiation of Ca?* fluxes observed during sperm
capacitation. The ion channel regulatory domain has been hypothesized to activate
ryanodine receptor 1 (RyR1) and inhibit RyR2 when applied to the cytoplasmic domain
of the receptor. When applied to the luminal domain, CRISP2 can promote the activation
of both RyRs [32]. The location of RyRs in smooth endoplasmic reticulum at the neck of
the sperm raises the possibility that CRISP2 is involved with sperm motility and/or the

acrosomal reaction.

30



NMR solution structure of the CRD domain of CRISP2 shows a high structural
homology to other CAP family proteins such as snake venom CRISP proteins and
invertebrate toxins whose structure has been determined by X-ray crystallography [6, 32]
(see Figure 9). Therefore, my analysis of CAP family gene structure in the following
chapter will focus first on genes that code for CRISP2 or CRISP-2 like proteins over a
wide range of species.

Mammalian CRISP3: The mRNA for CRISP3, first identified in the mouse salivary
gland as an androgen-dependent transcript, is widely expressed in the plasma, pancreas,
prostate, and B-cells [36-39]. CRISP3 appears to play a role in immunological responses.
Recent studies have shown that CRISP3 can influence Hepatitis C virus (HCV)
resistance; at the early phase of infection, the presence of CRISP3 limited HCV
replication in culture medium [38].

In addition, CRISP3 expression is upregulated in prostate cancer cells [39, 40]. In
fact, the strong expression of CRISP3 in prostate is a good indicator of advanced tumor
stages and a high Gleason score [41]. Further studies have shown that f—
microseminoprotein (MSMB) forms a non-covalent complex with CRISP3 in seminal
fluid and serum. MSMB it is now be considered as a potential biomarker for prostate
cancer. In women, its expression is significantly reduced in ovarian invasive neoplasms;
whereas CRISP3 expression is elevated [41, 42]. Unlike CRISP1 and CRISP2, CRISP3
has not yet been implicated in sperm-egg interaction despite its presence in semen.

Mammalian CRISP4: Mammalian CRISP4 is a unique and somewhat controversial
protein. CRISP4 is unique because it has only been identified and annotated in two
species - mouse and rat; whereas it is controversial because mouse and rat CRISP4
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(rather than mouse and rat CRISP1) share a higher sequence, exon structure, and
predicated protein structural homology to CRISP1 of other mammalian species [6, 43,
44]. For example, the sequence homology between mouse CRISP4 and human CRISP1 is
59%, considerably higher than the 40% homology between mouse CRISP1 and human
CRISP1 [43].

Furthermore, the CRISP4 signal sequence suggests that it is secreted into the
epididymal lumen and interacts with sperm [43]. Later studies have identified that
CRISP4 is expressed in the caput and corpus of the epididymis, which is similar to

CRISP1 expression in other species [44].

Truncated CRISP (Allurin)

Allurin: Allurin, also known as CRISP A, is a 184-amino acid sperm chemoattractant
protein from Xenopus egg jelly [12]. In Xenopus laevis, allurin is exclusively expressed
in the female oviduct and is produced and secreted in the oviduct in a region-specific
manner [45]. Allurin is expressed in the first third of the pars convoluta and secreted by
the superficial ciliated epithelial cell layer, where it is brushed onto the egg surface along
with other jelly components as the egg passes [45]. Subsequently, as Xenopus eggs are
spawned into pond water, the jelly layer swells and releases small diffusible proteins
including allurin. Allurin, binds to the sperm surface and is hypothesized to regulate
flagellar calcium signaling thereby orienting and guiding the sperm up the allurin

gradient, ultimately leading it to the egg [46].
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The LCCL Domain-containing Subfamily

Mammalian CRISPLD1: CRISPLD1, which is also known as CAPLD1, CRISP
LCCL1, CocoaCRISP, and CRISP10, has not been extensively studied or characterized.
CRISPLDL1 contains three domains: the CAP/PR domain, the Hinge region, and an LCCL
domain. The LCCL (Limulus clotting factor C, Coch05b2 (Cochlin) and Lgl1) domain is
generally found in extracellular proteins in conjunction with other modular domains, like
CAP/PR and C-type lectin modules [47].

CRISPLD1 and CRISPLD?2 interact with folate pathway genes [48]. Variation in
CRISPLDL1 is considered to be a contributing factor for Non-Syndromic Cleft Lip with or
without cleft Palate (NSCLP) through its interaction with CRISPLD2 and the folate
pathway genes [48]. LCCL domain-containing proteins may also be involved in antibody
independent host defense, via triggering anti-microbial activity [47].

Mammalian CRISPLD2: CRISPLD2, which is also known as the CAPLD2 and Late
Gestational Lung protein I (LGL1), is expressed in human, rat and mouse fetal lungs
during late gestation, where it plays a crucial role in the regulation of mesenchymal-
epithelial interaction during formation of alveoli [49, 50]. Indeed, disruption of
CRISPLD2 mRNA results in inhibition of normal lung branching morphogenesis and
results in dilated distal lung buds [49].

CRISPLD2 shares very high homology to CRISPLD1, even though they have unique
expression patterns and functional characteristics [51]. Knockout studies of CRISPLD1
in mice show a complex respiratory phenotype including delayed histological maturation,

goblet cell hyperplasia, fragmented elastin fibers, and elevated expression of Tn2

33



cytokines [52]. CRISPLD2 haploinsufficiency may lead to lung disease in and to
increased risk for late-onset respiratory disease [52].

CRISPLD?2 is also expressed in the craniofacies of developing mouse embryos and is
potentially involved in non-syndromic cleft lip with or without cleft palate (NSCLP) in
Chinese, Caucasians, South Americans, and Hispanics [51, 53]. However SNPs in
CRISPLD2 alone may not lead to NSCLP (this study focused solely on Italian

populations) [54].

The GLIPR/GLIPR-like Subfamily

Mammalian GLIPR1: GLIPR1 (Glioma Pathogenesis Related protein 1), also known
as RTVP-1 (Related to Testis specific, Vespid and Pathogenesis related-1), was originally
discovered in glioblastoma multiforme/astrocytoma due to elevated expression in brain
tumors [55]. In addition, GLIPR1 expression is significantly increased in acute myeloid
leukemia bone marrow samples, whereas it is markedly reduced in acute lymphoblastic
leukemia, and slightly decreased in chronic lymphocytic leukemia and chronic
myelocytic leukemia relative to normal levels [55, 56]. GLIPR1 can serve as an indicator
for human myelomonocytic differentiation and various other types of cancers and tumors
due to significantly altered expression patterns [56-59]. Though proliferation of GLIPR1
has been associated with Wilms’ tumors [59], glioblastoma [58], and myeloid leukemia
[56], GLIPR1 expression appears to suppress prostate cancer [57, 60]. Its gene has been
identified as a p53 target gene, which is widely associated with tumor suppression, cell

cycle arrest, DNA repair, senescence, cell differentiation, and apoptosis [61, 62].

34



GLIPR1 is also involved in the endoplasmic reticulum (ER) secretory protein
pathway, and affects G protein signaling and cell cycle regulation. GLIPR1 is likely a
transmembrane protein of the ER which aids in budding of transport vesicles destined for
the Golgi. GLIPR1 RNA knockdown studies have demonstrated down regulation of
protein synthesis of products related to the ER-to-Golgi vesicle-mediated transport [56].

GLIPR1 arises from a single, well supported cluster composed of three distinct
subclades — GLIPR1, GLIPR1L1 and GLIPR1L2 [6]. As shown in Figure 2, GLIPR1 is
the shortest of these proteins, containing a signal sequence, a CAP/PR domain, Hinge
region, and a transmembrane domain. GLIPR1 is widely expressed in many organisms,
including vertebrates and invertebrates.

Mammalian GLIPR1L1: The GLIPR1L1 (Glioma Pathogenesis Related protein 1
Like 1) gene is recognized as a p53 target gene in mammals, and its expression has high
tissue-specificity to the testis. GLIPR1L1 shares a very high sequence homology to
GLIPR1 and GLIPR1L2. The N-terminus signal peptide and the extracellular protein
signature motifs suggest that GLIPR1L1 is located on the surface of the cell membrane or
is secreted [61].

Mammalian GLIPR1L2: The GLIPR1L2 (Glioma Pathogenesis Related protein 1
Like 2) gene is also recognized as a p53 target gene, and is highly expressed in the testis,
but is also expressed at lower levels in a wide array of tissue types, including the prostate
and the bladder [60, 63]. GLIPR1L2 shares a very high sequence homology to GLIPR1
and GLIPR1L1. The presence of a C-terminus membrane-spanning domain suggests that

GLIPR1L2 is also a transmembrane protein of the ER [61].
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Thus, GLIPR1, GLIPR1L1, and GLIPR1L2 expression can all be induced by p53 and
these proteins are considered to be tumor suppressors with apoptotic function [60, 63].
GLIPR1’s pro-apoptotic function arises from its role in increasing the production of
reactive oxidative species and in activating the c-jun-NH> kinase pathway via the
apoptosis signal-related kinase and the mitogen-activated protein kinase [63]. In addition
to this, there is a strong correlation between the expression of GLIPR1, GLIPR1L1, and
GLIPR1L2 and down regulation of human sarcoma, lymphoma, prostate, bladder, lung,

and colon cancer cell lines [60-63].

The GAPR Subfamily

GAPR-1 (Golgi-associated Plant Pathogenesis Related Protein 1), which is also
known as GLIPR2, RTVP-1 and COL4A3, has a high expression in immune-related
tissues and cells, especially in monocytes, leukocytes, lung, spleen, and embryonic
tissues [64]. Therefore, GAPR-1 is believed to play an important role in the innate
immune system of mammals, similar to the anti-fungal and serine protease activity
associated with the Pr-1 protein in plants [64, 65]. However, it should be noted that the
similarity of function between GAPR-1 and Pr-1 is merely a coincidence rather than a
conserved function. GAPR-1 is localized to lipid-enriched microdomains in the Golgi
complex of mammalian cells and is tightly bound to the cytosolic leaflet of the Golgi
membrane [64]. GAPR-1 was initially believed to be a non-secretory protein [64, 66]
since it appears to lack a conventional N-terminal signal sequence; however recent

studies show that GAPR-1 can be secreted as well [67].
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GAPR-1 is also found enriched in the lumen of small prostasomes, an array of
membrane vesicles produced by the prostatic epithelium [68]. Prostasomes are thought to
help regulate sperm motility through interaction with Ca?* delivery signaling tools [69],
and may play a role in stimulating the acrosome reaction [70], and protecting the sperm
cells from immune attack within the female reproductive track [71].

Despite the similarity in nomenclature between GLIPR1, GLIPR1L1, GLIPR1L2, and
GLIPR2 (an alternative name and misnomer for GAPR-1), GAPR-1 does not have any
phylogenetic, structural, or functional similarity with the others [6]. In addition, GAPR-1
protein does not contain a predicted signal sequence, Hinge domain or third domain as do
the others [6, 64]. It has been previously suggested that GAPR-1 may be the most
primitive CAP family protein sharing high amino acid sequence homology with
invertebrate venom proteins, the Pr-1 proteins found in plants, and the PRY1 proteins
found in yeast Saccharomyes cervisae [72]. As previously discussed, Pr-1 proteins serve
an immune function plants and similarly GAPR1 appears to serve a function in the
mammalian immune system; this may suggest a link between plant and mammalian
immune systems, however no data have provided a sufficient link as of yet.

Though GAPR-1 is viewed as a CAP superfamily protein with Pr-1 ancestry [7, 66,
67, 73], proteomic analysis of more highly evolved vertebrate “GLIPR-2”, using amino
acid and secondary structure data, suggests that the latter is an extension of the original

GAPR lineage.
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The Peptidase Inhibitor Subfamily

Mammalian P115: Peptidase Inhibitor 15 (P115), also known as 25 kDa trypsin
inhibitor, SugarCRISP, P25T1, and CRISP8, was first identified in human glioblastoma
cells [74]. In humans, P115 is expressed in the mammary gland, prostate, salivary gland,
thyroid gland, brain, placenta, and lymphocytes [14, 75]. PI15 has a low affinity to
trypsin, compared to other trypsin inhibitors; similar to GLIPR1, it is highly expressed in
human neuroblastoma and gliolastoma cell lines [14, 74]. Elevated levels of PI15 are
found in the prostatic secretions of individuals with prostate cancer [76].

In rats, reduced PI15 expression can result in increased protease activity in the aorta
resulting in ruptures of the internal elastic lamina of the abdominal aorta and iliac arteries
[77]. In the developing chicken embryo (stage 18), PI115 expression can also be observed
in emerging lung buds, dorsal pancreatic mesoderm, and the gut; during stage 21 of the
developing embryo, PI15 appearance can be observed in the anterior and posterior
necrotic zones in the limb bud [75]. The timing and location of these expression patterns
during embryogenesis suggest that PI15 may be involved in regulation of protease action
during tissue remodeling. However, much remains to be done as the regulatory and
signaling pathways for PI15’s actions are still undefined.

Mammalian P116: Peptidase Inhibitor 16 (P116), also known as PSP94 (prostate
secretory protein of 94 amino acids), CRISP9, B—microseminoprotein, PIP (Prostatic
Inhibin Peptide), and protease inhibitor 16, is a major component of semen [78].
However, PI16 is found in a wide verity of tissues, including prostate, small intestine,
colon, peripheral blood leukocytes, pituitary gland, parathyroid gland, tonsil, kidney,

stomach, liver, and the Leydig cells within the testis [78]. PI116 has been implicated as a
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modulator of circulating FSH (Follicle-Stimulating Hormone) levels in sheep seminal
plasma [79], a competitive inhibitor of sperm motility by obstructing the activity of Na*,
K*-ATPase [80], an immunoglobulin binding factor in female reproductive tract [81], a
promoter of prostate cancer cell apoptosis [82, 83], a regulator of calcium levels during

hypercalcaemia of malignancy [83], and an inhibitor of cardiomyocyte growth [84].
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CHAPTER 3: EVOLUTION OF CAP SUPERFAMILY GENE STRUCTURE

Evolution of CAP Superfamily Gene Structure

The CAP/PR domain is expressed in prokaryotes and eukaryotes organisms with a
high degree of identity and coverage. This suggests that all CAP proteins, through the
CAP/PR domain, share a common ancestor and possibly a single point of origin. As
presented in the table of Appendix 1A and Appendix 1B, a large array of expressed and
hypothetical CAP-related protein sequences are present in organisms representing a wide
range of kingdoms and phyla. The abundance and range of CAP/PR-related sequences in
an organism does not correlate with genome size, protein count, or other genomic
characteristics. This follows the generally observed evolutionary rule (known as the ‘C-
value paradox’ and ‘N-value paradox’) that the amount of genetic material in an
organism does not necessarily relate to increased complexity or gene expression [85, 86].
Nevertheless, with increasing organism complexity, CAP/PR proteins are observed to
take on additional domains suggesting an increase in both their structural and functional
repertoire (see Figure 2). In prokaryotes and early eukaryotes, the CAP superfamily
proteins are essentially one domain proteins. Subsequently, invertebrate round worms and
insects develop CAP proteins to which the Hinge region/domain has been added.
Subsequently, in later invertebrates the CAP/PR domain and Hinge region are usually
expressed with a third domain: an ion channel regulatory (ICR) domain, a transmembrane
domain, a LCCL domain, a CLEC domain, a glutamate rich domain, or a ZipA domain.

In order to place the evolutionary history of CAP proteins and genes in perspective, |

have chosen a set of representative species based on 1) their coverage of all major phyla
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in the eukaryotic world with emphasis on vertebrates, and 2) species whose genome
sequences are essentially complete and present in databases accessible through the NCBI,
Ensemble, Xenbase, and Santa Cruz Genome Browser websites. A catalogue of these
species and proteins, representing prokaryotes, plants, fungi, invertebrates and vertebrates
including fish, amphibian, reptiles, birds and mammals, can be found in Appendix 1 and
the Supplementary Data tables while their overall taxonomic relatedness can be
visualized in the phylogenetic tree of Figure 12. The tree was generated using phyloT
software implemented within the Interactive Tree of Life (iTOL) v2 website. Tree
construction with phyloT relies on genome-wide sequence data from NCBI, phylogenetic
analysis, and morphological studies [87, 88]. The tree was rooted using outgroup rooting

network.
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Figure 12. Global Genome Relatedness Between Selected Organisms in This

Study
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Figure 12. This rooted taxonomic tree represents the relationship between many
organisms used in this dissertation. This tree of life was generated using phyloT
implemented in the Interactive Tree of Life (iTOL) v2. phyloT creates phylogenetic
trees based on NCBI taxonomy databases, which rely on sequence data, phylogenetic

analysis, and morphological studies [84,

85].
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Conservation of Exon Borders within CAP Subfamily Genes

Given evidence of CAP/PR domain relatedness in phylogenetic trees (Figure 1) |
sought to obtain further evidence for gene evolution by looking at conservation of exon
borders. Using genomic sequences, | tallied the number of exons present in each CAP
gene and sequence information at exon/intron borders to determine to what extent these
had been conserved. The strongest conservation of gene structure came in the vertebrate
CRISP genes within which the number of exons remained invariant at seven in every
class of vertebrate (Figure 13 and Appendix 2). Furthermore, amino acid sequences found
at exon/intron borders remained strikingly consistent as shown in Figures 13 and 14. As
shown in Figure 14, there is a high degree of conservation of border position in the amino
acid sequence, most notable at the vertebrate exon borders between exons 2 and 3, 3 and
4,4 and 5, 5and 6, and 6 and 7. In fact, amino acid codons that contain an internal
ligation site between exons are also highly conserved as indicated by white boxed amino
acids at the exon borders between exons 3 and 4, 5 and 6, and 6 and 7 in Figure 14.

In contrast, exon numbers and borders underwent marked changes in earlier stages of
evolution leading up to CRISP genes as demonstrated in Figure 15. Pr proteins in plants
and CRISP-like proteins of low homology in fungi, harboring a single CAP/PR domain
(see Figure 4 and Figure 5), are coded for by genes that have only one exon (Figure 15).
Some genes coding for CRISP-like proteins of fungi do exhibit 2 or 3 exons but the exon
pattern is quite different from those of CRISP genes described above (e.g. mold in Figure

15).
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Figure 13. Genomic Exon Border Structure in Selected Vertebrate CRISP2 and
CRISP2-like Genes
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Figure 13. Genomic Exon Border Structure In Selected Vertebrate CRISP2
and CRISP2-like Genes

Figure 13. Genomic exon border structure and alignment of CRISP2 and CRISP2-like
genes. Proteins sequences were aligned using ClustualW. Exon numbers and
intron/exon borders were verified using the intron and exon prediction tracks in NCBI
online databases for specific CAP genes. Color-coding is used to indicate exon order
and relative length. Exon borders were located almost identically for all vertebrate
genes coding for CRISP 2/CRISP 2-like proteins. Organisms and accession IDs of the
amino acids are available in supplemental data table 7.

Page 2 of 2
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Figure 14. ClustalW Amino Acid Alignment for Exon Borders in Selected CRISP
and CRISP-like Genes

Figure 14. Exon borders in selected CRISP and CRISP-like genes. Protein sequences
were aligned using MEGA?7 ClustalW. Exon numbers and intron/exon borders were
verified using the intron and exon prediction tracks in NCBI online databases for
specific CAP genes. Color-coding superimposed on the sequences is used to represent
different exons and exon borders are indicated by a change in color. White (not
highlighted) residues represent intra-codon borders. Exon borders within both insect
CRISP genes (upper panel) and vertebrate CRISP genes (lower panel) are identical
between members of the same taxonomic group. In addition, exon borders 2/3 and 5/6
are consistent between insect CRISP genes and vertebrate CRISP genes. In contrast,
other borders are located differently in the two taxonomic groups. Organisms and
accession IDs of the amino acid sequences are available in supplemental data table 7.
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Figure 15. Genomic Exon Border Structure In Selected Invertebrate CRISP and
CRISP-like Amino Acid Sequences
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Figure 15. Genomic exon border structure of selected CAP proteins in invertebrates
and human CRISP2 (for reference). Proteins sequences were aligned using ClustualW.
Exon numbers and intron/exon borders were verified using the intron and exon
prediction tracks in NCBI online databases for specific CAP genes. Color-coding is
used to indicate exon order and relative length. The consistent exon numbers and
borders seen in CRISP proteins of vertebrates (e.g. human CRISP 2, bottom entry) is
not identical to that seen in invertebrates. Exon numbers appear to increase during
evolution and some exon borders remain consistent while others either shift or appear
for the first time. Organisms and accession IDs of the amino acid sequences are
available in supplemental data table 10.
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As one progresses into invertebrate CAP genes, for example the insect venom
genes, exon numbers become variable from 1 to 5. This observation of exon number
variability is also true for other invertebrate phyla including round worms, mollusks,
echinoderms and urochorates (see Appendix 3). Finally, arriving at vertebrates, most
CAP genes exhibit five or more exons. As shown in Figure 16, this overall increase in
exon number results not just from the addition of new domains, but more pointedly from
the number of exons representing the CAP/PR domain. Exons coding for this domain
alone usually number from 4 to 6 in vertebrate CAP genes (Figure 16).

Figure 16. Evolution of CAP Proteins is Accompanied by an Increase of Exons
Representing the CAP/PR Domain
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Figure 16. Evolution of CAP Genes is accompanied by an increase of exons coding
for the CAP/PR domain. Ten to twenty-five CAP genes were sampled in each
taxonomic group, for a total of 148 genes. Exon numbers and intron/exon borders
were verified using the intron and exon prediction tracks in NCBI online databases for
specific CAP genes.
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A second observation is that the conservation of exon borders seen in the CRISP
genes (Figures 13 and 14) occurs only within the CRISP subfamily. Exon borders and
numbers differ markedly between CAP subfamilies.

To demonstrate this observation we will use the western clawed frog (Xenopus
tropicalis), whose genome presents fourteen CAP superfamily genes. In Figure 17, the
phylogenetic tree represents the nearest neighbor joining alignment of all fourteen
western clawed frog CAP superfamily amino acid sequences; the tree has been divided
into three clusters: cluster 1, cluster 2, and cluster 3. On the phylogenic tree, the
evolutionary history was inferred using the UPGMA method [89]. The tree is drawn to
scale, with branch lengths in the same units as those of the evolutionary distances used to
infer the phylogenetic tree. The evolutionary distances were computed using the Poisson
correction method [4] and are in the units of the number of amino acid substitutions per
site. Evolutionary analyses were conducted in MEGAG [3].

Further analysis of the Open Reading Frames (ORF), Coding DNA Sequence (CDS),
and amino acid sequence was used to generate Figure 18 and Appendix 4, which present
the genomic exon composition of these western clawed frog CAP superfamily genes. By
correlation of the data in Figures 17 and 18, we find that individual clusters present a
high degree of conservation between exon borders. For instance, all eight genes within
cluster 1 have nearly identical exon borders (first eight entries, Figure 18 and Appendix
4). Likewise, in cluster 2, representing the Peptidase Inhibitor/LCCL domain-containing
subfamily, there is a high degree of exon border alignment in the CAP/PR domain and
the Hinge region (entries nine through twelve, Figure 18 and Appendix 4), albeit
distinctly different from the CRISP subfamily at the exon 3/exon 4 and exon 6/exon 7
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boundaries. Finally, the two members of cluster 3, representing the GLIPR and GAPR
subfamilies, have completely different exon borders from the first two clusters (entries
thirteen and fourteen, Figure 18) in their CAP/PR domain. Further demonstration of
different levels of homology within clusters and between clusters is demonstrated
quantitatively in Appendix 5A using the Poisson correction model [4] in MEGAG
(Estimates of Evolutionary Divergence between Sequences) [3]. As shown in Appendix
5, within cluster 1, 2, and 3, the average number of amino acid substitution scores are
0.816, 0.547, and 0.913 respectively; however, between all three clusters, the average
amino acid substitution score is 1.365, which is significantly higher.

To confirm these findings a similar analysis was done on the fifteen CAP protein
present in the human genome. In Figure 19, all human CAP superfamily protein
sequences have been aligned using neighbor joining alignment; eleven sequences have
been divided into four clusters, based on physical clustering of genes (to be discussed
below). Indeed, cluster 1, representing C-type lectin domain containing proteins,
exhibited consistent exon borders within the subfamily (entries 1-3, Figure 20). However,
these borders differed at multiple sites from cluster 2, the CRISP proteins (entries 4-6,
Figure 20) even within the CAP/PR domain alone. Exon borders in cluster 3, the GLIPR
subfamily (entries 8-10, Figure 20), differed from both cluster 1 and 2, yet were
internally consistent. Finally, cluster 4, representing LCCL domain-containing proteins,
is again internally consistent yet different from other subfamilies in exon structure. These
findings on homology are further documented in Appendix 7A. As shown in Appendix 7,

within clusters 1, 2, 3, and 4 the average amino acid substitution scores are 0.017, 0.543,
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0.754, and 0.596 respectively; however, between all four clusters, the amino acid
substitution score is 1.496, which is significantly higher.

While differences in exon borders between genes of different CAP subfamilies likely
represent changes in gene structure that have occurred since the advent of subfamilies
during invertebrate evolution, there are also certain exon borders that have remained
constant within multiple subfamilies. Examples include the exon borders indicated by
labelled arrows (A, B, and C) in Figures 18 and 20 and appear to represent the earliest
exon borders that arose before the evolution of CAP subfamilies. Thus exon borders may
provide clues as to the sequence of steps in CAP protein evolution, a topic that will be
addressed at length in Chapter 4. But first, we will document the presence of physical
clustering of CAP genes in the genomes of both vertebrates and invertebrates, an
observation that suggests that CAP gene evolution was likely accompanied by multiple

instances of gene duplication.
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Figure 17. Phylogenetic Relationships of CAP Superfamily Proteins
in the X fropicalis (Western Clawed Frog) Genome
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Figure 17. Phylogenetic relationships of CAP superfamily proteins in the X. ropicalis
(Western Clawed Frog) genome. Protein sequences were aligned using MEGA7
ClustalW sequence alignment. The tree is drawn to scale, with branch lengths in the
same units as those of the evolutionary distances used to infer the phylogenetic tree.
The evolutionary distances were computed using the Poisson correction method and
are in the units of the number of amino acid substitutions per site. The analysis
involved 15 amino acid sequences. All positions containing gaps and missing data
were eliminated. There were a total of 152 positions in the final dataset. Evolutionary
analyses were conducted in MEGAG6. The tree shows the presence of three cluster of
CAP proteins in the frog genome corresponding to CAP subfamilies of proteins.
Organisms and accession IDs of the amino acid sequences are available in
supplemental data table 11.
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Figure 18. Genomic Exon Border Structure in CAP Superfamily Proteins in the
X tropicalis (Western Clawed Frog) Genome
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Figure 18. Genomic exon border structure of CAP superfamily genes in the X
tropicalis (western clawed frog) genome. Protein sequences were aligned using
MEGA7 ClustalW sequence alignment. Exon numbers and intron/exon borders were
verified using the intron and exon prediction tracks in NCBI online databases for
specific CAP genes. Color-coding is used to indicate exon order and relative length.
Exon borders labeled A, B, and C (arrows) are found at identical positions in many of
the vertebrate CAP subfamilies suggesting that these borders were established early in
evolution, before divergence of these CAP subfamilies. Organisms and accession IDs
of the amino acid sequences are available in supplemental data table 11.
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Figure 19. Phylogenetic Relationships Of All CAP Superfamily Proteins in the
Homo sapiens (Human) Genome
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Figure 19. Phylogenetic relationships of CAP superfamily proteins in the Homo
sapiens (human) genome. Protein sequences were aligned using MEGA7 ClustalW
sequence alignment. The tree is drawn to scale, with branch lengths in the same units
as those of the evolutionary distances used to infer the phylogenetic tree. The
evolutionary distances were computed using the Poisson correction method and are in
the units of the number of amino acid substitutions per site. The analysis involved 16
amino acid sequences. All positions containing gaps and missing data were
eliminated. There were a total of 108 positions in the final dataset. Evolutionary
analyses were conducted in MEGAG6. The tree shows the presence of four clusters of
CAP proteins in the human genome corresponding to CAP subfamilies of proteins.
Organisms and accession IDs of the amino acid sequences are available in
supplemental data table 12.
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Figure 20. Genomic Exon Border Structure In All CAP Superfamily Proteins in
the Homo sapiens (Human) Genome
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Figure 20. Genomic Exon Border Structure In All CAP Superfamily Proteins in
the Homo sapiens (Human) Genome

Figure 20. Genomic exon border structure of CAP superfamily genes in the Homo
sapiens genome. Protein sequences were aligned using MEGA7 ClustalW sequence
alignment. Exon numbers and intron/exon borders were verified using the intron and
exon prediction tracks in NCBI online databases for specific CAP genes. Color-coding
is used to indicate exon order and relative length. Exon borders labeled A, B, and C
(arrows) are found at identical positions in many of the vertebrate CAP subfamilies
suggesting that these borders were established early in evolution, before divergence of
these CAP subfamilies. Organisms and accession IDs of the amino acid sequences are
available in supplemental data table 12.

Page 2 of 2

Physical Clustering of CAP Subfamily Genes in the Genome

Similar exon borders within CAP subfamilies suggested that these genes may have
arisen by gene duplication. If so, I would hypothesize that genes belonging to the same
cluster/subfamily might be physically clustered on the genome. In order to test this
hypothesis, specific regions within the frog and human genomes were inspected in regard
to gene order using the NCBI genome browser (www.ncbi.nlm.nih.gov/gene/). As shown
in Figure 21 (bottom two entries), cluster 2 (CRISP subfamily) and cluster 3 (GLIPR
subfamily) were each found to be clustered, albeit on different chromosomes. Similarly,
in the frog genome the entire cluster 1 (CRISP subfamily) is found clustered on the same
chromosome (sixth entry from top, Figure 21).

Additionally, it should be noted that these three cluster-specific gene clusters are
found throughout Reptilia and Amphibia classes, therefore they are not simply unique to
the western clawed frog (data not shown). Some of the species that present the three
cluster-specific CAP gene clusters include: Anolis carolinensis (green anole), Gekko

japonicas (Japanese gecko), Pelodiscus sinensis (Chinese soft-shelled turtle), Alligator
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sinensis (Chinese alligator), and Alligator mississippiensis (American alligator). Due to
the lack of sufficient genomic data and gene assembly data, further analysis was not
conducted.

As expected, similar to early chordates, gene clusters can be found in other later
chordates as well. For example, peptidase inhibitor gene clusters can be found in most
vertebrates, CRISP subfamily gene clusters are found in most mammals (e.g. mouse and
human genomes (entry 9 and 10, Figure 21).

Consequently, many CAP gene clades are composed of genes clustered on the
genome that share high sequence homology and share exon border homology (Figures 18
and 20 and Appendices 4 and 6). Physical clustering as evidence of gene duplication
extends far back to the early stages in CAP gene evolution. For example, one domain
CAP proteins, such as the pathogenesis-related (Pr) proteins of plants and the venom
antigen (Ag) proteins of insects are both coded for by genes found in clusters (e.g., see
first entry, Figure 21). Likewise, two domain CAP proteins, such as the SCL proteins of
C. elegans, composed of a CAP/PR domain plus a Hinge region, are also coded for by
genes found in multiple clusters. These findings all support the conclusion that CAP

superfamily proteins are a result of gene duplication in early ancestors.

The Origins of CAP Subfamilies with Emphasis on the Evolution of CRISP Genes

Above, | made the surprising observation that, contrary to current thinking, CRISP
proteins can be found in the invertebrate world as well as the vertebrate world. This

suggests that CAP subfamilies (e.g. the CRISP, GLIPR, LD and PI subfamilies) thought
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to be associated primarily vertebrates actually had their evolutionary origins in a common
ancestor. In order to gain evidence for this, more detailed attention was focused on
certain invertebrate phyla in regard to the presence of qualified subfamily members or
precursors of subfamily members. Representative model organisms were chosen from the
insects, echinoderms, and the urochordates for further study.

The primary tool was construction of a nearest neighbor-joining phylogenetic tree.
For the phylogenetic tree, the evolutionary history was inferred using the UPGMA
method [89]. The tree is drawn to scale, with branch lengths in the same units as those of
the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances
were computed using the Poisson correction method [4] and are in the units of the
number of amino acid substitutions per site. Evolutionary analyses were conducted in
MEGAG [3]. As shown in Figure 22, separate clusters are present for the GAPR, LD,
CRISP and GLIPR subfamilies. Within each cluster (excepting LCCL containing) are
invertebrate proteins, clearly related to their vertebrate counterparts. The GAPR
subfamily appears to be the most “primitive” and earliest to diverge, as they still bear
noticeable sequence similarity to the PYR proteins of fungi as indicated in annotations of
the GAPR subfamily. Thus, one might hypothesize that this subfamily diverged not too
long after the branching off of the fungi from the main animal kingdom progression
toward the invertebrates. In fact, if one adds to the alignment, the present-day PYR1
protein sequence from S. cerevisiae, this sequence nests within the GAPR subfamily
(data not shown) largely because of similar CAP/PR domain sequences. This early
divergence of the GAPR subfamily is stable to wide manipulation of the alignment
membership.
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Likewise, the CRISP subfamily also has clear membership from insect species whose
ancestors were among the early invertebrates. The CRISP cluster was also stable to
variations in alignment membership. The positioning of insect cysteine-rich venom
proteins (CRVP) within the CRISP arborization correlates with the fact that they display
an ICR domain with the 6 conserved cysteines characteristic of bonified mammalian
CRISP proteins (see Figure 11).

In the GLIPR cluster of Figure 22, we find multiple members from the urochordate
and molusc genomes. Although GLIPR and LCCD domain proteins are maintained in
separate clusters in this particular alignment, they often intermix in their arborization as
membership is changed. This suggests that these subfamilies are more closely related to
one another and may have developed later during invertebrate evolution than did the
CRISP and GAPR subfamilies.

For the CRISP subfamily the sequence relatedness data presented here is corroborated
by evidence that multiple exon borders have identical placement within both insect and
vertebrate genes, as shown in Figure 14 and Appendices 2 and 3. Is this the case for other
subfamilies such as the GAPR family? To answer this question, key GAPR proteins from
both invertebrate and vertebrate taxa were examined for consistency (or lack of
consistency) in their exon borders. As shown in Appendix 8, the exon border structure of
GAPR subfamily has conserved characteristics throughout its lineage. As one crosses the
invertebrate-vertebrate threshold going from urochordates (e.g. sea squirts) to lower
vertebrates (e.g. gars and bony fishes) to advanced vertebrates (e.g. mammals) one
observes the exon 2/exon 3 border and the exon 4/exon 5 borders to be identical. Thus,
genes in both the CRISP and GLIPR sub families appear to evolve increasing numbers of
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exons and new exon borders as invertebrates gain complexity, but settle in to a relatively
consistent gene structure during the invertebrate-vertebrate transition and as vertebrate

evolution progresses.
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Figure 21. Genomic Clustering Data of CAP Superfamily Genes in
Representative Genomes
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Figure 21. Genomic Clustering Data of CAP Superfamily Genes in
Representative Genomes

Figure 21. Genomic clustering of CAP superfamily genes in representative genomes.
Each entry represents gene locations within a small region of the indicated
genome/chromosome. CAP genes are shown in red; non-CAP genes are shown in
black. Clusters of CAP genes are common in the genomes of both vertebrates and
invertebrates. Clusters of venom antigen genes are seen in insects (entry 1) and
clusters of two-domain CAP proteins are seen in both insects and round worms (not
shown). Clusters of CRISP genes are seen in both mammals and lower vertebrates
(entries 6 and 8-11). In contrast, fish and birds do not appear to have large clusters of
CAP genes (entries 3-5 and 7).
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Figure 22. Evolution of Multi-Domain CAP Superfamily Proteins
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Figure 22. Evolution of Multi-Domain CAP Superfamily Proteins

Figure 22. Phylogenetic tree illustrating a proposed evolutionary pathway for
vertebrate multi-domain CAP superfamily proteins. CAP/PR single domain proteins
originated in bacteria and continued to be seen in protozoa, fungi, and invertebrates.
These single domain proteins evolved into the PR proteins of plants (not shown), the
PRY proteins of fungi (not shown) as well as the GAPR proteins of vertebrates and
invertebrates (shown). Early CAP ancestral proteins giving rise to these subclasses
likely had a SCP Eukaryotic type of CAP domain. The SCP Eukaryotic subclass also
appears to have given rise to CAP two-domain proteins in which a Hinge domain was
added to the C-terminal of a CAP/PR domain in early invertebrates including worms
and insects. For simplicity, these proteins are referred to as “Pre-CRISP” proteins in
this figure. This phylogenetic tree suggests that these invertebrate “Pre-CRISP” two-
domain proteins gave rise to multiple subfamilies of CAP proteins characteristic of
both vertebrates and higher invertebrates such as the CRISP, LD and GLIPR proteins.
The tree is drawn to scale, with branch lengths in the same units as those of the
evolutionary distances used to infer the phylogenetic tree. The evolutionary distances
were computed using the Poisson correction method and are in the units of the number
of amino acid substitutions per site. The analysis involved 35 amino acid sequences.
All positions containing gaps and missing data were eliminated. There were a total of
79 positions in the final dataset. Evolutionary analyses were conducted in MEGAS®.
Organisms and accession IDs of the amino acid sequences are available in
supplemental data table 17.
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CHAPTER 4: EVOLUTION OF CRISP GENE STRUCTURE

As stated previously, a full length CRISP protein contains three domains, the
CAP/PR domain, the Hinge domain, and the ICR domain. The CAP/PR domain contains
the four traditional CAP/SCP signature sequences and six cysteines. The Hinge domain
contains four highly conserved cysteines, and the ICR domain contains six highly
conserved cysteines. (Note: some literatures do combine and categorize the Hinge region
and the ICR domain as a single Cysteine-Rich domain, ultimately implying a two domain
protein; regardless, for the purpose of this paper, we will refer to the Hinge portion of
CAP proteins as a separate domain based on the evolutionary data to be presented).

In this Chapter | summarize evidence that all CAP genes, including CRISP genes,
began as single CAP/PR domain proteins, ancestors of present day bacterial, fungal and
plant proteins. Subsequently, during early invertebrate evolution, specifically in
roundworms and arthropods, ancestral two-domain proteins arose containing both
CAP/PR and Hinge domains. Finally, ancestral three-domain CAP proteins arose, likely
in the arthropods, from addition of the ICR domain to an ancestral, two-domain protein.

Each of these three major steps in CRISP protein evolution will be discussed in sequence.

Evolution of the CAP/PR Domain

The CAP/PR domain was not only the earliest domain that can be recognized in
bacteria but also has continued to evolve throughout invertebrate and vertebrate
evolution. This continued evolution is reflected by the fact that NCBI databases

(www.ncbi.nlm.nih.gov/gene/) recognize not just a single type of domain but variations
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of this domain that differ for almost every subfamily of CAP proteins. For example,
during a BLAST search (http://blast.ncbi.nlm.nih.gov/Blast.cgi), CAP/PR domain amino
acid sequences automatically trigger recognition of seven different types of SCP
conserved domains including “bacterial”, “eukaryotic”, “GAPR”, “GLIPR” and
“CRISP”. These subclassifications reflect the slow evolution of the four CAP signature
sequences in the CAP/PR domain coupled to the fact that subfamilies of CAP genes, once
they have diverged, evolve independently, likely due to different functional pressures.
Independent evolution involved not only mutations in signature sequences, and
independent physical clustering (discussed in Chapter 3), but also an increase in numbers
of exons representing the CAP/PR domain as shown in Figure 16.

Evolution of the CAP/PR domain is also marked by the advent of new exon
borders and new cysteines destined to become one of the six conserved cysteines of the
CAP/PR domains found in modern CRISP proteins. These CAP sequence features, when
traced through a series of taxonomic groups, can be used to reconstruct the changes
involved in evolution of the CAP/PR domain (see the table of Figure 23B). The CAP
signature sequences begin as bacterial, evolve to become eukaryotic, and then finally
specialize to represent CAP subfamilies. The exon border 2/3 appears early in
roundworms, 4/5 and 5/6 appear subsequently, and the 1/2 and 3/4 borders appear most
recently in vertebrates. Conserved cysteines in positions 1 and 3 are found earliest in
bacteria, cysteines 4 and 5 are subsequently found beginning in plants, fungi and

protozoa, while a cysteine at the 6 position is not seen until vertebrates.
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Figure 23. Evolution of CRISP Proteins is Accompanied by Placement of Introns
and Cysteines at Specific Positions
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Not
CNIDARIA Eukaryotic Eukaryotic One to five |Exon 3/4 border rarely 35 Not present pre:ant
Exon 1/2 border rarely
ROUND WORMS GAPR an.d Eukaryotic Usually.three to|Exon 2/3 border 13,45 Hinge domain Not
Eukaryotic five Exon 4/5 border present present
Exon 5/6 border
GAPR and Usually three to | Exon 1/2 border 12,345, Hinge domai
INSECTS an. Eukaryotic sua y. reeto inge comain Present
Eularyotic five Exon 2/3 border 6 occasionally present
MOLUSCS, GAPR Exon 2/3 border 1,2,3,4,5,
ECHINODERMS, Eukaryotic, Eukaryotic Usuall;f four or |Exon 3/4 border rarely 6 rarely Hinge Domain Variable
and and GLIPR five Exon 4/5 border Present
UROCHORDATES Exon 5/6 border
VERTEBRATES GAPR, GLIPR cri Usually i All five exon borders are 123456 Hinge domain P ¢
and CRISP rsp sualyfive present 2,345, present resen
Figure 23.
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Figure 23. Evolution of CRISP Proteins is Accompanied by Placement of Introns
and Cysteines at Specific Positions

Figure 23. Evolution of CRISP proteins is accompanied by placement of introns and
cysteines at specific positions. Sequences of 148 CAP proteins representing the
taxonomic groups indicated were aligned by web-based MUSCLE software using
default parameters. Exon numbers and intron/exon borders of the corresponding genes
were verified using the intron and exon prediction tracks in NCBI online databases for
specific CAP genes. A. Annotated amino acid sequence of human CRISP1 specifying
the location of exon borders and cysteines which, monitored over evolutionary time,
suggest the sequence of events that led to vertebrate CRISP proteins. B. Table
summarizing changes in the CAP gene structure that led to vertebrate CRISP proteins.
SCP domain types refer to the subtypes of this conserved domain recognized by NCBI
BLAST software. Exon borders were considered “CRISP-like” if they fell within the
range boxed in panel A. Cysteine positions were considered “CRISP-like” if they fell
within one residue of the human CRISP1 cysteines in the aligned sequences.

Page 2 of 2

Addition of the Hinge Domain

The Hinge domain appears early in CAP superfamily evolution. As indicated in

Figure 24, hinge-like domains can be observed infrequently within unrelated bacterial
proteins and within protozoan CAP proteins. However, it should be noted that most early
CAP proteins lacked a Hinge domain. It was not until the early invertebrates such as
round worms (rows 3-6) and arthropods (rows 9-12) that two-domain CAP proteins
containing a Hinge domain as well as a CAP/PR domain become common. It is not clear
whether the domain was “borrowed” from unrelated bacterial proteins or whether it
evolved in a multi-step process during CAP protein evolution. The latter possibility is

suggested by the existence of two-domain CAP proteins in arthropods that have hinge-
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like domains with two or three cysteines rather than the full set of four (rows 7 (Mosquito
Ag-like) and 8 (Mosquito CRISP 3-like), Figure 24).

Subsequently, these two-domain proteins appear to have given rise to multiple
subfamilies of three-domain CAP proteins. Indeed, all vertebrate CAP proteins (with the
exception of GAPR proteins) carry a Hinge domain of ~26 amino acid residues. In this
context this domain has been suggested to act like a swivel — that is, to allow free rotation
of a third domain (e.g. the ICR domain of a CRISP protein) relative to the N-terminal
CAP/PR domain [26, 90]. Interestingly, the Hinge domain, unlike the CAP/PR domain,
has evolved very little since its first inclusion in CAP proteins of ancestral round worms,
Apparently, its primary structure (and likely tertiary structure) has remained consistent
over 1 billion years of evolution as determined by two disulfide bond linkages between

four conserved cysteines (see Figure 24).

70



Figure 24. The Hinge Domain Was Developed Early in Evolution and Was First
Seen attached to the CAP/PR Domain in Protozoa and Round Worms

c7 C8 C9 C10
Bacterium - Hypoth. Prot. MENVVIQQTEE|CIP TICIPEGTVICIEAS -DLLC|I NIIPCTTTV -
Protozoan - Crisp-like NQSMYQSG-NPICISAICIGKQQS|CINS I FTSLCIGQTITAIPGAT
Round Worm - SCPLike13 |[DSDI1 YQQG-|ET|C[S A|ICIS EDA S|CIEQD - S GLCJA|- - - - - - - - -
Round Worm - SCPLike12 |[DSDI1YQSG-|DT|C[S FICIP SGSK|CIEEA -SGLC|P|- ------ - -
Round Worm - SCP-Like 1 GRPIYKEG-|TT|C|S S[CISGS TK|CIDTA - § GLC|G|- - - - -- - - -
Round Worm - SCPLike14 |GMD I YKS G-|ET|C[S N[CIPDG TN|CIES § - TGLCJV|- - - - -- - - -
Mosquito - Ag-ike NQPSYVKG-HAIG|SQCISTG- -|[VISSAYPGLC|N|- - - ----- -
Mosquito - Ag-ike QQKTYTKSPEP!QNCSL---lSAEYSLCSSREPLLASG
Mosquito - Crisp 3-ike KTPIYAQG-EPCSQCTSG--CDAKFDGLCNTDEPVDLSE
Mosquito - Ag5 GIPIYVSGKKPIC[SGICITTG- -|CINSAFPGLCINESEPVPQMI
Bumble Bee - CRISP 2 SRP-YVAG-|KP|ICISMCIKDH - -|C|SY - - NKLC|T N A|CRISP DOMAIN
Fire Ant- CRISP1 GLP-YVAG-KPIC[SM[CIKDH - -|C[TQ- - DALC|T N A|CRISP DOMAIN
Sea Squirt- CRISPike KHP -YI S$G-(SP|C|S A[CIP KGY G|CIK -NGLCISLSADSNMLK
Amphioxus-Hypoth.Prot QK P -YI TG -TP|C|T Q|C/A NGN N|C[$ - - -DKLC|GKD|- - - - - - -
S.kowalevskii-Hypoth.Prot.FVAKY--PLMCGVCVPEEHCED -GK(QC|SQGVIDGATC
Sea Urchin - CRISP 2-like KRP -YESG-[LPIC|S S[C[PDSES|C|IE - - -NNLUC]JTMG|- - - - - - -
Zebra Fish - CRISP-like TVPPYSLG-|SP|C|A S[C[PNN - -|C|E - - - DN LIC| T N A|CRISP DOMAIN
Python - CRVPike ATP-YKSG-|PP[c|[GD|c|P §S - -|c|a - - - NGLc|T N P|CRISP DOMAIN
Horse - CRISP 2 NTP-YQQG-|TP|C|A §[CIPGN - -|[C[D - - - NGLC|T N S|CRISP DOMAIN
Human, CRISP 1 NEP-YKTG-|VPIC[EA|CIP SN - -|[C|[E - - - DKLC|T N P|CRISP DOMAIN

Figure 24. The Hinge domain amino acid sequence of CAP proteins (blue) exhibiting
a set of four highly conserved cysteines (yellow) is seen early in evolution. Hinge-like
sequences are found rarely in non-CAP proteins of bacteria (row 1) and rarely in
protozoa at the C-terminal of a CAP/PR domain (row 2). Round worms exhibit
numerous proteins that have Hinge domains linked to CAP/PR domains (rows 3-6).
Insects exhibit both Hinge domains (4 cysteines) and Hinge-like domains (1-3
cysteines) linked to CAP/PR domains (rows 7-10). In addition, insects represent the
earliest example in which an ICR domain is linked to the Hinge domain (rows 11-12).
Higher invertebrates also have proteins in which a Hinge domain is linked to a
CAP/PR domain; however, no true ICR domains are found in these proteins (rows 13-
16). In vertebrates, the Hinge domain nearly always joins a CAP/PR domain with a
third domain such as ICR (rows 17-20). Sequences were aligned by MUSCLE within
MEGA 7 using default parameters. Organisms and accession IDs of the amino acid
sequences are available in supplemental data table 17.

Addition of the ICR Domain

The earliest appearance of the ICR domain in a three-domain CAP protein is in

the Arthropoda phylum. The inclusion of the ICR in the CAP domain lineup was a

separate evolutionary event that occurred subsequent to addition of the Hinge domain.
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This conclusion is based on extensive BLAST searches that failed to detect CAP proteins
that contained ICR domains in the absence of Hinge domains. Likewise, extensive
BLAST searches for ICR domains linked to Hinge domains in unrelated non-CAP
proteins turned up empty handed. This evidence suggests the Hinge domain, given its
separate evolutionary origin, is in fact a separate domain from the ICR domain. Thus, the
designation of these two domains as one “Cysteine-Rich” or “CRISP” domain,
commonly seen in the CAP superfamily literature, is erroneous and seems to stem simply
from an unfounded assumption about the minimum size that a domain can have.

So where did the ICR domain come from? Indeed, BLAST searches do not reveal
ICR domains in unrelated, non-CAP, multi-domain proteins. Rather, this domain bears
striking resemblance to stand alone potassium channel peptide toxins of invertebrates. As
shown in Figure 25A, the ICR domain amino acid sequences within a broad range
vertebrate CRISP proteins (rows 1-6) share notable homology to sequences of peptide
toxins found in sea anenomes (cnidaria), round worms and scorpions (arthropoda) (rows
7-12) and is highlighted by the six conserved cysteines found in each. Indeed, NMR
solution and X-ray crystallographic structures (Figures 25B-E) show that the tertiary
structure of the ICR domain in CRISP proteins is nearly identical to the tertiary structure
of these potassium channel toxins: each is characterized by an alpha helix and a
neighboring short helix-like secondary structure from which three disulfide bonds (in red)
radiate, This structural similarity accounts for that fact that ICR domains, whether
occurring in CRISP proteins or expressed separately in vitro, have potassium channel
blocking activities analogous to those seen in these invertebrate peptide toxins
(references).
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Therefore, due to the remarkable sequence and structural homology of the ICR

domain with these invertebrate potassium channel peptide toxins, I speculate that the ICR

domain sequence of CRISP proteins originated in this toxin family and was imported into

CAP proteins during invertebrate evolution.

Figure 25. The ICR Domain is Related to Potassium Channel Toxins

A

Ccll C12 C13 Cl4 _ C15 Cl6
Zebra Figh - Crisp-like NIAICIPY INGFVNICIDALKAKLT|ICIENTAVKL- - -G|CIPAS -|C|JL -|ICIDNK I 1
Python -CRVP NIPICITHEDTYSNICINALVKEHK|CIQI PWIRK- - -S|CIPAS -|C|F -[CITTEIK
Horse - CRISP 2 NISCIEYEDLLSNICIDSLKKTAG|CIEHELLKE - - -K|CIKAT -|C|IR -|CIENK I Y|
Human -CRISP 3 NIGCIKYEDLYSNICIKSLKLTLT|ICKHQLVRD - - - S|CJKAS -|CIN -|CISNS Y]
Human - CRISP 2 NIS|CIQYQDLLSNICIDSLKNTAG|CIEHELLKE - - -K[C[KAT -|C|L -|ICIENK 1Y
Human - CRISP 1 NIPIC/l YYDEYFDICIDI QVHYLG|CINHSTT I L---F[CIKAT -|CIL -|ICIDTEIK
Anemone -Bkg K* Channel Toxin | -|V[CIROWFKETA[CIRHAKSLGN|CRTSQKYRA - - N[CJAKT -[C|E L|C|- - - - -
Anemone - Shk K* Channel Toxin [R|S[C/IDT IPKSR|C|- - - -TAFQCKHSMKYRLS - FICIRKT -|C|G TIC|- - - - -
Hookwom - Hypoth. Protein RIECIVDEAPKRAICIDTIERKYN|ICRGDWQYVAEIG|CIRRT -|CIDL|ICIGDQYD
Hookwom - shTK Protein QGICISDLVPKTVICIEDIKRKHN|ICKGVMEQLAYAY|CIQKT -|C|G FIC|EE -
FiliarissWorm - Shk-like Peptide |-|V[CEDL - - NAH|ICE MWQQL GH|ICIQY SPKYMGH - Y|ICIKKA-|CIGL|C|- - - - -
Scorpian - K" Channel Toxin VIKIC|- - -FASSEC]--- - - WTAIC|-KKVTGSGQGK|C|JQNNQ|CIR -[C]Y
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Figure 25. The ICR Domain is Related to Potassium Channel Toxins

Figure 25. The ICR domain exhibits both an amino acid sequence and a tertiary
structure homologous to those of potassium channel peptide toxins found in
cnidarians, round worms and arthropods. A.ICR domain and toxin sequences, aligned
by MUSCLE within MEGA 7 software using default parameters, each containing six
conserved cysteines (yellow highlighted) that are disulfide bonded. B. NMR solution
structure of the ICR domain of mouse CRISP2 [3]). C. X-ray crystal structure of the
ICR domain of the cysteine-rich venom protein from the snake Protobothrops
Sfavoviridis (1IWVR, Shikamoto et al., 2005). D. NMR solution structure of the BgK
peptide toxin from the sea anemone Bunodosoma granuliferum (1BGK_A | Dauplais
et al. 1997). E. NMR solution structure of the homologous immuno-inhibitory toxin
from Brugia Malayi 2MCR, Chhabra et al., 2014). The tertiary structures formed in
each case are characterized by an alpha helix and a neighboring short helix-like

secondary structure from which the three disulfide bonds (in red) radiate.
Page 2 of 2
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CHAPTER 5: CONCLUSION

The endurance and the prevalence of CAP superfamily proteins throughout
organismal evolution signifies the importance of these proteins. Early Pr proteins played
an important role in pathogen defense and survival of plants; however, current
mammalian CAP proteins are endowed with a wide array of functions — from
immunological characteristics to reproductive features. The diversity of CAP proteins has
exploded, therefore it can be fairly assumed that CAP proteins have and will continue to
play an important role in survival and/or reproduction.

This thesis has examined the evolution of CAP superfamily proteins as evidenced
in the extensive bioinformatics data now available at the NCBI and ENSEMBL websites.
These data included the sequence and annotations for genomes of over 50 organisms that
span the range of evolutionary information from bacteria to mammals. As a result, | have
been able to lay out a series of evolutionary steps that likely led to the diversity of CAP
superfamily proteins found today.

Many of the major steps in creating this diversity are summarized in Figure 26
(which is identical to Figure 12), the earliest step (1) being the origin of the CAP/PR
domain in bacteria. These one-domain proteins further diversified into other one-domain
proteins including the GAPR subfamily — the earliest subfamily to diverge (step 2), the
plant-specific PR proteins (step 3), and the fungi-specific PRY proteins (step 4). At later
points these one-domain proteins evolved into the one-domain venom antigen proteins of
round worms and insects (steps 7 and 8). The next major step was addition of the Hinge

domain (step 5) to form two-domain proteins that would serve a precursors to many other
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CAP subfamilies that would soon evolve. These two-domain genes/proteins were first
seen in roundworms and arthropods. Surprisingly, construction of genes coding for two
domains appears to have quickly led to three-domain CAP superfamily genes (step 6) as
instanced in their Arthropod descendants - GLIPR1-like and CRISP-like genes that
subsequently were used as templates for evolution of the GLIPR1 and CRISP subfamilies
found in higher invertebrates and vertebrates. Continued diversification of the CAP
superfamily occurred with spinoff of the Proteinase Inhibitor subfamily during
invertebrate evolution (step 9) and the CRISP LD and C-type lectin subfamilies during
early vertebrate evolution (step 10). Finally, during higher vertebrate evolution, further
diversity in the CRISP, GLIPR and CLEC families is observed. CRISPs 1 and 3 split off
from CRISP 2 and were first seen as distinct lineages in amphibians (step 11) while the
CRISP 4 lineage did not diverge until rodents evolved (step 13). In the CLEC subfamily,
CLECB was first seen in early mammals (step 12) while the CLEC18C lineage was not
observed until primates evolved.

Unique to the present study is the discovery of two-domain CAP proteins and
three-domain CAP proteins within invertebrates that appear to represent modern day
descendants of ancestral CAP proteins that played critical roles in CAP superfamily
evolution. | have been able to link these intermediate steps in evolution to what came
before and what came after by using a combination of tools: BLAST to ferret out
homologous proteins (often by using multiple serial BLAST searches), alignment
programs such as CLUSTAL W and MUSCLE [3] to identify conserved sequence
features, especially conserved cysteines and CAP signature sequences, genome browsers
to identify exon borders of specific CAP genes as well as gene clusters, and phylogenetic
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tree generating programs such as MEGA 6 and MEGA 7 to analyze the relatedness of the

CAP subfamilies.

77



Figure 26. Point of Origin for Various CAP Superfamily Proteins
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Figure 26. The figure presents the points of origin for various CAP superfamily
proteins. The earliest origin of the CAP/SCP domain likely occurred in a common
ancestor shared by most species. After this point of origin, we can see a burst of
CAP/Pr proteins in many organism. The Hinge and the ICR domain originated in a
common ancestor shared of the Animalia kingdom. A wider verity of CAP proteins
start appearing in vertebrates.
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Especially useful has been documentation of exon border positions within genes
and clustering between genes which in this study have clearly detected periods of great
change in CAP gene structure as well as periods of relatively little change. Analysis of
exon border data or gene clustering data is seldom observed in the literature and here
these have allowed new information about CRISP gene evolution to be leveraged from
existing database entries as instanced in the following summary observations.

The earliest CRISP proteins appeared in arthropods, where it is believed they play
an ion-channel regulatory roll (as seen in vertebrates). For instance, in southern house
mosquito genome, we can observe eight unique CRISP proteins in two gene clusters (data
not shown). Subsequently, the existence of multiple gene copies in these clusters allowed
further diversification, producing in vertebrates (e.g. the human genome) three CRISP
genes (CRISP1, CRISP2, and CRISP3), also present as a gene cluster (Figure 21). The
arthropod and human gene products are clearly homologous as indicated by conserved
cysteines, especially the six in the ICR domain that determine a tertiary structure not
unlike that of potassium channel toxins also found in arthropods (Figure 25).

Thus, using CRISP amino acid sequence and exon border structure | have been
able to extrapolate the origin of the CRISP protein to a shared ancestor of the phyla
Arthropoda and Chordata (Figure 26). At the point of CRISP protein origin, it is likely
that exon 2/exon 3 border and exon 5/exon 6 border were present in the ancestral
organism (Figure 14). However, past this point of origin, both vertebrates and
invertebrates have developed additional unique introns and splicing patterns despite
conservation of the amino acid sequences involved. Current splice patterns for the
vertebrate and invertebrate CRISP proteins can be visualized in Figures 13, 14 and 15.
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After the point of CRISP gene origin, Arthropoda in general developed a five exon
CRISP protein while vertebrates developed a seven exon CRISP protein. These
differences resulted from subsequent independent designation of exons borders in the two
lineages (e.g. the exon 3/exon 4 border) and from exon borders developed in the
vertebrate lineage (e.g. the exon 4/exon 5 border) but not in the invertebrate lineage.

In conclusion, new features of CAP superfamily and CRISP protein evolution in
particular have been elucidated by the use of exon border detection and gene clustering
data already present in genomic databases. | urge increased use of these tools in future
studies of protein superfamily evolution, tools which up to this point have largely been

ignored.
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Appendix 1A: Inventory of CAP-related Proteins in Selected Species

# of CAP ;
. B # of Protein
Scientific Taxonomy | superfamily | ‘b \( ioned Gene Name: Coding | C°mome
Name: ID: proteins in Size (Mb)
Genes
genome
Pscud.ormnas 317 4 PSYR_3350,PSYR 2381, 5080 6.00
syringac PSPTO_3579, and PSPTO 2649
Anoxybacillus AFLV _RS09705, and
flavithernms 491913 2 AFLV_RS08260 2,784 285
Peptoclostridium 272563 4 Ca+-chelatig serine protease, and 3X| 5 ;¢ 429
difficile cell wall binding protein
PR, 2X PR-1, PR-1A, PR-1-like, PR-
Solamm =
Iycopersicum 4081 13 4, PR-4-like, PR-4-lke, PR-6, PRB1-2{ Inconplete | Incomplete
) like, PRB1-3, and STS 14
5X CAP, Concanavalin A-lke lectn
Theobroma —. .. . )
cacao 3641 11 protein kinase family protem, 2X PR-1, | Inconplete | Incomplete
PR-1r, STS14, and STS14
Saccharomyces 4932 3 PRY1p, PRY2p, and PRY3p 5887 12.07
cerevisiae
. SCP-ltke extracellar protein, CRISP-
Aspergillus flavus 5059 3 like, and SCP domain profein PRY1 13485 36.89
C07A4.2, C07A43, C04C11.1,
F09B9.5, F57B7.2, F58E2.5M, LON-
1. 8CL-1., SCL-2, SCL-3, SCL-5,
y SCL-6, SCL-7, SCL-8, SCL-9, SCL-
cai‘iﬁi‘j"’s 6239 34 10, SCL-11, SCL-12, SCL-13,SCL- | 65767 100.27
14, SCL-15, SCL-17, SCL-18, SCL-
19, SCL-20, SCL-21, SCL-22, SCL-
24, SCL-25, SCL-26, SCL-27,
TO05A10.6, VAP-1.and Y116F11B.13
Ag5t, Agsr2, SCPr-A, SCPr-B,
FLYBASE predicted and hypothetical
sequence locus tag: Dmel CG17575,
Dmel CG5106, Dmel CG42564,
Dmel CG30488, Dmel CG43777,
Dmel CG30486, Dmel CG32313,
Dmel CG4270, Dmel CG8483,
Drosoptila Dmel CG9822, Dmel CG43776,
melnogaster 7227 32 Dmel CG31296, Dmel CG42780, 30277 143.73
Dmel CG16995, Dmel CG42764,
Dmel CG31482, Dmel CG10651,
Dmel CG3640, Dmel CG32679,
Dmel CG17974, Dmel CG6628,
Dmel CG43775, Dmel CG11977,
Dmel CG34002, Dmel CG9400,
Duel CG8072, Dmel CG31286, and
Dmel CG34049
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Appendix 1A: Inventory of CAP-related Proteins in Selected Species

AAFIL000793, AAFL.002476,
AAFI.002682, AAF1.002693,
AAFI003053, AAEL.003057,
AAFIL.004199, AAFT.004407,
AAFI005531, AAEL.006297,
AAFIL006524, AAEL.008473,
Yellow fever AAFIL008479, AAEL.008487,
Aedes aegypti | mosquito 7159 = AAFL008488, AAFL.009239, 17393 1383.97
AAFL009695, AAEL.010269,
AAFI011795, AAEL011797,
AAFI011798, AAEL.011802,
AAFI012136, AAEL013406,
AAFIL014069, AAEL.014759,
AAFLO015472, and AAFL.015483

Salivary protein, cystetne-rich venom
protein, CRSIP2, CRISP3, 3X.

Southern . .
| Culex house 7176 31 hypothetical protein, SX Ag, 6X venom | g0 579.04
quinquefasciatus . Ag, 2X venom Ag3, 7X venom Ag5,
mosquito . . - .
3X catrin, and salivary secreted antigen-
5 precursor Ag5-3
2X Ag3-lke, 6X Ag5-like, serotriffin-
Microplitis Parasitic like, uncharacterized LOC 103580017,
69319 12 ) ; 19916 250.53
demolitor Wasp uncharactenized LOC103575568, and
uncharactenzed LOC103573858
2X Ag3-lke, 4X Ag5-like, allergen 5.01
Nasoma | ;o AWasp | 7425 11 fike, CRISP2-like, EFGL protein 1-tke,| ;. 295.79
vitripenris enolase-phosphatase E1-lke, and
Uncharacterized LOC100680164
Ag3, 3X Ag3-like, Ag5-like, CRISP1-
L like, PRY 1-like, U10-ctenitoxin-Pkla-
Soleno ta| Red fire ants 13686 9 ’ ’ . 35915 396.01
OIenOpSE I like, and uncharacterized
LOC105201413
Little Ag3-lke, Cysteine-rich venom protein
Apis florea 7463 4 pseudecin-like, EFG1 protein 1-like, 17663 23047
honeybee

and Uncharacterized LOC 100864764

Megachile Leaf cutting 143995 3 Ag3-like, CRISP2-lke, and EFG1 26046 27266

rotundata bee protein 1-lke

Cell wall protein PRY 3, CiUrabin,
CRISPI1-like, Cysteine-rich venom
protemn pseudechetoxin-like, 2X
Cysteme-rich venom protemn-lke, HrTT-
1-like, 9X GEPR1-like, GEPR-lke2, 3X |
PI16-like. proteoglycan 4, PRB1-2-lke,

T . uncharacterized LOC100181082,
Cioma mtestinals | See squirt 7719 29 uncharacterized LOC100180998, 15438 115.23
uncharacterized LOC104266353,
uncharacterized LOC104265473,
uncharacterized LOC1001794086,
uncharacterized LOC10018001, and
uncharacterized protem
DDB (0285201-like
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Appendix 1A: Inventory of CAP-related Proteins in Selected Species

Lepisosteus
oculatus

Spotted gar

7918

11

2X Cysteine-rich venom protein ophanin
tike, CRISPLD1-like, CRISPLD2-like,
CLECTI18A-lke, 2X GEPR1-lke, 2X_
PI15-like, Serotrifin-like, and
Uncharacterized LOC 102697771

15851

808.24009

Danio rerio

Zebrafish

7955

13

Cysteine-rich venom protein natrin-1-
like, Cytidine monophospho-N-
acetylheuraminic acid hydroxylase,
CRISPLDIA, CRISPLDIB,
CRISPLD?, GAPR1, GiPR1-like,
GHPR1b, PI15a, PI15b, PI16-like,
R3HDML, and mr7150988

47848

1371.7

Oreochromis
niloticus

Tilapia

8128

11

Cysteine-rich venom protein kaouthin-1-
like, Cysteine-rich venom protein
pseudecin-like, CRISPLDI,
CRISPLDI-like, CRISPLD2-like,
CLEC18A-lke, GEPR1-lke, GEPRI1-
like, PI15-like, PI16-like, and PI
R3HDML-like

45431

927.69

Oryzas latipes

Meadaka
(Japanese

rice fish)

8090

10

Cystetne-rich venom protein pseudecin-
like, CRISPLD1, CRISPLD1-like,
CRISPLD2, CLECTI18A-lke, 2X

GHPR1-like, PI15-like, PI16-lke, and
GAPRI1

34474

860.8

Kenopus
tropicalis

8364

14

Cysteine-rich venom protein tigrm-like,
CRISP1, CRISP2, CRISP2-lke,
CRISP3, CRISPLDI, CRISPLD,
GliPR1-like. GAPRI, GEPRILI,
MGC 108118, PI15, 2X PI16-lke,
R3IHDML, Serotriflin-like, and
Uncharactenzed LOC100127722

28576

1437.51

Python bivittatus

Burmese

python

176946

Cysteine-rich venom protem latiserrm-

like, CRISPLD1. CRISPLD2, GliPR1-

ike. 2X GliPR1-lke, PI15, P16, and
R3HDML

25736

1435.03

Falco peregrinus

Falcon

8054

10

Cysteine-rich venom protemn
helothermine-like, CRISPLDI,
CRISPLD2, CLECTI8A, 3X GHPRI1-
like, PI15, P16, and R3HDML

16079

1171.96

Picoides
pubescens

Woodpecker

118200

CRISP2, CRISPLDI, CRISPLD2, 2X_
GliPR1-like, GAPRI1, PII5, PI16, and
R3HDML

20768

1149.76

Galls gallus

Chicken

0031

11

CRISP2, CRISPLDI, CRISPLDY,
CLEC18A, GiPR1, GAPRI, GIPRIL,
PI15, PI16, R3HDML, and Ophanin-
like

32169

1046.89

Ornithorhynchus
anatmus

Platypus

0258

12

CRISP2, CRISP2-like, CRISP3-Hke,
CRISPLD2, CLEC18A-lke, GiPRI,
2X GEPRI-lke, GAPRI, GHPR1LI,
PI15, P16, and R3HDML

26690

1558.51
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Appendix 1A: Inventory of CAP-related Proteins in Selected Species

CRISP2, CRISPLDI, CRISPLD2,
Desypus CLEC18A-lke, GEPR1, GAPRI,
) Armadil 0361 1 : : :
novemcinctus | ROR0 GHPRIL1, GKPRIL2, PI15, PI16, and
R3HDML

38189 3599.02

CRISPI1, CRISP2, CRISP3,

CRISPLDI, CRISPLD2, CLEC18A,

59538 15 GhPR1, GAPR1, GiPRIL1, GEPRIL2, 32266 2696.87

PI15, PI16, R3HDML, Pr protein 1C-
like, and Pr protemn 1C-like

Pantholops Antelope
hodgsomii (chiru)

CRISP1-lke, CRISP2, CRISPLDI,
CRISPLD2-like, CLEC18A, GliPR1,
GAPRI, GlPR1L1, GiPRIL2, PI15,

PI16, and R3HDML

Physeter catodon| Sperm whale 9755 12 31509 2280.71

CRISPI, CRISP2, CRISP4,

Rat (Norway| | 3 CRISPLDI, CRISPLD2, CLECI18A,
rat) GEPR1, GAPR1, GEPRIL1, GEPRIL2,

PI15, P16, and R3HDML

Rattus norvegicus 50693 2870.19

CRISP1, CRISP2, CRISP3, CRISP4,

Mouse
CRISPLDI1, CRISPLD2, CLECI18A,
Mus musculus (housc) 10090 15 iPR1. G 1, GEPRIL1, GEPRIL2, 77995 2800.04
mose

GEPRIL3, PI15, PI16, and R3HDML

CRISPI, CRISP2, CRISP3,
CRISPLDI, CRISPLD2, CLECI18A,
Pan troglodytes | Chimp 9598 15 CLECTI8B. CLECT18B-like, GEPR1,| 56773 3309.56
GAPRI, GiPRIL1, GEPRIL2, PI15,
PI16, and R3HDML

CRISPI, CRISP2, CRISP3,

CRISPLDI, CRISPLD2, CLECI18A,

Homo sapiens | Human 9606 15 CLECTI8B, CLECT18C, GliPRI, 102462 32215

GAPRI, GiPRIL1, GEPRIL2, PI15,
PI16, and R3HDML

Appendix 1A: The following table presents an inventory of selected CAP superfamily
genes in various species. CAP genes appear throughout the evolutionary tree carrying
avide array of function and diversity. Additionally, it should also be noted that the
number of CAP genes present in an organisms genome is not correlated with organism
complexity, quantity of protein coding gene in the genome, or the genome size.
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Appendix 1B. Phylogenetic Tree vs Number of CAP Protein in Genome

# of CAP Proteins in
Phylogenetic Tree Genome

C. acetobutylicumfl
’_:A. flavithermus

L:P. syringae
M. avium
[re=Tomato
- b—e==Cacao
e\ TS h 10 O
_:Fungus (veast)
“ Fungus (mold)
Roundworm [ 34  \ |
. Fruit fly [ 32 |
- S. house mosquito [INEEEG_GT T W

=P arasitic wasp
s J e el Wasp

Red fire ant [ 9 |
ELittle honeybee

Leafcutting bee
r
L
Sea lamprey [ 6 |
Spotted gar
-‘_ Zebrafish
Atlantic cod
Stickleback | 8 |
—L:xue tilapia
[ Japanese medaka
[ Wcaved o T —
A. clawed frog  [NIINININININIECEEN
Burmese python [HNNEGEIENIEEE
Lizard
I PROKARYOTIC Chinese turtle
B PLANTS Falcon
M FUNGI ==\ anakin | 8 |
MINSECTS . 'Woodpecker [ 9 |
CHORDATES s C hicken
M PRIMATIVE VERTEBRATES Platypus
M FIsH - Armadillo
I AMPHIBIANS Antelope
M REPTILES Armadillo
I BIRDS Rat
B EARLY MAMMALS Mouse
M PRIMATES AND RODENTS Chimp
Human

Appendix 1B: The following figure presents a bar graph representation of the quantity
of CAP superfamily proteins in various selected organisms. Organisms are color
coded based on unique clads. Current data does not suggest any clear pattern of CAP
Superfamily gene duplication within and between clads.
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Appendix 2: ClustalW Amino Acid Alighment and Color-Coded Mapping of

Exons for Selected Sequences

Common name - Protein name Amino Acid Sequence

Tomato - PE.P4 el e e e - - - - MGLFNISLLL T[C|LM -
Cocao Tree - CRISP-Hee e - e e s e e s - - - - -MAWS - -KELALA[C|L I -
Yeast- PRY1 4 - - - - - - - -MELSKELSILTSALATSALAAPAVYV -
Mold - CRISP-lkce - - ----------MKYSLFLAIATSVVAVMAR[C|D
Roundworm - SCP-like ---------------------MHTSILLLTAL-
Fruit Fiy- CG42780 --l---]---]-1-]--|-- MEVFTFNIFVLSLVLHSLAE
Parasytic wasp - Seroriflin-like ---------MELLWMFIIMVAALPAAVPWETDR -
Jewel wasp - CRISP2-like R R e e e e o e e o e o I e I P I P I I I I P I (P (P I I O i
Fire Anfs - CRISP1-lke -l--------MEWLWIIVLVALALPAAVPRRIHR -
Dwarf honey bee - CRISP2-like -l--------MEWFWIIVLIALALPAAVPRKTHR -
Leafrutter bee - CRISP2-fke e - - - - - - -MEWLWIIVLIALALPAAVPRETHR -
Sea Squirt (C. ) - Unchar.  MAFNFYFTILLLSVSIAQAFGNDYTSINAEEM
Sea Squirt (C.i) - CRISP3-lke MLAKMNFQFGLEVLFFIFALSVISDANILNELE-
Sea lamprey- Unchar. I I e I I e I R A P I

Spotted gar - Unchar. -l ===l --/------EEHFLITVHVFLFSLEP-
Zebrafish- CRISP3 - -----IsWTQGHTMF ALV I[C|F -
Aflantic Cod - CRISP3 LT e e e e e e T e e e e T e e - e = = - - - - - L - -
Stickleback - CRISP3 S e e e e e - - - - -METL L V[C|I -
Tilapa fish - CRISP3 e - === - - -----MQSLTGLESTMLFYTEEP-
Japanese rice fish- CRISP3 IEEEEEEEEEEEEEEEaEEEEEEEEn . o o o EEEE
Westem clawed frog - Alhwin -------------------MDTFNFIIISALF-
Afiican clawed frog - Alhwin - -l - -] - |- - MDTEFNFIL I SAVI -
Burmese python - CRISP-like - ===l === -- |- -MITALIVLLSLAAVL -
Gremamle-Cysnehe-richwmmP.-------------------MVLHGLYIVIILL-
Chinese soft-shelled turfle - Unchar. -------------------MILLTAFLLAAVL-
Fakon- CRISP2 e e e e e -MTILPVVFL[CILAAVEL -
Manalin - CRISP2 e e - -MILPVVFL[C[LTAAL -
Woodpecker - CRISP2 - - - - - - - - - ---------MILPLVFL[C[LTAVL -
Chicken- CRISP2 el -MILPAVLLIC[LAAVL -
Platypus - CRISP3-lke Sl e e e - - - - MRELII[CILTVAAIL -
Armadillo - CRISP2 S- - - - - -- - ---------MDLLRLVVFLAAIL -
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Rat- CRISP2 el e e e e e e e - - - MAWFQVMLFVFAVL -
Chmp - CRISP2 ---]--]-1--]--|-]-|-|-|/-|-/-|]--MALLP-VLFLVTVL -
Human - CRISP2 - - -]--]-1--]--|-]-|-|-|-|--|]- - MALLP-VLFLVTVL -
Tomato - PE.P4 - = - = = = = == = - - - - - -VLAIFHS- - - - - - -
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Dwatf honey bee - CRISP2-like
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Burmese python - CRISP-lke S 2 =2 2= =2 === === === =
Green anole - Cysteme-richvenomP. - - - - - - - - - - - - - _ _ _
Chnese soft-shelled furfle - Unchar. - - - - - - - - - - - - - - - _
Fakon- CRISP2 S ccococoscococoosooasa o
Manakin - CRISP2 e e e o e e o o oo oo oo -
Woodpecker - CRISP2 == ====2=23 333 3= = =
Chicken- CRISP2 S ccococoscococoosooasa o
Platypus - CRISP3-like S ccococoscococoosooasa o
Armmadillo - CRISP2 S ccococoscococoosooasa o
Artelope - CRISP2 == e==2==2=222==2=>=23a= =
Sperm whale - CRISP2 e e e o e e o o oo oo oo -
Mouse - CRISP2 S ccococoscococoosooasa o
Rat- CRISP2 S ccococoscococoosooasa o
Chimp - CRISP2 S ccococoscococoosooasa o
Human - CRISP2 S oo oo o oocoooooo o o
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Appendix 2: ClustalW Amino Acid Alighment and Color-Coded Mapping of
Exons for Selected Sequences

Tomato - PR P4

Cocao Tree - CRISP-like
Yeast- PRY1

Mold - CRISP-like
Roundworm - SCP-like

Frut Fiy- CG42780

Parasytic wasp - Seromiflin-like
Jewel wasp - CRISP2-lke

Fire Ants - CRISP1-like
Dwarf honey bee - CRISP2-like
Leaftutter bee - CRISP2-lke
Sea Squirt (C. s.) - Unchar.

Sea Squirt (C. 1.) - CRISP3-lke
Sea lamprey- Unchar.

Spotted gar - Unchar.
Zebrafish- CRISP3

Aflanfic Cod - CRISP3
Stickleback - CRISP3

Tilapa fish- CRISP3

Japanese rice fish- CRISP3
Western clawed frog - Alhrin
Afiican clawed frog - Alhin
Burmese python - CRISP-like
Green anole - Cysteine-rich venom P.
Chinese soft-shelled turfle - Unchar.
Falcon- CRISP2

Manakin - CRISP2
‘Woodpecker - CRISP2
Chcken- CRISP2

Platypus - CRISP3-like
Armadillo - CRISP2

Artelope - CRISP2

Sperm whale - CRISP2

Mouse - CRISP2

Rat- CRISP2

Chmp - CRISP2

Human - CRISP2

CExon1
[EEExon 2
I Exon 3
CExon 4
[CExon S
Exon 6

EExon 7

Conserved

cysteines

Tomato - PE. P4 ---MEWDANLASRAQNYANS
Cocao Tree - CRISP-like - --MAWDAQVAAYAQETYANRQ
Yeast- PRY1 APS S8ASSNSDVVL
Mold - CRISP-like

Roundworm - SCP-like

Fruit Fiy- CG42780

Parasytic wasp - Seromflin-like
Jewel wasp - CRISP2-like

Fire Ants - CRISP1-like

Dwarf honey bee - CRISP2-like
Leaftutter bee - CRISP2-lke

Sea Squirt (C. s.) - Unchar.

Sea Squirt (C. 1) - CRISP3-lke

Sea lamprey- Unchar.

Spotted zar - Unchar.

Zebrafish- CRISP3

Aflanfic Cod - CRISP3

Stickleback - CRISP3

Tilapa fish- CRISP3

Japanese rice fish- CRISP3

Westem clawed frog - Allurin
Affican claw ed frog - Alhwin
Burmese python - CRISP-like

Green anole - Cysteine-rich venom P
Chinese soft-shelled turle - Unclar.
Fakon- CRISP2

Manakin - CRISP2

Woodpecker - CRISP2

Chicken- CRISP2

Platypus - CRISP3-like

Armadillo - CRISP2

Artelope - CRISP2

Sperm whale - CRISP2

Mouse - CRISP2

Rat- CRISF2

Chimp - CRISP2

Human - CRISP2
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Appendix 2: ClustalW Amino Acid Alignment and Color-Coded Mapping of
Exons for Selected Sequences

Tomato - PE.P4

Cocao Tree - CRISP-lke
Yeast- PRY1

Mold - CRISP-like
Roundworm - SCP-lke

Fruit Fy- CG42780

Parasytic wasp - Serofriflin-like
Jewel wasp - CRISP2-lke

Fire Anfs - CRISP1-like

Dwarf honey bee - CRISP2-like
Leaftutter bee - CRISP2-lke
Sea Squirt (C. s) - Unchar

Sea Squirt (C. i) - CRISP3-like
Sea lamprey- Unchar.

Spotted gar - Unchar.
Zebrafish- CRISP3

Aflanfic Cod - CRISP3
Stickleback - CRISP3

Tilapa fish- CRISP3

Japanese rice fish- CRISP3
Western clawed frog - Alhrin
Afiican clawed frog - Alhwin
Burmese python - CRISP-like
Green anole - Cysteine-rich venom P.
Chinese soft-shelled turfle - Unclar.
Fakon- CRISP2

Exon1
[ FExon 2
I Exon 3
CExon 4

—JExonS

o]

Q-0 AO

—Exon 6

E=Exon 7

Conserved

]
T C et
Manakin - CRISP2 D cysteines
Woodpecker - CRISP2 T
Chicken- CRISP2 G
Platypus - CRISP3-like D
Ammadillo - CRISP2 N
Artelope - CRISP2 s
Sperm whale - CRISP2 3
Mouse - CRISP2 N
Rat- CRISP2 N
Chimp - CRISP2 g
Human - CRISP2 S
Tomato - PR P4
Cocao Tree - CRISP-lke
Yeast- PRY1

Mold - CEISP-lke
Eoundworm - SCP-like

Fruit Fiy- CG42780

Parasytic wasp - Serofriflin-like
Jewel wasp - CRISP2-like

Fire Anfs - CRISP1-lke

Dwartf honey bee - CRISP2-lke
Leafcutter bee - CRISP2-like
Sea Squirt (C. s.) - Unchar.

Sea Squirt (C. i) - CRISP3-like
Sea lamprey- Unchar.

Spotted gar - Unchar.
Zebrafish- CRISP3

Aflanfic Cod - CRISP3
Stickleback - CRISP3

Tiapa fish- CRISP3

Japanese rice fish- CRISP3
Western clawed froz - Alhurin
Aftican claw ed frog - Alhrin
Burmese python - CRISP-lke
Green anole - Cystetne-rich venom P.
Chinese soft-shelled turtle - Unchar.
Falcon- CRISP2

Manakin - CRISP2
Woodpecker - CRISP2
Chcken- CRISP2

Platypus - CRISP3-like
Armadillo - CRISP2

Artelope - CRISP2

Sperm whale - CRISP2

Mouse - CRISP2

Rat- CRISP2

Chmp - CRISP2

Human - CRISP2
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Cocao Tree - CRISP-like

Tomato - PR P4
Yeast- PRY1

sp - Serotrfinlke

Parasytic wa!

Mold - CRISP-like
Fowmdworm - SCP-like

Fruit Fiy- CG42780

Jewel wasp - CRISP2-like

Fire Ants - CRISP1-like

Dwarf honey bee - CRISP2-like
Leaftutter bee - CRISP2-like
Sea Squirt (C. s.) - Unchar.

Sea Squirt(C. 1) - CRISP3-lke
Sealamprey- Unchar.
Spotted gar - Unchar.
Zebrafish - CRISP3

Aflantic Cod - CRISP3
Stickleback - CRISP3

Tilapa fish- CRISP3

Japanese rice fish- CRISP3
Western clawed frog - Alhmin
African dawed frog - Afhrin
Burmese python - CRISP-like

Chinese soft-shelled furfle - Unchar.

Green amole - Cysteine-rich venom P.
Falcon- CRISP2

ke

£

Armadillo - CRISP2

Woodpedter - CRISP2
Chicken - CRISP2

pus - CRISP!
Antelope - CRISP2
Sperm whale - CRISP2
Mouse - CRISP2
Rat- CRISP2
Chimp - CRISP2
Human - CRISP2

Platy

Manakin - CRISP2
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Appendix 2: ClustalW Amino Acid Alighment and Color-Coded Mapping of
Exons for Selected Sequences

Tomato - PE. P4 I e e e e e e e e I N
Cocao Tree - CRISP-lke
Yeast- PRY1

Mold - CRISP-lke
Rowndworm - SCP-like

Fruit Fiy- CG42780

Parasytic wasp - Serotriflinlite
Jewel wasp - CRISP2-lke

Fire Anfs - CRISP 1-like

Drwarf honey bee - CRISP2-lke
Leaftutter bee - CRISP2-lke
Sea Squirt (C. s.) - Unchar.

Sea Squirt (C. i) - CRISP3-like
Sea lamprey- Unchar.

Spotted gar - Unchar.

Zebrafish - CRISP3

Aflantic Cod - CRISP3
Stickleback - CRISP3

Tilapa fish- CRISP3

Japanese rice fish- CEISP3
Westemn clawed froz - Alhwrin
Aftican dawed ffog - Alhrin
Burmese python - CEISP-like
Green anole - Cysteine-rich venom P.

CExon1
[EEExon 2
I Exon 3
CExon 4
[CExon S
Exon 6

EExon 7

Chinese soft-shelled turtle - Urchar. Conserved
Falcon- CRISF2 tei
Manakin - CRISP2 cysteines

Woodpecker- CRISP2
Chicken - CRISP2
Platypus - CRISP3-lke
Armadillo - CRISP2
Antelope - CRISP2
Sperm whale - CRISP2
Mouse - CRISP2

Rat- CRISP2

Chimp - CRISP2
Human - CRISP2

e RG]

Tomato - PR P4

Cocao Tree - CRISP-like
Yeast- PRY1
Mold - CRISP-lke
Rowmdworm - SCP-lke - --0= == === === --0= === 1-1-1-]-0-1-1-]-1-]-{-/-1-]-1-
FruitFiy- CG42780

Parasytic wasp - Serotriflinlike
Jewel wasp - CRISP2-lke

Fire Ants - CRISP1-like
Dwarf honey bee - CRISP2-like
Leafcutter bee - CRISP2-like
Sea Squirt(C. s.) - Unchar.

Sea Squirt{C. i) - CRISP3-lke
Sea lamprey- Unchar.
Spotted gar - Unchar.
Zebrafish - CRISP3
Aflantic Cod - CRISP3
Stickleback - CRISP3

Tilapa fish- CRISP3

Japanese rice fish- CRISP3
Western clawed frog - Alhmin - -1-1=1=1=1-1-1-1-1-1=1=1-1-1-=1={=1-=1-1-1-1-{=1-1-1-1-1-1=/-1-1-1-
Afiican dawed frog - Alhrin -] ]-]-]--]-]-]-]-]-

EEE

HRERERERE

Burmese python - CRISP-lke C C
Green arole - Cysteine-rich venom P.
Chinese soft-shelled turfle - Urchar.
Falcon - CRISP2
Manakin - CRISP2
Woodpedker - CRISP2
Chicken - CRISP2
Platypus - CRISP3-lce
Armadilo - CRISP2
Artelope - CRISP2
Sperm whale - CRISP2
Mouse - CRISP2
Rat- CRISP2
Chimp - CRISP2 C
Himan - CRISP2
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Appendix 2: ClustalW Amino Acid Alighment and Color-Coded Mapping of
Exons for Selected Sequences

Tomato - PR P4 === === == === === === = === === === == === L=
Cocao Tree - CRISP-like ===l === ===t === == === === === == 1=1=]=d=1=1=1-1=
Yeast- PRY1 B R e R e e B e e e e e B o e e e S e o e e e e e e e e e
Mold - CRISP-like === === === ]-1=]={-{=1=1-1=]=]={=1-1-1=1-]={=/-1-1-1-
Rowmndworm - SCP-like === === === ]-1=]={-{=1=1-1=]=]={=1-1-1=1-]={=/-1-1-1-
FruitFly- CG42780 0 i | 5 301, % |

Parasytic wasp - Serofriflin lice === === === ]-1=]={-{=1=1-1=]=]={=1-1-1=1-]={=/-1-1-1-

Jewel wasp - CRISP2-like I T EEEEEEEEEeEe

Fire Ants - CRISP1 ke YEEEG . - . . - - - . ... ___.__._._._._..__.__ EEExon2
Dwarfhoney bee - CRISP2-lke © 0 50 - |1 U [ [ U [ U [ U U U [ U U U B U G

Leaftutter bee - CRISP2-lke © 0 50 - S U [ [ U U U [ U U DU [ (U U U (N U G

Sea Squirt (C. s.) - Urnchar. === == === === === === === === =]-1=1-]=-1-1-1-1-1- -Ex0n3
Sea Squirt (C.i) - CRISP3-lke NQVSEWLNGQNWPMLPNPYLPNSAAMPEWLLERAIQ

Sea lamprey- Unchar. el B e N N N N N N N N N e N N N N e hlll L N e L :EXOD"
Spotted zar - Unchar. I e R e e e e e e e e e e I e e e I I e I IR (R A AP [ I I I (O e

Zebrafish- CRISP3 00|/ [ [ [ [ [ [ [P [P O [ [ [ (UG [P [P [ [P [P [ U U

Aflanic Cod - CRISP3 ... ... ----- JExons
Stickleback - CRISP3 | -0-0-0=-1-1-1-1={=1=1-1-1=1="{=1=1=1-1-1-1-{=1-1-1-1-]1-1=/-]1-1-1-

Tilapa fish - CRISP3
Japztiesericeﬁsh—CR_ISPS Y § 3.0 Y]
Western claw ed frog - Alhmin | -0-0-0=-1-1-1-1={=1=1-1-1=1="{=1=1=1-1-1-1-{=1-1-1-1-]1-1=/-]1-1-1-

Afiican clawed ffog - Alhwin | -0-0-0=-1-1-1-1={=1=1-1-1=1="{=1=1=1-1-1-1-{=1-1-1-1-]1-1=/-]1-1-1-

Burmese python - CRISP-Hke 5 S 0 U U P R PO 1 | 2503 W
Green anole - Cysteire-richvenomP. |- |- |- |- |- - - |- |- |- |-|- - |-|-/-|-|-|-|-|-|-|-|-|-|-|-|-/=|-|-|-|-|-

Chinese soft-shelled firfle - Unchar. - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - Conserved
Falcon- CRISP2 '.
Manakin - CRISP2 cysteines

Woodpecker - CRISP2 F e e e e e I I I I [ P IR (P e I I I I AP IR I AP IR (R A AP (R I I (O e
Chicken- CRISP2 R e e e e e e e e e
Platypus - CRISP3-lke F e e e e e I I I I [ P IR (P e I I I I AP IR I AP IR (R A AP (R I I (O e
Armadillo - CRISP2 R e e e e e e e e e
Antelope - CRISP2 e e e e e e e e e e e I
Sperm whale - CRISP2 F e e e e e I I I I [ P IR (P e I I I I AP IR I AP IR (R A AP (R I I (O e
Mouse - CRISP2 R e e e e e e e e e
Rat- CRISP2 R e e e e e e e e e
Chimp - CRISP2 R e e e e e e e e e
Human - CRISP2 R e e e e e e e e e

Tomato - PR P4 S-1-1-1-1-T-T-1-1-1-1-T-T-1-1-1-1-
Cocao Tree - CRISP-like == === === ]-1-1-1-1-1-1-]-
Veast- PRY1 S-1-1-1-1-T-T-1-1-1-1-T-T-1-1-1-1-
Mold - CRISP-like - 0-1-1-0-1-1-1-1-1-1-1-1-1-1-1-1-
Romdworm - SCP-like -0 -1-1-0-1-1-1-1-1-1-]-1-1-1-]-]-
Fruit Fiy- CG42780 - T-T-1-1-1-1-1-1-1-1-1-1-1-1-1-1-
Parasytic wasp - Serofriflin-lice === 0-1- =010 1-]-]--1-1-]-1-
Jewel wasp - CRISP2-like B EEs
Fire Anfs - CRISP1-like B EEs
Dwarf honey bee - CRISP2-like B EEs
Leaftutter bee - CRISP2-like B EEs
Sea Squirt(C. s.) - Unchar. - T-T-T-1-1-1-1-1-1-1-
Sea Squirt(C. i) - CRISP3-like QNEQQNRPROQNGPRRLQG
Sea lamprey- Unchar. === 1=1-]- - -
Spotted gar - Unchar. === === -] -
Zebrafish- CRISP3 B EEs
Aflaric Cod - CRISP3 -0 -]-1-]-{-{-1-]-1-]1--]-
Stickleback - CRISP3 === 0=0-1=0-1-1-1-1-1T-1-1-1-
Tilapa fish - CRISP3
Japanese rice fish- CRISP3 === === -] -
Jestern clawed frog - Alhwin - - ===
Affican clawed frog - Alhwin - - ===
Burmese python - CRISP-like === === -] -
Green anole - Cysteire-richvenomP. - - - - - - - - - - - - - - - _ . _
Chinese soft-shelled furfle - Unchar. === === -] -
Falcon- CRISP2 === =1-1-1-1=1=1-1-1-1-1-1-
Manakin - CRISP2 === =1-1-1-1=1=1-1-1-1-1-1-
Woodpecker - CRISP2 ===l -]-]-{-]-1-1-]-|-1-]-
Chicken- CRISP2 === === === === ==
Platypus - CRISP3-fike
Armadillo - CRISP2 - -0-1-1=1-1-1-1-1-1=1=1-1-1-1-1-1-
Antelope - CRISP2
Sperm whale - CRISP2 == === === ]-1-1-1-1-1-1-]-
Mouse - CRISP2 - -0-1-1=1-1-1-1-1-1=1=1-1-1-1-1-1-
Rat- CRISF2 === === === === ==
Chimp - CRISP2
Human - CRISP2 - -0-1-1=1-1-1-1-1-1=1=1-1-1-1-1-1-
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Appendix 2: ClustalWW Amino Acid Alignment and Color-Coded Mapping of
Exons for Selected Sequences

Appendix 2: This figure provides MEGA7 ClustalW amino acid sequence alignment
for various CAP superfamily proteins. The CAP signature sequences are boxed, the
highly conserved cysteine are highlighted in yellow with a red font color. Exon
numbers and intron/exon borders were verified using the intron and exon prediction
tracks in NCBI online data for specific CAP genes. Color-coding superimposed on the
sequences is used to represent different exons and exon borders are indicated by a
change in color. Organisms and accession IDs of the amino acids are available in the
supplemental data table 15.
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Appendix 3: ClustalWW Amino Acid Alignment and Color-Coded Mapping of
Exons for Selected Invertebrate CAP Protein Sequences

Common name - Protein name

Tomato - PR. P4

Cocao tree - CRISP-lke

Grape vine - PR-1

Yeast- PRY1

Mold - CRISP-lke
Rowmdworm - SCP-lke

Fruit Fly - CG42780

Parasytic wasp - Serofrifin-like
Jewelwasp - CRISP2-like

Fire Ants - CRISP1-lke

Dwarf honey bee - CRISP2-lke
Leaftutter bee - CRISP2-lke
Sea Squirt (C. s.) - Unchar.

Sea Squirt (C. i) - CRISP3-lke
Human - CRISP2

Tomato - PR. P4

Cocao tree - CRISP-lke

Grape vine - PR-1

Yeast- PRY1

Mold - CRISP-lke
Rowmdworm - SCP-lke

Fruit Fly - CG42780

Parasytic wasp - Serofrifin-like
Jewelwasp - CRISP2-like

Fire Ants - CRISP1-lke

Dwarf honey bee - CRISP2-lke
Leaftutter bee - CRISP2-lke
Sea Squirt (C. s.) - Unchar.

Sea Squirt (C. i) - CRISP3-lke
Human - CRISP2

Tomato - PR. P4

Cocao tree - CRISP-lke

Grape vine - PR-1

Yeast- PRY1

Mold - CRISP-lke
Rowmdworm - SCP-lke

Fruit Fly - CG42780

Parasytic wasp - Serofrifin-like
Jewelwasp - CRISP2-like

Fire Ants - CRISP1-lke

Dwarf honey bee - CRISP2-lke
Leaftutter bee - CRISP2-lke
Sea Squirt (C. s.) - Unchar.

Sea Squirt (C. i) - CRISP3-lke
Human - CRISP2

MGLENTISTL
MAWS - - KL
MGLFKTIS
MEKLSKLS
YSLFLATI
TSILLLT
FNIFVLS
MRLLWMEF
MRWLWI I
MRWEWI I
MRWLWI I
FNFYFTI

MALLPVLF

LAV
LDA
LNA

HNDARAQVWV
QNEARAEVWV
HNTARAQVWV
VVTVQGVVWV

VLAE

MNFQFGLKVWVL

Amino Acid Sequence

LLT[C]LMVLAIFHS[CJEAQNS
ALA[CILITVSFALPSLAKTL
VFIC[LVGLALVHTS[CJAQNS
AT
VMA

PQ
KQ
QQ
EH

QH

SALAAPAVVTVT
SQPGWE

[
o

LL

oo
WYY
BoE oA A
oA

LV

GV
NV
GV
YV

PMSWDANLA

PMAWDAQVA
SMTWNNTVA
ALSWSDTLA

HNIKKRA

Exon1[] Exon2[E Exon3 I Exon4[] Exon5[] Exon6[] Exon7
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Appendix 3: ClustalWW Amino Acid Alignment and Color-Coded Mapping of
Exons for Selected Invertebrate CAP Protein Sequences

CAP4
Tomato - PR. P4 SRAQNYANSRA——————GDNLIHSG——AGENLA
Cocao tree - CRISP-lke AYAQEYANQRI——————ADDLVHSGGPYGENIA
Grape vine - PR-1 SYAQNYANQRI——————GDNLVHSNGPYGENIA
Yeast- PRY1 SYAQDYADNYD——————SGTLTHSGGPYGENLA

Mold - CRISP-like
Rowmdworm - SCP-like

Fruit Fly - CG42780

Parasytic wasp - Serofrifiin- ke
Jewelwasp - CRISP2-lke

Fire Ants - CRISP1-lke
Dwarfhoney bee - CRISP2-like
Leaftutter bee - CRISP2-like
Sea Squirt (C. s.) - Unchar.

Sea Squirt (C. i) - CRISP3-like
Human - CRISP2

Tomato - PR. P4 KGGGDFTGR - - - - - - - - - - - - - -AAVQLWVSERP
Cocao tree - CRISP-lke WGSDDLSVA- -------------DAVKEMWVDEKYWV
Grape vine - PR-1 WGSGSLTGT - -------------DAVNLWVGEKP
Yeast- PRY1 LG---YDGP - - - - - ---------AAVDAWYNETIS

Mold - CRISP-like
Roundworm - SCP-like
Fruit Fly - CG42780

Parasytic wasp - Serofrifin-lke  JINSSIENSNONES Y/ F - - - - - - - - - - - _ _ _ KTWYLEHE
Jewelwasp - CRISP2-lke F - - - - - - - - - - - - - - FAVETWF SEER
Fire Ants - CRISP1-lke = [ISSHENEEREEREY N - - - - - - - - - - _ _ _ _ FPIRMWYMEYK
Dwarfhoney bee - CRISP2-lke JISESESREREENEY N - - - - - - - - - - - - _ _ FPIRMWYMEYK
Leaftutter bee - CRISP2-like  [INSESENEREENENEY N - - - - - - - - - - - _ _ _ RMWFMEYK
Sea Squirt (C. s.) - Unchar. IN
Sea Squirt (C. 1) - CRISP3-like TH
Human - CRISP2 MSSDPTSWS - - - - - - - - - - - - - - SAIQSWYDETIL
CAP1
Tomato - PR P4 DYNYATNQVGGKM— - —GHYTQVVWRNSVRLGE
Cocao tree - CRISP-lke YYDHGSNTASGQV - - —AHYTQVVWRNSVRLGC
Grape vine - PR-1 NYDYNSNS|[C[VGGK - - - -[C[GHYTQV VWRN §[V RL G|
Yeast- PRY1 NYDF SN TQVVWKSTTQVGE
Mold - CRISP-like C
Rowmdworm - SCP-like C
Fruit Fly - CG42780 C
Parasytic wasp - Serofrifiin- like IFKEKYGPHAKNDLSQ - - -VIGHYTQMVWAPT|HRV G|C
Jewelwasp - CRISP2-lke LFTYG—SPDNELGR———VGHYTQMVWATSHLVGE
Fire Ants - CRISP1-lke DFKYGPNTTNEILE - - - IGHYTQVVWATTHLVGE
Dwarfhoneybee - CRISP2-lke DYKYGDDEGNDLHE - - - I|IGHYTQI AWATT|HL V G|C
Leaftutter bee - CRISP2-like DFKYGDNKANDLHE - - - IGHYTQIAWASTHMVGE
Sea Squirt (C. s.) - Unchar. DYFYDTFSIANKA———CGHYTQVVWAKTYKIGE
SeaSquirt (C.i)- CRISP3-lke DETYSTQI|CIKPGRQ - - -[C/GHYTQVVWAD S|HK V G|
Human - CRISP2 DFVYGVGPKSPNAV———VGHYTQLVWYSTYQVGE

Exon1[] Exon2[E Exon3 I Exon4[] Exon5[] Exon6[] Exon7
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Appendix 3: ClustalWW Amino Acid Alignment and Color-Coded Mapping of
Exons for Selected Invertebrate CAP Protein Sequences

Tomato - PR P4

Cocao tree - CRISP-lke

Grape vine - PR-1

Yeast- PRY1

Mold - CRISP-lke
Rowmdworm - SCP-like

Fruit Fly - CG42780

Parasytic wasp - Serofriffin- like
Jewelwasp - CRISP2-lke

Fire Ants - CRISP1-lke
Dwarf honey bee - CRISP2-like
Leaftutter bee - CRISP2-lke
Sea Squirt (C. s.) - Unchar.

Sea Squirt (C. i) - CRISP3-like
Human - CRISP2

Tomato - PR P4

Cocao tree - CRISP-lke

Grape vine - PR-1

Yeast- PRY1

Mold - CRISP-lke
Rowmdworm - SCP-like

Fruit Fly - CG42780

Parasytic wasp - Serofriffin- like
Jewelwasp - CRISP2-lke

Fire Ants - CRISP1-lke
Dwarf honey bee - CRISP2-like
Leaftutter bee - CRISP2-lke
Sea Squirt (C. s.) - Unchar.

Sea Squirt (C. i) - CRISP3-like
Human - CRISP2

Tomato - PR P4

Cocao tree - CRISP-lke

Grape vine - PR-1

Yeast- PRY1

Mold - CRISP-lke
Rowmdworm - SCP-like

Fruit Fly - CG42780

Parasytic wasp - Serofriffin- like
Jewelwasp - CRISP2-lke

Fire Ants - CRISP1-lke
Dwarf honey bee - CRISP2-like
Leaftutter bee - CRISP2-lke
Sea Squirt (C. s.) - Unchar.

Sea Squirt (C. i) - CRISP3-like
Human - CRISP2
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GRAR[CINNGW -
AKVR[CIDNGG -
ARVQ[CINNGG -

GIKT|C[GGAWG -

SNYDPVGNVGERP

GWAK[CINGTRGPRGQPYF|SYV|[CINY[C|[PAGNY G
GWAE[CIDGKRGPRGVPYF|SYV|[CI[NY[C|[PAGNR|EDALA
GVSH[CITGGKGPLGKDE Y[MYV|[CINYAPSGNY[KGRL G
GVSHCITGGRGPLGKDE F[MYV|[CINYAPSGNY[KGRL G
GVSHCITGSRGPLGKDEF F[MYV|[CINYAPSGNY[KDRL G
GAAF[CIRRATSTVGY -RLILVS|[CINYGPAGNEF[LNNT A
GAAF[CIQHQFASH- - -sSI|YyVV[CINYGPSGNY[LDWNT
GIAY[CIPNQDSLK - - - - ¥Y[yyv[c]QY[c|]PAGNNMNRKN
N - - - -|=-]-1-1=-]=-|-|=-|=-|=-1-|=-1=-1=-|=-0-=|=-=-|=|=|=1-0=-|-|-|-/=-|-|-]-
N - - - -|=-]-1-1=-]=-|-|=-|=-|=-1-|=-1=-1=-|=-0-=|=-=-|=|=|=1-0=-|-|-|-/=-|-|-]-
N - - - -|=-]-1-1=-]=-|-|=-|=-|=-1-|=-1=-1=-|=-0-=|=-=-|=|=|=1-0=-|-|-|-/=-|-|-]-
DNVEPLA - [-T=T=T-T-T-1-]-
TP c|r C[PWADLWAN
EP c|r c[pPwaADLWAN
LPYVAGK cl@ clrerprLws N
HPYVAGK c|s cltNAlclHY VDLWS N
QPYVAGK c|T cltNalclyyYTDLWS N
QPSRVGRPFERKGAP|C|SQ[C[AQ-QDT|C[vD - - - - - -
G--RVGKPY -KVGsR[c[ss[c][TDs TDV|c[sDQ
TPYQQGTP[C]AG[C]PDD[C|DKG - L[] ]

Exon1[] Exon2[E Exon3 I Exon4[] Exon5[] Exon6[] Exon7
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Appendix 3: ClustalWW Amino Acid Alignment and Color-Coded Mapping of
Exons for Selected Invertebrate CAP Protein Sequences

Tomato-PRP4 - o ool s e
Cocao free - CRISP-tke - - - - - - - - o = & o o o o o oo oo e e e e e e e e e e e e o
Grapevine - PR-1 - - - o o o oo o oo oo o s o e e e e e e e e e
Yeast- PRY1 - - - - o - o e - s - s - s s s s s s e s s e s e e e e e e
Mold - CRISP-tke - - - - - - o - o o o oo oo oo oo e e e e e e e e e
Romdworm - SCP-like - - - - - - o o o o o oLl o e s s s
Frut Fly - CG42780 = = = = = = - - - - - m - - e m s e s e s e e e e e e e e e e
Parasytic wasp - Serotrifin-tke DK I V - - - - - - - - - - - - - - - - o - - - - o o oo oo oo

Jewelwasp - CRISP2-lke R - | - | - - (- (- |- -[-|-|-|-|-|-1--1-[-|-|-1-1-1-1-1-|-|-]-]-]-
Fire Ants - CRISP1-like DKIYYHHEG - - - - -« « =« <o o oo lao oo
Dwarfhoneybee - CRISP2-lke GK I YYHHG - - - - - - - - - - - - - - - - - - - - - - - - - -
Leaftutter bee - CRISP2-lke LN — (- | - | - (- [ - - |- |-|-|-|-[-[-|-|-|-1-1-1--|-|-]-]-]-

Sea Squirt (C. s.) - Unchar.
Sea Squirt (C. i) - CRISP3-like
Human - CRISP2

Exon1[] Exon2[ Exon3 Exon4[C] ExonS[C] Exon6[] Exon 7

Appendix 3: This figure provides MEGA7 ClustalW amino acid sequence alignment
of invertebrate CRISP2-like proteins. The CAP signature sequences are boxed, the
highly conserved cysteine are highlighted in yellow with a red font color. Exon
numbers and intron/exon borders were verified using the intron and exon prediction
tracks in NCBI online data for specific CAP genes. Color-coding superimposed on the
sequences is used to represent different exons and exon borders are indicated by a
change in color. Organisms and accession IDs of the amino acids are available in the
supplemental data table 15.
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Appendix 4: ClustalWW Amino Acid Alignment and Color-Coded Mapping of
Exons for CAP Superfamily Genes in X. fropicalis Genome

Common name - Protein name

W

W.
W.
W.
W.
W.
W.
W.
W.
W.
W.
W.
W.
W.

W.
W.
W.
W.
W.
W.
W.
W.
W.
W.
W.
W.
W.
W.

W.
W.
W.
W.
W.
W.
W.
W.
W.
W.
W.
W.
W.
W.

. clawed frog - serofriflin-like - - -
chwed frog - CRISP2 - - -
chwed frog - CRISP1 - - -
chwed frog - serofriffin- ke - - -
chwed frog - MGC108118 - - -
chwed frog - CRISP3 - - -
chwed frog - allurin - - -
chwed frog - TEL1 - - -
chwed frog - PI15 - - -
clwed frog - PI R3HDML - - -
chwed flog - CRISPLCCL1 - - -
chwed flog - CRISPLCCL2 - - -
clhwed frog - GIiPR1-like -
clwed frog - GIiPR2

chwed frog - serofriffin- ke - - -
chwed frog - CRISP2 - - -
chwed frog - CRISP1 -
chwed frog - serofriffin- ke
chwed frog - MGC108118 - - -
chwed frog - CRISP3 - - -
clhwed frog - allurin - - -
chwed frog - TEL1 -
chwed frog - PI15 -
clhwed frog - P R3HDML

chwed frog - GIiPR1-like
chwed frog - GIiPR2

chwed frog - serofriffin- ke
chwed frog - CRISP2
chwed frog - CRISP1
chwed frog - serofriffin- ke
chwed frog - MGC108118
clhwed frog - CRISP3
chwed frog - allurin

chwed frog - TEL1

chwed frog - PI15

clwed frog - PI R3HDML LSN
chhwed frog - CRISPLCCL1 L L E
chwed frog - CRISPLCCL2 L L N
chwed frog - GIiPR1-like
chwed frog - GIiPR2

-MIEMV
MTLIHLPI

Amino Acid Sequence

MDALEKW

S CAEVVETWYNEIKDYSEFGRPGEFQSDT G

F

chwed frog - CRISPLCCL1] MQ VA AQNWL
chwed frog - CRISPLCCL2? MS SAMNWI L
TLSLF

AASNYTIIK

RA

SLGLFFLLKEQ[c|]y[c]I

. -MKLLIGAL|C|
.- -MML I GAL|C|
.- -MLLIAVL[claMP
TG C|
.- -MIPIVIL|C
.- -MMLIAVL[ClLS -
. -MDTEFENFII|c|Isa
. -MNGFLLLL|ClLAS

AFLLSLL[CET[C]6L
SGVFLWITPLLSATF
TVLLFIAQSVVTL

GLFL

FI

VL

LL
VI
F A
LS

PK S

IAAFVNHAVAS
IAAFMALAVES

DRATELTLS
PNATQLEG

PNS
TEF

TF

LEN

Exonl1[ | Exon2[ Exon3ll Exon4[] ExonS[] Exon6 Exon?7

Exon S Exon9[] Exon 101 Exon 11 Exon 121 Exon 13 Exon 14
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W.
W.
W.
W.
W.
W.
W.
W.
W.
W.
W.
W.
W.
W.

W.
W.
W.
W.
W.
W.
W.
W.
W.
W.
W.
W.
W.
W.

W.
W.
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W.
W.
W.
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W.
W.
W.
W.
W.

Appendix 4: ClustalWW Amino Acid Alignment and Color-Coded Mapping of
Exons for CAP Superfamily Genes in X. fropicalis Genome

clwed frog - serotriflin-like
chwed frog - CRISP2
clwed frog - CRISP1
clwed frog - serotriflin-like
chwed frog - MGC108118
clhwed frog - CRISP3
clwed frog - allurin

clwed frog - TEL1

chwed frog - PI15

chwed frog - PI R3HDML
chwed frog - CRISP LCCL1
clwed frog - CRISP LCCL2
chwed frog - GIiPR1-like
chwed frog - GPR2

clwed frog - serotriflin-like
chwed frog - CRISP2
clwed frog - CRISP1
clwed frog - serotriflin-like
chwed frog - MGC108118
clhwed frog - CRISP3
clwed frog - allurin

clwed frog - TEL1

chwed frog - PI15

chwed frog - PI R3HDML
chwed frog - CRISP LCCL1
clwed frog - CRISP LCCL2
chwed frog - GIiPR1-like
chwed frog - GEPR2

clwed frog - serotriflin-like
clwed frog - CRISP2
clwed frog - CRISP1
clwed frog - serotriflin-like
chwed frog - MGC108118
clhwed frog - CRISP3
clwed frog - allurin

clwed frog - TEL1

chwed frog - PI15

chwed frog - PI R3HDML
chwed frog - CRISP LCCL1
clhwed frog - CRISP LCCL2
chwed frog - GIiPR1-like
chwed frog - GEPR2

Exon1[ ] Exon2 [ Exon3ll Exon4[] ExonS5[]

DAAKVPKARRKRYI
FGSGIPRIRRKRYI
GEWWTAKHRGEKRAI
- ---TPHSRTRRAI
----AFPSRRG

SQNDMIAIVE
SPRDMSALLD
TESDMKLTILD
LETDKEETIIQ

VWSDLAAKSAAKWAN

YIHNQVRIGKVFPPAANMEYM
YIHNQVR|ISKVFPPAANMEYM
LIHNKLRIGEVYPPASNMEFM
LIHNKLRGQVHPSASNMEYM

Exon 6l Exon 7 I

Exon S Exon9[ ] Exon 10[] Exon 11 Exon 12[] Exon 13[] Exon 140
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Appendix 4: ClustalWW Amino Acid Alignment and Color-Coded Mapping of
Exons for CAP Superfamily Genes in X. fropicalis Genome

chwed frog - serofrifiin-like
chwed frog - CRISP2
chwed frog - CRISP1
clhwed frog - serofrifiin-like
chwed frog - MGC108118
chwed frog - CRISP3
clhwed frog - allurin

chwed frog - TEL1

chwed frog - PI15

clhwed frog - PIR3HDML
clhwed frog - CRISPLCCL1
chwed frog - CRISP LCCL2
chwed frog - GiPR1-like
chwed frog - GEiPR2

chwed frog - serofrifiin-like
chwed frog - CRISP2
chwed frog - CRISP1
chwed frog - serofrifiin-like
chwed frog - MGC108118
chwed frog - CRISP3
clwed frog - allurin

chwed frog - TEL1

chwed frog - PI15

clhwed frog - PIR3HDML
clhwed frog - CRISPLCCL1
chwed frog - CRISP LCCL2
chwed frog - GiPR1-like
chwed frog - GEiPR2

clhwed frog - serofrifiin-like
chwed frog - CRISP2
chwed frog - CRISP1
chwed frog - serofrifiin-like
chwed frog - MGC108118
chwed frog - CRISP3
clhwed frog - allurin

chwed frog - TEL1

clwed frog - PI15

clhwed frog - PIR3HDML
clhwed frog - CRISPLCCL1
chwed frog - CRISP LCCL2
chwed frog - GiPR1-like
chwed frog - GEiPR2

NQFHNPASQRNITNES
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S KQYHSLKPERTIPGES

[alalalalalalala[alalala]

LENLKHSDTS

W E
W E
wQ
W E
W E
W E
W A
W E

E A
E A
E A
AA
DV
EV
AA
YV

VEKEAWFDENES
VEKEGWY SEYND
ITAWNSESQY
VTAWFDEIKD
IRAFYSEIED
IQSLHSEYDN
VNSWFNERND
INYWFNEHVNWETYA

v

cleoN

FLASY
YMASY
FIASY
FMASY

PAS
PAS
PAS
STT

PDQ
PGL
SNQ
FGA
VGL
VGL
D-K
EGA

GQEVADSWYKEEKNYNFSK----------PGNKA
CAP1
VV[GHYTQVMWYNS[yMVG[clsvs Y[c]pks - - - - - - -Q
VI[GHYTQVMWYNS|yMvVGlclsvsylclpxks - - - - - - _p
VvilcEYTQLVWYNS|lvyMve[clavsNfclww- - - - - - - _
LI[GHYTQGAWYNS|RMVG|cl[vrEFE[clPNA- - - - - - _E
QIILHFTOQ C] C]
VI[GHYTQVMWYK s|Y R1I G|c|y|c|T E[c][PNDGV - - - - - R
MI|[GHYTQVAWAKT|vLLG|clecLAaAF[clpPeN- - - - - - - ¥
GHFTQIIWAPT|HAL Alc]yVAaAK|clveT----- - _p
MVWATTINRIGCAIHT|CITHNMNVWGA VWR
MVWA S SINRIGCAVNI|C[TNINVWGS TWR
LVWATS|SRIG[C[AINL[ClHENMNVWGQIWP
IVWATT|TKVG|[CJAVNV[CIKRMNVWGD IWE
TQVVWKDS|[KELGVGVATDGKG - - - - - - - -
KT|GHFTQMVWKAS|[KEVGVGLASSGKG - - - - - - - -

Exon1[ ] Exon2 [ Exon3lll Exon4[] ExonS[] Exono6 [l Exon7 N
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Appendix 4: ClustalWW Amino Acid Alignment and Color-Coded Mapping of
Exons for CAP Superfamily Genes in X. fropicalis Genome

CADP2

W.clhwed frog - serotrifin ke |Y K Y|F ¥ V[C|Q Y[C]|]PAGNI|EGVMNT PY KA G P K|[C|AD[c|v E
W._chwed fiog - CRISP2 YRKYIFYV[ClQY[C|[PAGNLIDS TMSTPYKTGPK|C|lAD[C|P T
W. clawed frog - CRISP1 -qQyY|lt vyv[cloylclpMeNNLNTITTPYKS GP AlC|eD[c|P G
W. clwed frog - serotrifin-lke ¥ R Y|Y ¥ V[C|H ¥[c|P A

W. chwed frog - MGC108118 A

W. clawed frog - CRISP3 LKY|[YYV[CQYYPAGNY[ADRINYPYKS GP S|C|lAD[C[PD
W. clhawed frog - allurin YPY[VSI[CHY[C[PMGNMINSIKTPYEAGEW[C|AS|C|PE
W. clawed frog - TEL1 YNY[FYV[C[IYYPTGNREDKVKTPYQNGT T|C|lGL[C|loK
W.clhwed frog - PI15 RAV[YLV|[CINYSPKGNWIG--EAPYTI GV P|c|salc]pp
W_chwed flog-PIRSHDML QA S|[YLV|CINYS IKGNW/IG- - EAPYKLGR P|C|s a[c|p P
W. clawed frog - CRISPLCCL] KA I[YLV|CINYSPKGNWWG - - HAPYKHGHP|C[s al[clp P
W. clawed frog - CRISPLCCL2 NA V[Y LV|[C[NYSPKGNW/IG - - EAPYKNGR P[C|S E[c|p P
W. chwed frog - GIPR1- ke _TE[YVVGRYSPPGNV|I - - GQFQENVLR - -PK - - -
W. clawed frog - GHPR2 -MLIIVVAQYNPSGNI[TNPGFYGRNVLPRGSKVTD
W. clhwed frog - serotriflin- ke AlclpN - - - - sifc|T

W. clhawed frog - CRISP2 AlclpN - - - - aLfc|T

W. clawed frog - CRISP1 AlclpNn - - - - aLcT

W. clhhwed frog - serotriflin- ke C|T

W. clawed frog - CRISP3 AlclpbN - - - - GL|c|T

W. clwed frog - allurin S|[CIED - - - - KL|C|T

W. clawed frog - TEL1 DlclpD - - - - QLclL

W.clhwed frog - PI15 SYG- - - --Gs|c|s

W.chwed flog PIRSHDML SYG - - - - - G V[C|s

W. chwed frog - CRISPLCCL1 § ¥ G - - - - - GG[C[K

W. clawed frog - CRISPLCCL2 S YG - - - - - GN|c|Q

W. chwed frog - GliPR1-lke S[=T=T=1=1=T=T=1-1=T-T1-=1-1=T-T=1-1-=1-T1-=1=1-=1-T-1-1-1-T-1-1-]-T-1-1]-
W. clawed frog - GHPR2 DGGDEDGE VK SPSST - - - « « = — = =« o o o o = ..

=}

W. clhhwed frog - serotriflin- ke
W. clhhwed frog - CRISP2

W. clhwed frog - CRISP1

W. clhhwed frog - serotriflin- ke
W.chwed frog - MGC108118 - - - - - - - - - - - _ - - - - -
W. clhhwed frog - CRISP3 =l =1==1=1=1=1-1-1=1=1=1=1-1-1-1=1-1=1=1=1=1=1-1-1-1-1-1-1-1-1-1-
W. clhwed frog - alurin S (DU (R (| [N O (R [ DU ([ [ [ U O [ [y O [ [ )
W. clhwed frog - TEL1 =1 =1=1=1=1=1=1=1=1=1=1=1=1=1=1=1=1=1=1=1=1=1=1=1=1=1-1-1-1-1-1-]-
W. clhwed frog - PI15 e
W. clhhwed frog - PI R3HDML - - - - - - - = =
W.chwed frog-CRISPLCCL] NEI EGQSSKVLD
W.chwed frog-CRISPLCCL2 NEVETPR - FPEE
W. clhwed frog - GliPR1-lke =l =1===1=1=1-1=1=1=1=1=1-1-1-1=1=1=1=1=1-1=1-1-1-1-1-1-1-1-1-1-
W. clhwed frog - GliPR2 S o o o o oo ool ool ool

=}

=}

=}

=}

=}

=}

=}

=}
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Appendix 4: ClustalWW Amino Acid Alignment and Color-Coded Mapping of
Exons for CAP Superfamily Genes in X. fropicalis Genome

clhwed frog - serofrifin- ke
chwed frog - CRISP2
chwed frog - CRISP1
clhwed frog - serofrifin- ke
chwed frog - MGC108118
clhwed frog - CRISP3
chwed frog - allurin

chwed frog - TEL1

chwed frog - PI15

chwed frog - PI R3HDML

clhwed frog - CRISP LCCL2

chwed frog - CRISPLCCL] NNEV I S TEQMS QI VS[CJEVRLRDQ[C|KGT T|[C|[NR ¥ E[(]
TTQTSTENLMT ] ] B E

chwed frog - GIiPR1-like
chwed frog - GIiPR2

clhwed frog - serofrifin- ke
chwed frog - CRISP2
clhwed frog - CRISP1
clhwed frog - serofrifin- ke
chwed frog - MGC108118
chwed frog - CRISP3
chwed frog - allurin

chwed frog - TEL1

chwed frog - PI15

chwed frog - PI R3HDML

clhwed frog - CRISP LCCL1
clhwed frog - CRISP LCCL2

chwed frog - GIiPR1-like
chwed frog - GIiPR2

clhwed frog - serofrifin- ke
chwed frog - CRISP2
chwed frog - CRISP1
clhwed frog - serofrifin- ke
chwed frog - MGC108118
chwed frog - CRISP3
chwed frog - allurin
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chwed frog - PI15

chwed frog - PI R3HDML
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chwed frog - GIiPR2
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Appendix 4: ClustalWW Amino Acid Alignment and Color-Coded Mapping of
Exons for CAP Superfamily Genes in X. fropicalis Genome

=}

W.
W.

clwed frog - serotriflin-like - -
chwed frog - CRISP2 - -
W. clhwed frog - CRISP1 - -
W. clhwed frog - serotriflin-like - -
W.chwed frog - MGC108118 - -
W. clhwed frog - CRISP3 - -
W. clhwed frog - allurin - -
W. clhwed frog - TEL1 - -
W. clhwed frog - PI15 - -
W. clhwed frog - PI RSHDML - -
W.clhwed frog - CRISPLCCL1 N S
W.clhwed frog - CRISPLCCL2 N S
W. clhwed frog - GiPR1-like - -
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W. clhawed frog - serotriflin-like - -
W. clhwed frog - CRISP2 - -
W. clhwed frog - CRISP1 - -
W. clhwed frog - serotriflin-like - -
W.chwed frog - MGC108118 - -
W. clhwed frog - CRISP3 - -
W. clhwed frog - allurin - -
W. clhwed frog - TEL1 - -
W. clhwed frog - PI15 - -
W. clhwed frog - PI RSHDML - -

=}

=}

=}

=}

=}

=}
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W. clhawed frog - serotriflin-like - -
W. clhwed frog - CRISP2 - -
W. clhwed frog - CRISP1 - -
W. clhwed frog - serotriflin-like - -
W.chwed frog - MGC108118 - -
W. clhwed frog - CRISP3 - -
W. clhwed frog - allurin - -
W. clhwed frog - TEL1 - -
W. clhwed frog - PI15 - -
W. clhwed frog - PI RSHDML - -
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W. clhwed frog - GEiPR2 G

=}

=}

=}

=}

=}

=}

=}

=}

=

Exon1[ ] Exon2 [

ExonSHE Exon9[ ]

Appendix 4:
Page 6 of 7

TVEQL|[CIPFQPPTT
TVAEI[C|QF T

covedpop-cire: N C ~ F T 0N WK S S S QV G

GVLRENHLGGYVDIMPMDREKKHYFASTQNGIT
GVIKDGEGGYVDVMPVEKKKHYFGSNEKNGTIQ

<=

=]

STDNKGMYTAVGFYDPAGNIANKGYFEDNVLP

Exon 3l Exon4[] ExonS5[C] Exoné6 [l Exon7 Il

Exon 101 Exon 11 Exon 121 Exon 131 Exon 140

113



Appendix 4: ClustalWW Amino Acid Alignment and Color-Coded Mapping of
Exons for CAP Superfamily Genes in X. fropicalis Genome

W. chwed frog - serotriflin- ke ===t === =l === === =]==]=]-=
W. clhhwed frog - CRISP2 o=l ===l =1=]=]=1=1=1=1=|=1=1=1=]-
W. clhhwed frog - CRISP1 o=l ===l =1=]=]=1=1=1=1=|=1=1=1=]-
W. chwed frog - serotriflin- ke ===t === =l === === =]==]=]-=
W.chwed frog - MGC108118 - - - - - - - - - - - - - - - - - - -
W. clhhwed frog - CRISP3 o=l ===l =1=]=]=1=1=1=1=|=1=1=1=]-
W. clhhwed frog - allurin o=l ===l =1=]=]=1=1=1=1=|=1=1=1=]-
W. clhwed frog - TEL1 o=l ===l =1=]=]=1=1=1=1=|=1=1=1=]-
W. clhwed frog - PI15 o=l ===l =1=]=]=1=1=1=1=|=1=1=1=]-
W. chwed frog - PI R3HDML =1 =1=1=1=1=1-1=1=1=1-1-1-1-1=1-1-]-
W.chwed frog-CRISPLCCL] ESLHNPIESKAFRIFAVI -

W.chwed frog - GEPR1-like == 1=]-]--1-1-1-1-1-1-1-1-1-]-]-
W. clhwed frog - GEPR2 RO - |- - -|-|-|-|-[-]-|-|-|-]-|-]-

Exonl[ | Exon2[ Exon3ll Exon4[] ExonS[] Exon6 Exon?7 I
Exon Sl Exon9[] Exon 101 Exon 11 Exon 121 Exon 131 Exon 14

Appendix 4: This figure provides MEGA7 ClustalW amino acid sequence alignment
of all CAP superfamily proteins in X. fropicalis genome. The CAP signature
sequences are boxed, the highly conserved cysteine are highlighted in yellow with a
red font color. Exon numbers and intron/exon borders were verified using the intron
and exon prediction tracks in NCBI online data for specific CAP genes. Color-coding
superimposed on the sequences is used to represent different exons and exon borders
are indicated by a change in color. Organisms and accession IDs of the amino acids
are available in the supplemental data table 11.
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Appendix S: Pairwise Distance of X. fropicalis CAP Amino Acid Sequences —
Estimated Evolutionary Divergence Between Sequences

A. Whole amino acid sequence pairwise distance

X. topicali
OPIEAtS 1y 1 2 13 | 4| 5| 6| 7|8 |9 10| 11]12]|13]|14
protein name

1 |Serotriftin-lke

2 |CRISP2 0.245

3 |CRISP1 0.491|0.513

4 |Serotrifin-lke |0.667|0.667|0.775

5 IMGC108118 |0.761|0.693|0.819(0.667

6 |CRISP3 0.570(0.547)0.629|0.733 [0.605

7 |Allurm 0.999(0.981)0.963|0.963(1.035(1.092

8 | TEL1 1.092(1.054(1.054|1.073]1.174|0.897(1.092

9 |PI15 1.217(1.153(1.263|1.073|1.286|1.195(1.286(1.217

10|PI R3IHDML 1.112(1.112(1.195|1.112|1.132|1.217(1.440(1.310|0.460

11|CRISPLCCL1 |1.240(1.240(1.174(1.112]1.240|1.153{1.335(1.335|0.570|0.617

12|CRISPLCCL2 (1.217(1.174(1.217|1.054|1.174|1.240|1.217|1.310|0.535|0.680|0.419
13|GliPR1-lke 1.386(1.310(1.440(1.310|1.263|1.469(1.498(1.386|1.310|1.335|1.286(1.174
14|GhHPR2 1.558(1.440(1.386|1.558|1.527|1.590(1.498|1.527|1.657|1.558|1.558(1.590(0.913
15|RhAG 1.888(1.888(1.846|2.079|1.933|2.028(2.028|2.251|2.028|1.888(2.028(2.134|2.079|2.316

B. CAP/PR domain amino acid sequence pairwise distance

X. topicali
OPIEAtS 1y 1 2 13 | 4| 5| 6| 7|8 |9 10| 11]12]|13]|14
protein name

1 |Serotriftin-lke

2 |CRISP2 0.234

3 |CRISPI 0.443(0.491

4 |Serotrifin-tke |0.580|0.664 (0.708

5 |MGC108118 |0.708|0.678|0.837|0.723

6 |{CRISP3 0.567(0.594(0.635(0.664 |0.664

7 |Allurin 0.891(0.855(0.820(0.872(0.986(0.891

8 |TEL1 0.966(0.986(0.928 (1.006(1.069 (0.855(0.966

9 |PI15 1.287(1.234|1.184|1.184(1.342(1.314(1.342|1.342

10(PIR3HDML [1.287(1.342(1.234|1.260(1.234|1.342|1.464|1.287|0.365

11|CRISPLCCLI (1.314(1.287(1.184(1.137(1.234|1.209|1.371|1.260|0.432]0.503

12|CRISPLCCL2 (1.209(1.184(1.184(1.160(1.260(1.314|1.371|1.314|0.443|0.567|0.333
13|GliPR1-lke 1.464(1.371|1.464|1.314|1.287(1.640(1.497({1.401({1.401(1.342(1.342(1.432

14| GliPR2 1.602(1.497(1.531|1.497|1.497|1.640(1.762(1.602(1.853(1.679(1.762(1.679(0.787
15|RhAG 2.125]2.065]2.190)2.701|2.190(2.333|2.500|2.595|2.065[1.953({2.333|2.413|2.595|2.413

Appendix 5: The follow tables show pairwise distance alignment of X fropicalis CAP
sequences. ‘A’ represents the pairwise alignment score for whole amino acid
sequence. ‘B’ represents the respective protein CAP/PR amino acid alignment score.
The number of amino acid substitutions per site from between sequences are shown.
Analyses were conducted using the Poisson correction model. The analysis involved
15 amino acid sequences. All positions containing gaps and missing data were
eliminated.
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Appendix 6: ClustalWW Amino Acid Alignment and Color-Coded Mapping of
Exons for CAP Superfamily Genes in the Homo sapiens Genome
Protein name Amino Acid Sequence

CLEC18A |- |= |- |- |- =1=[={=[=[=T=T=T=1=T= 1= == 1= 1= T=T=[= = 1= = = 1= 1= 1= 1= 1= ]=
CLECISE |- |=|=|=|=|=I= == [=[=[=T=T=1=T= 1= [=[=T=T=T=T=[= = 1= [=T=T=1=T=1=1=[=
CLECI8C  |=|=|=|=|=| = 1= == [= 1= [=T=T=T=T= 1= == T=T=T=T=[= = 1= [=[=T=1=T=1=1=[=
CRISP1 |- |- |- |- |=|=|=|=|=[=|=[=|= |- === [-|- -] = |< | == [= = [ || =] - 1= |- |- |-

P16 ||| === [=T= =1 =T=T= == 1= 1= = 0= 1= === 1= 1= == T== 1= 1= =] -] -

GAPR |- |-|-|-|-[-]-[-[-]-T-T-T-1-1-1-1-T-1-T-T-1-T-[-T-1-1-T-1-1-1-1-1-]-
CRISPLCCLL = = = = = = = = @ e s e e e e e e e e e e e e e e e o2 e
CRISPLCCI2 MS[CJVLGGVIPLGLLFLV[C(|[GSQGYLLPNVTLLEEL

CLECI18A  |-|-|-|-|-|=|-|=|-|=|-|-|=|-1=1=1=|=1=1=1=1=1-|-|-1=1={-|-|-1-|-1-]-
CLECI8B @ |- = =|= =|=|=|a|m|m|a]a|ala|a]alaalala|alalalala|alalalalalalala]a
CLECI8C == =|= =|=|a|a|a|m|a]a|ala|a]alaalalalalalalala]alalalalalalala]a
CRISPl = = = = = e e s e e e e e e e e e e e e e e e e e e e e e e

P16 ||| == [=[=[= == 1=1=1=T=1= == [=T=T=1=[= == [- -1 = 1= 1= = [= 1= = -] -
GLIPRI-Eke 1 = = = = = = = = = = = = = = = == e m e m e e e e o
oLrrrl |- |- |- |- |-[--[-[-]-T-T-1-T--1-=1-1-[-T-T- -] T-1-1-T-1-1-T-1-]-]-
131723 1072 N U O O O O O O

CRISPLCCLL = = = = = = = = = = = = = = = == e m e me e e e mm e o
CRISPLCCI2 LSKYQHNESHSRVRRAIPREDKEEILMLHNKLRG

CLEC1BA |- |-|-[-[--1=[=[=1=[=[=T=1=1=T=1=T=[=1=T=1=T=]-[=T=1=1 == 1-]=]-]-]-

CLECISB  |-|-|-|-|-[-[-[-[-]-T-T-1-1--1-1-1-]-T-T-1-1-[-1-1-1-T-1-1-1-1-1-]-
CLEC18C |- |- |- |- |-[=[-[=[-[=T=T=1=-1-1-1=1=1-1=T-T=-1-T-1-T=1=-1=-1-1-1-1-1-1-|-

GLIPR1T |- |- |- |- |=|=|=|=|=[=|=[=]= |- == 1= |- -] = |- | == [= |- [~ || =] |- |- |- |-
pris ||| [=[-[-[-[-]-{-1=T=1-T-T-T-T-1-1-T=1-T-[-T- - T--T-T-1- -] -

GAPR |- |- |- |- |-[-]-]-]-]-T-T-1-T-1-T-1-T-[-T-T--1-]-T-1-1-T-1-1-T-1-]-]-
CRISPLCCLL = = = = = = = = = = = = = == m e e m e me e e e e o e

CRISPICCL QVQPQA $NME YMNDDENERSAAAASO| | IEHG

Exon1[ | Exon2E Exon3 Il Exon4[] ExonS[] Exon6 [ Exon7

Exon SHl Exon9[] Exon 10—] Exon 11 Exon 121 Exon 131 Exon 1420
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Appendix 6: ClustalW Amino Acid Alignment and Color-Coded Mapping of
Exons for CAP Superfamily Genes in the Homo sapiens Genome

ciec18A  |-|-|-|-|-|-[-[-|-]-]-|-]-[-]-]-[-]-]-1-]-]-1- |- |- 1= |- |- 1= -1~ 1- -] -
cIBC18B |- |-|-[-[-[-[-[-[-]-]-T-]-[-T-]-[-T-]-1-T-]-1- - [-T- - - 1= 1= T-1- -1 -
CLEC18C |- |- |- [=|=[-[=|=[=[= === === [ [= |- |=[=|= |- [ |- |- [ = = = | = |- | -
CRISP1 |- |- |- [=[=[-[=]=T-]= === - [=[=[= [=T=[= [= = [ |- T= [= = = = 1= 1= -1 -

CRISPLCCLL = == = = = = = = = = = m e e e e e e e e e e e e

criserccl [BRSEEVSTCONTCATRNG ~ HiSoS e

ciec18A  |-|-|-[-[-[-[-[-[-]-]-[-]-[-T-]-[-1-]-1-1-]-1- -~ T-1- |- 1= 1= 1= 1= - -
CLEC18B |- |- |- [=[=[-[=[=[-[=1=T=[=[-T- === [=T=[=[= 1= [ |- [ [ |- - |- |- |- |- |-
CLBC18C |- |- |- [=[=[-[=]=[-[=1=T= === === [=T= = [= 1= [ |- [ [ |- [- |- = 1- |- ] -
CrRiSP1 |- |- |-[=[-[-[-[-T-]-1-T-1-1-T-]-1-1--T-1-]-1- - [-T-T-T-1-1-T-1- -1 -

13171123 157 [ S O P
GLIPRT |- |- |- [=[=[-[=[=[-[=[=[= === === [=T= = [= 1= [ |- T= [ = 1= = 1= 1= |- -
1319123 15755 SN O O O O O P U O O D
pris |- |-[-[-[-]-]-{-]--1-]-1-1-]-1-1-1-1=1-]-1=]-]-T-]-]-T-1-]-]-{-]-
PIRBHDML = = = = = = = = = = = = = = = = = 2 e mmm e e e e e e e e e e o -
GaPR |- |-|-[-[-[-[-[-T-]-1-T-]-T-T-]--T-1-T-1-1-1- - - T- - - 1= - T-1- -1 -
CRISPLCCLL = = = = = = = = = = s mm e m e mn MNMNATHIVHSG -

CRISP LCCL2 IVWATT

crEc18A |- |-|-[-[-[-[-[-T-]-1-T-T-1-T-1--T-1-T-T-1-1- - [-T- - T- 1= 1= T-1- -1 -
CLECISB |- |-|-[-|-[-[-=[-[-]-]-T-]-[-T-]-1-1-1-1-1--1-1-[-T- - |- 1-1-T-1- -] -
ciEC18C |- |-|-[=[-[-[-[-T-]-1-T-]-1-T-1-1-1-1-1-1-]-1-1-[-1- - [-1-1-T-1- -1 -
crisP1 |- |-|-[=[-[-[-[-[-]-]-T-]-[-T-]-[-T--1-T-1-1- - [-T- - - 1= 1= 1= 1- -1 -

GLIPRL |- |-[-|=[=[=[-]-[- ][« [=[= =[] | ]=[= = [= == ]=]]=]=]=[=-]-]-]-]-
GLIPRI-fke2 |- |-[-|-[-[-[-|-]-|-[-[<[-[-[-]-|]=[-[=[=]-[-]-|]=]<]=[=]-]-]-]-]-
PI15  |e|-|=]-l-l=]a ] e = le e 1o e e = = Lo [ L e e L = L= Lo e T = ] -
PIRSHDML  |-|-|-[-|-|- || [=[-[-[-]-|]=[-|=[= =[] |- ]=[-[= - [-]-]-]-]- ][]~
GAPR  [-[-[-[-[-[-[-I-1-[= ==L 0-T= 0= L= L= - === =0 - L = T U -
CRISPLCCLI - = = = = = = = = = = = = = - - - - VLALYVHIIH- - - -R@
CRISPLCCL2 NK IG[(JAVN T[(RKMTVWGEVWENAVYFV[(NYSPK G
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Appendix 6: ClustalW Amino Acid Alignment and Color-Coded Mapping of
Exons for CAP Superfamily Genes in the Homo sapiens Genome

CLECI8A - === === == === - MLHPETSPGRGHLLAVLLAL
CLECIS8B - - = - == - - ----- MLHPETSPGRGHLLAVLLAL
CLEC18C = == = === === ---- MLHPETSPGRGHLLAVLLAL
CRISP1 |- [-[-[-[-[-[-[-]-[--]-]-[-0- -1 - [ = == )= == - 0= - MEIKHL
CRISP3 - - - - - MKQ I LHP AL E T T DE[C|SITCENFPAMTIERN
CRISP2 = == = === mmm mmmm e e e e e e e o MALLPV
236 U T o e o e o e o e P B P P P P P P
GLIPRI-ke 1 = = = = = = = = = = = o e oo e e e e oo MALKN -
GLIPRI - = = = == = === - - s oo oo oo MRVTLAT -
GLIPRI-Bke2 - - - - - - - - - - - - - MEAARPFAREWRAQSLPLAVG
PI15 ----MIAISAVSSALLFSLL[JEASTVVLLNSTDS
PIRBHDML - - - - - MPLLPSTVGLAGLLFWAGQAVNALIMPNA
7N S T e P e e e e e T e e e e e e A I e e e I I I
CRISP LCCL1 El
CRISPLCCL2 NWIGEAPYKNGRP[C|SEC/PPS YGGS/(JRNNL|C[YREE
CLEC18A e === =============--- TAWAEVWPPQLQ
CLEC18B I TTWAEVWPPQLQ
CLEC18C LG - mmmmmmmmmm e e e e - TAWAEVWPPQLQ
CRISP1

CRISP3

CRISP2
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Appendix 6: ClustalWW Amino Acid Alignment and Color-Coded Mapping of
Exons for CAP Superfamily Genes in the Homo sapiens Genome
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Appendix 6: ClustalWW Amino Acid Alignment and Color-Coded Mapping of
Exons for CAP Superfamily Genes in the Homo sapiens Genome

CAP1 T [e2
CLEC18A LVWATS|SQLG[(|[GRHL[(|SAGQA - - - - - - ATEAF
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Appendix 6: ClustalW Amino Acid Alighment and Color-Coded Mapping of
Exons for CAP Superfamily Genes in the Homo sapiens Genome
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PI R3HDML NEKFTWEF - - - - - - = - = = - 2 om0 s s mm s e m e e 2 -
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Appendix 6: ClustalW Amino Acid Alignment and Color-Coded Mapping of
Exons for CAP Superfamily Genes in the Homo sapiens Genome

CLECISA QDILAFYLGRLETTNEVIDSDFETRNFWIGL TYK
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Appendix 6: ClustalWW Amino Acid Alignment and Color-Coded Mapping of
Exons for CAP Superfamily Genes in the Homo sapiens Genome
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CLEC18B QEHI SRWGPGS - - - - - - - - - - - - - - oo oo - -
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Appendix 6: This figure provides MEGA7 ClustalW amino acid sequence alignment
of all CAP superfamily proteins in Homo sapiens genome. The CAP signature
sequences are boxed, the highly conserved cysteine are highlighted in yellow with a
red font color. Exon numbers and intron/exon borders were verified using the intron
and exon prediction tracks in NCBI online data for specific CAP genes. Color-coding
superimposed on the sequences is used to represent different exons and exon borders
are indicated by a change in color. Organisms and accession IDs of the amino acids
are available in the supplemental data table 12.
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Appendix 7: Pairwise Distance of Homo sapiens CAP Amino Acid Sequences —
Estimated Evolutionary Divergence Between Sequences

A. Whole amino acid sequence pairwise distance

Homosapiens | 1 5 | 31 4| s | 6 | 7| 8| o |10|11]12]|13]14]1s
protein name

1 |CLEC1sA

2[CLEC1SB _ |0.026

3|CLECIsC _ |0.017]0.009

4 |CRISP1 1.107|1.133|1.133

5 |CRISP3 1.057|1.057]1.0570,676

6 |CRISP2 1.133(1.133|1.133]0.660[0.293

7 [pI16 0.964]0.964]0.964 1.082[0.986[0.942

8 |GEPR1-Hke 1 |0.986|0.986]0.986] 1.082|0.879]0.942|0.964

9 |GEPR1 1.009]0.986]1.009]0.921]0.964|0.942[0.879[0.676

10|GEPRI-Bke 2 |1.215]1.187|1.215]1.057|1.057|1.033|1.160|0.859]0.728

11[p115 0.964]0.964]0.964(1.033[1.009]1.082]0.942[0.899( 1.033[1.215

12[PIRSHDML  |0.986]0.9860.986] 1.187]0.986|1.160]0.986|0.986] 1.057|1.160[0.340

13|GEPR2 1.680|1.680]1.680|1.513|1.305|1.244|1513]1.438| 1.552|1.775|1.552|1.593

14|CRISP LCCL1 |2.573|2.573|2.573| 2.573| 2.573|2.468|2.4682.979| 2.573| 2.286|2.063 | 2.286| 2.206

15|CRISP LCCL2 |2.691|2.691|2.691]2.206]2.691|2.573|2.825|2.573] 2.132|2.132|2.132|2.573| 2.465|0.596

16[RIAG 2.206|2.132|2.132|2.573|2.206|2.286|2.573|2.373| 2.286|2.373|2.373|2.063 | 2.468| N/A [3.672

B. CAP/PR domain amino acid sequence pairwise distance
Homosapiens| | 5 | 3| 4| s |6 | 7| 8| 9 |10 |11 |12|13]|14]1s
protein name

1 |CLEC1sA

2 [CLEC1SB __ |0.000

3|CLECISC _ |0.000]0.000

4 |CRISP1 1253(1.253|1253

5 |CRISP3 1.099]1.099]1.099]0.560

6 |CRISP2 1.099(1.099(1.099]0.560[0.154

7 [pI16 0.965]0.965]0.965|1.0990.742[0.742

8 |GEPR1-Hke 1 |0.965|0.965]0.965|1.253]0.742]0.847|0.965

9 |GEPR1 1.099(1.099]1.099]0.965]0.9650.847[0.847[0.847

10|GEPRI-Bke 2 |1.435|1.435|1.435]0.847]0.965]0.742]1.099|1.099[0.965

11[p115 0.742]0.742[0.742[1.099[0.847]0.847|1.253|0.647 1.099[1.253

12[PIRSHDML |0.742]0.742[0.742]1.253]0.847]0.965]0.965|0.742 1.0991.253]0.405

13|GEPR2 1.658|1.658]1.658| 1.946|1.658|1.658|2.351|1.435| 1.946|1.946|1.253| 1435

14|CRISP LCCL1 | 1.946|1.9461.946]3.045]2.351|2.351|2.351|2.351| 2.351| 1.099|1.946|1.946| 1.946

15|CRISP LCCL2 |0.847]0.8470.847] 0.847]0.742[0.742]0.647]0.847] 0.8470.847]0.742|0.847| 1.435[1.658

16[RIAG 1.946|1.946]1.946|3.045]2.351|1.946|3.045| 1.946[3.045| 1.946|1.946|1.946| 2351|1.253[2.351

Appendix 7: The follow tables show pairwise distance alignment of Homo sapiens
CAP sequences. ‘A’ represents the pairwise alignment score for whole amino acid
sequence. ‘B’ represents the respective protein CAP/PR amino acid alignment score.
The number of amino acid substitutions per site from between sequences are shown.
Analyses were conducted using the Poisson correction model. The analysis involved
16 amino acid sequences. All positions containing gaps and missing data were

eliminated.
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Common name - Protein name

Tomato - Pr-d4r

Cocoa tree - CAP-related

Yeast - PRY1

Meld - SCP-like

Round worm - Unchar.
Fruit fly - Unchar.
Parasitic wasp - EFG1
Jewel wasp - Unchar.
Red fire ants - PRY1-like
Dwarf honev bee - EFG1
Leaf cutter bee - EFG1
Sea squirt (C. i) - GAPR
Spotted gar - GAPR
Zebrafish - GAPR

W. clawed frog - GAPR
Burmese python - GAPR
Anole lizard - GAPR

Chinese soft-shelled turfle - GAPR

Falcon - GAPR
Chicken - GAPR.
Platypus - GAPR
Amnadillo - GAPR
Rat - GAPR
Mouse - GAPR
Chimp - GAPR.
Human - GAPR

Tomato - Pr-4r

Cocoa tree - CAP-related

Yeast - PRY1

Mold - SCP-like

Round worm - Unchar.
Fruit fly - Unchar.
Parasitic wasp - EFG1
Jewel wasp - Unchar.
Red fire ants - PRY1-like
Dwarf honey bee - EFG1
Leaf cutter bee - EFG1
Sea squirt (C. i.) - GAPR
Spotted gar - GAPR
Zebrafish - GAPR

W. clawed frog - GAPR
Burmese python - GAPR
Anole lizard - GAPR

Chinese soft-shelled turfle - GAPR

Falcon - GAPR
Chicken - GAPR.
Platypus - GAPR.
Amadilo - GAPR
Rat - GAPR
Mouse - GAPR.
Chimp - GAPR.
Human - GAPR.

Appendix 8: ClustalWW Amino Acid Alignment and Color-Coded Mapping of
Exons for GAPR/GLIPR2 Sequences

Amino Acid Sequence

,,,,,,,,,,,,,,,,,, MKLSKLSILTSALATS
___________________________ MRSSLLM

_______________________ MIPPTMHGHEF
_______________________ MIPPTMHGHEF

Exonl[ ] Exon2[ Exon3Mll Exon4[ Exon5[] Exon6E Exon7 N

Exon SH Exon9[ ] Exon 10] Exon 11 Exon 121 Exon 131 Exon 14 [0
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Appendix 8: ClustalW Amino Acid Alignment and Color-Coded Mapping of
Exons for GAPR/GLIPR2 Sequences

e R e e o gy e
Cocoatree - CAP-related @ - - - - - = - = = - - - - - - - - - oo oo s e s e s s e s
Yeast - PRY1 ALAAPAVVTVTEHAHEAAVVTVQGVVYVENGQTR
Mold - SCP-like GALAAGAMANPLDKRAYTTDWTVVTVTTT ITAP
Romd worm - Unchar, - - - - - - - - - - - - oo o oo oo s
Fruit fly - Unchar. = = - - - - - - - - o oo oo o oo e oo o e o s e - e e e

Parasitic wasp - EFG1 NQPLSRVVMVRKTDQRTFSKGRREGGEPLLETVTR
Jewel wasp - Unchar.
Red fire ants - PRY1-lke

Dwarf honey bee - EFG1 NQPLSRVVMVRKTDQRTFSKGRRGGEPLLETVTR
Leaf cutter bee - EFG1 NQPLSRVVMVRKTDQRTFSKGRREGGEPLLETVTR
Seasquirt (C.i)- GAPR. - - - - - - - - oo s e e s s e s s e s s s e e e e
Spotted gar - GAPR. - - - - - - o - o oo oo o oo e oo o e e e e - e s
FAs e R N ) L e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e
W. claswed frog - GAPR DASGAEVVETWYNEIKDYSFGRPGFQSDT GHENG
Burmese python - GAPR. - - - - - - - - - - - - oo s oo s s e s e e e - e e e
Anole lzard - GAPR =~ |- |- |- - -|-|-|- - -] |- mlmm| | m === === -
Chinese soft-shelled turfle - GAPR. - - - - - - - - - - - - - - - - - - oo oo oo s s s
Falcon- GAPR o o oo o o o e m e m e e e e e e e e e e e e e a2 =
Chicken- GAPR - - - - oo oo oo o s e s o s e s s e m s s e s e
L € e e e e e e e e e e e e e e e e e e e e e R
F e € N ) L e e e e e e e e e R e e e e e e R e e e e e e e e e e e R
Rat- GAPR. oo o oo oo s m oo s e s s s e s s e s e e e
Mouse- GAPR - - - - - m - s s s e s e e e == - -
Chimp - GAPR. - - - - oo oo m s e e s s e s s e s s e s e e
Human - GAPR o o o o o o oo o o o oo o oo e e e s e e e e e a e -

B o e e e e e e e e e e e e e e e e e e e e R
Cocoatree - CAP-related @ - - - - - = - - = - - - - - - - - - oo oo e s e s s e s
Yeast - PRY1 TTYETLAPASTATPTSTATALVAPPVAPSSASSN
Mold - SCP-like VPPAATTSSSTYVPVQEPVASVEPAPAPVEQSSS
Romd worm - Unchar, - - - - - - - - - - - - oo oo oo s s e
Fruit fly - Unchar,. = |-|-|- - |- -|-|-|-|-|- =|-|=|-|-|= == |=|=|=|=|=|-|=|=|-|-|-]--|-
Parasitic wasp - EFG1 ETVELFSGGRAERKYTSETRDIVTPKS - - - - - - -
Jewel wasp - Unchar.

Red fire ants - PRY1-lke SMPSLN
Dwatf honey bee - EFG1 ETVELFNGGRAERKYTSETRDIVTPKS - - - - - - -
Leaf cutter bee - EFG1 ETVELFNGGRAERKYTSETRDIVTPKS - - - - - - -
Seasquirt (C.i) - GAPR. - - - - - - - - - oo o e s o s s s s s e m s e s e e
Spotted gar - GAPR. - - - - - - o - o oo e oo oo e oo o e e e e - e s
Zebrafish - GAPR - - - o o oo oo oo oo oo oo - oo oo - - o - - - - o -
W. clawed frog - GAPR VVWKDSREVGVAKAVDGKGMVIAVAQY - - - -- - -
Burmese python - GAPR. - - - - - - - - - - - o oo o oo e o s e s e s e - e e e
Anole lzard - GAPR -] - |- - -|-|-|- - -] |- - lm -] ===
Chinese soft-shelled turfle - GAPR. - - - - - - - - - - - - - - - - - - oo oo oo s s e s
o N e el e e e e et el el e e e e e e e e e e e e e e e e e e e e
Chicken- GAPR - - - - oo oo oo s o s o s e s s e m s e s e
R € A R e D e e e e e e e e e e e e e e e e e e
Armmadillo - GAPR - - - - - - - m - s s s s s s e e e e - - -
Rat- GAPR. oo o oo oo s m oo s e o s s s e s s e s e e e e
Mouse- GAPR. o o o o o oo o o o o oo e e a e e s e m e e a e
Chimp - GAPR. - - - - - - oo oo o s e s o s e o s s e s s e s e e
I e T e o e e e

Exon1[ | Exon2EE Exon3llll Exon4[] ExonS[] Exon6 [ Exon 7

Exon SHl Exon9[] Exon10[—] Exon 11[] Exon 121 Exon 13[1 Exon 14
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Tomato - Pr-dr

Cocoa tree - CAP-related
Yeast - PRY1

Mold - SCP-like

Round worm - Unchar.
Fruit fly - Unchar.
Parasitic wasp - EFG1
Jewel wasp - Unchar.
Red fire ants - PRY 1-like
Dwarf honey bee - EFG1
Leaf cutter bee - EFG1
Sea squirt (C.1) - GAPR
Spotted gar - GAPR
Zebrafish - GAPR.

W. clawed frog - GAPR.
Burmese python - GAPR
Ancle lizard - GAPR.

Chinese soft-shelled turtle - GAPR.

Falcon - GAPR
Chicken - GAPR.
Platypus - GAPR
Armadillo - GAPR
Rat - GAPR.
Mouse - GAPR
Chimp - GAPR.
Human - GAPR

Tomato - Pr-dr

Cocoa tree - CAP-related
Yeast - PRY1

Mold - SCP-like

Round worm - Unchar.
Fruit fly - Unchar.
Parasitic wasp - EFG1
Jewel wasp - Unchar.

Appendix 8: ClustalW Amino Acid Alignment and Color-Coded Mapping of

Exons for GAPR/GLIPR2 Sequences

SDVVLSALKNLASVWGKTTDSTTTLTSSESTSQS
AVFVEVPATSSAPAPAEPTAEVQPTTAAAAADQG
MEVSISGVDPELTK

NRSRAESVRSKSPLTAS
] = SRAG S VRSKSPLTGS
VHGTKKKSVGFVDQVSPDRSRTDSVRSKSPLAAS

______________________ ClLK S SKKET

MGLFNMSLLLMTLMVLAIFHSD
MAWSKLALALIIVSFALPSL
LAQATTTSTPAAASTTSTPAATTTTSQAAATSSA

SAWTSAWTSAWTS SWTSSAAQPTTLASTTSSASG

Eed fire ants - PRY1-like

Dwarf honey bee - EFG1

Leaf cutter bee - EFG1

Sea squirt (C. i) - GAPR

Spotted gar - GAPR

Zebrafish - GAPR

W. clawed fiog - GAPR

Burmese python - GAPR

Anole lizard - GAPR

Chinese soft-shelled turtle - GAPR. - - - - - - - - - - - - - - - - - - - - - - - - - - - - MGEKSA
Falcon- GAPR. |- |-|-|-|- == |-|- === |-|-|-|-|-|-|=|-|-|-1-1-|-|-1-]-]- MGKSA
Chicken - GAPR - - - - - - - oo oo oo oo s o s e a s s e e MGKSA
Platypus - GAPR - - o o o oo oo oo o e oo e e e e e e e e e e MGEK S A
Armadillo - GAPR. - - - - - - - oo oo oo o s e o s s e e e MGKSA
L €N et e e ey e e e e e e g MGEKSA
Mouse - GAPR o o o o o o o o oo oo e e e a s e MGKS A
Chimp - GAPR - - - - oo oo o e s e s s s s s e s s e e e MGKSA
Human - GAPR. - o o o o o o oo oo oo oo e m s a o MGEKS A

Exon1[ | Exon2EE Exon3llll Exon4[] ExonS[] Exon6 [ Exon 7

Exon SHl Exon9[] Exon10[—] Exon 11[] Exon 121 Exon 13[1 Exon 14

Appendix 8:
Page 3 of 10

127



Appendix 8: ClustalW Amino Acid Alignment and Color-Coded Mapping of
Exons for GAPR/GLIPR2 Sequences

Tomato - Pr-dr - o - - o oo o o oo oo oo o e oo e AQNSPQD
Cocoa tree - CAP-relsted =~ - - - - - - - - - - - - - - - - _ - - . AKTLEKQE
Yeast - PRY1 SS5SDSD- - - - - - - - - - - e e e e LSDFASS
Mold - SCP-like ATATNAYQST
Round worm - Unchar.

Fruit fly - Unchar.

Parasitic wasp - EFG1

Jewel wasp - Unchar. ITKTDTRKPSVRERFGPDKEF INL
Redfire ants - PRY 1-like SPDSARYSSSQITKIDTRKEPSVRERSGPPEKEFINV

Dwarf honey bee - EFG1
Leaf cutter bee - EFG1
Sea squirt (C.1.) - GAPR
Spotted gar - GAPR
Zebrafish - GAPR

W. dawed frog - GAPR
Burmese python - GAPR
Anok lizard - GAPR
Chinese soft-shelled turtle - GAPR
Falcon - GAPR

Chicken - GAPR
Platypus - GAPR
Armadillo - GAPR

Rat - GAPR

Mouse - GAPR

Chimp - GAPR

Human - GAPR

CAP3
Tomato - Pr-4r YLEVIHNDARJAQVG- VGPMSWDADLESRAQSYANS
Cocoa tree - CAP-related FLDAQNEARAEVN- VEPMAWDAQVAAYAQEYANQ
Yeast - PRY1 VLAEHNKKRALHKDTPALSWSDTLASYAQDYADN
Mold - SCP-like HNVHER|SNHS - ASSLEWDASLEASAQTLAAR
Round worm - Unchar.
Fruit fly - Unchar.
Parasitic wasp - EFG1
Jewel wasp - Unchar. HNY Y R]
Redfire ants - PRY 1-like HNF Y R]
Dwarf honey bee - EFG1
Leaf cutter bee - EFG1

Sea squirt (C. 1) - GAPR K
Spotted gar - GAPR R
Zebrafish - GAPR R
W. dawed frog - GAPR

Burmese python - GAPR Q
Anok lizard - GAPR Q
Chinese soft-shelled turtle - GAPR Q
Falcon - GAPR Q
Chicken - GAPR Q
Platypus - GAPR Q
Armadillo - GAPR Q
Rat - GAPR Q
Mouse - GAPR Q
Chimp - GAPR Q
Human - GAPR Q

Exon1[ | Exon2E Exon3lllll Exon4[] ExonS[] Exon6 [ Exon7

Exon SHE FExon 9] Exon 101 Exon 11 Exon 121 Exon 131 Exon 14 [
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Appendix 8: ClustalW Amino Acid Alignment and Color-Coded Mapping of
Exons for GAPR/GLIPR2 Sequences

CAP4
Tomato - Pr-dr RAGD|CI[N-LIHSGS- -[GEN- - - - - - L[AK - GGGDF
Cocoa tree - CAP-related RIADCD- LVHSGGPY|GEN- - - - - - - IAW- GSDDL
Yeast - PRY1 YD[SGT-LTHSGGPY[GEN- - - - - - - - _ -

Mold - SCP-like [clvYQHD

Romd worm - Unchar.

Frui fly - Unchar.

Parasitic wasp - EFG1 LATRGR-LEHRANID

Jewel wasp - Unchar. LATKGR-LEHRANIE

Red fire ants - PRY1-like LATRGR-LEHRANID

Dwarf honey bee - EFG1 LATRGR-LEHRANTD

Leaf cutter bee - EFG1 LAARGR-LEHRANID

Seasquirt (C. i) - GAPR
Spotted gar - GAPR
Zebrafish - GAPR

W. dawed frog - GAPR LLNLKN-LKHSDTS

Burmese python - GAPR

Andle lizard - GAPR

Chinese soft-shelled turtle - GAPR

Falcon - GAPR.

Chicken - GAPR

Platypus - GAPR

Armadillo - GAPR

Rat- GAPR

Mouse - GAPR.

Chimp - GAPR

Human - GAPR.

Tomato - Pr-4r TGRAAVELWVSEKPNYNYDTNE[(V- - - - - S GK
Cocoa free - CAP-related SVADAVKEMWVDEKVYYDHGSNT|CA- - - - - SGQ
Yeast - PRY1 DGPAAVDAWYNEISNYDFSNPG

Mold - SCP-like

Romd worm - Unchar.

Frui fly - Unchar.

Parasitic wasp - EFG1 GGEEPVNEWYAEESQHQYGKEP - - - - - - - TTLKT
Jewel wasp - Unchar. NGDEPVNDWYAEESQHQYNREP - - - - - - - TTLKT
Rt e -PRYLKe GO EE VN D
Dwarf honey bee - EFG1 HGDEPVNEWYAEEGQHQYGKEP - - - - TTLKT
Leaf cutter bee - EFG1 SGDEPVNEWYAEEAQHQYGKEP - - - - - - - TTLKT

Sea squirt (C.1) - GAPR
Spotted gar - GAPR
Zebrafish - GAPR

W. dawed frog - GAPR
Burmese python - GAPR
Anole lizard - GAPR

Chinese soft-shelled turtle - GAPR GNEVAERWYNEIKNYNFQNPG- - - - - - - FSSGT

Falcon - GAPR GEKDVADRWYSETKNYSFQNPG- - - - - - - FSSGT
Chickeen - GAPR. GEDVADEWYSEIKNYSFQNPG- - - - - - - FS55GT
Platypus - GAPR. GEKEVADRWYNEIKDYNFQHPG- - - - - - - FTSGT
Armadillo - GAPR. GEKEVADRWYSEIKNYNFQQPG- - - - - - - FTSGT
Rat - GAPR. GEKEVADRWYSEIKSYNFQQPG- - - - - - - FTSGT
Mouse - GAPR. GEKDVADRWYSEIKSYNFQQPG- - - - - - -

Chimp - GAPR. GEEVADREWYSEIKENYNFQQPG - - - - - - -
Human - GAPR

Exon1[ | Exon2EE Exon3llll Exon4[] ExonS[] Exon6 [ Exon 7

Exon SHl Exon9[] Exon10[—] Exon 11[] Exon 121 Exon 13[1 Exon 14
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Tomato - Pr-4r

Cocoa tree - CAP-related
Yeast - PRY1

Mold - SCP-like

Romd wom - Unchar.
Fruit fly - Unchar.
Parasitic wasp - EFG1
Jewel wasp - Unchar.
Redfire ants - PRY1-like
Dwarf honey bee - EFG1
Leaf cutter bee - EFG1
Sea squirt (C. i) - GAPR
Spotted gar - GAPR
Zebrafish - GAPR

W. clawed frog - GAPR
Bumese python - GAPR
Ancle lizard - GAPR

Chinese soft-shelled turtle - GAPR

Falcon - GAPR
Chicken - GAPR
Platypus - GAPR.
Armadillo - GAPR.
Rat - GAPR
Mouse - GAPR
Chimp - GAPR.
Human - GAPR

Tomato - Pr-4r

Cocoa tree - CAP-related
Yeast - PRY1

Moald - SCP-like

Round womn - Unchar.
Fruit fly - Unchar.
Parasitic wasp - EFG1
Jewel wasp - Unchar.
Redfire ants - PRY1-like
Dwatf honey bee - EFG1
Leaf cutter bee - EFG1
Seasquirt (C. 1) - GAPR.
Spotted gar - GAPR.
Zebrafish - GAPR.

W. clawed frog - GAPR

CAP1
GHYTQVVWRDS
AHYTQVVWRNS
GHF TQVVWEK S T

GHFTQLLWENS

GHFTQVVWRDS
GHFTQIVWRS S

GHFTQVVWKDS
GHFTQVVWRDS
GHETQVVWEKAS
GHF TAMVWEK S S
GHFTAVVWKGS
GHF TQMVWEKAS
GHF TAMIWEKNT
GHF TAMVWK ST,
GHF TAMVWEKDT
GHF TAMVWENT
GHF TAMVWEK ST
GHF TAMVWEKST
GHF TAMVWEKNT,
GHF TAMVWENT
GHF TAMVWENT
GHF TAMVWEKNT,
GHF TAMVWENT

Appendix 8: ClustalW Amino Acid Alighment and Color-Coded Mapping of
Exons for GAPR/GLIPR2 Sequences

TELGVGMARNENG- - - - - - - - EV
TELGVGMARNENG- - - - - - - - EV
TELGVGMARNRNG- - - - - - - - EV
TELGVGMARNENG- - - - - - - - EV
TEFGAGFAQASDG- - - - - - - - ST
RELGVGKATATDG- - - - - - - - ST
KKLGVGKAVASDG- - - - - - - - ST
KEVGVGLASSGKG- - - - - - - - ML
KKMGVGKAAASDG- - - - - - - - ST
KKMGVGKAAASDG- - - - - - - - ST
KKMGVGKASANDG- - - - - - - - ST
KKMGVGKASASDG- - - - - - - - ST
KKMGVGKASASDG- - - - - - - - ST
TKMGVGKASTSDG- - - - - - - - 55
KKMGVGKASASDG- - - - - - - - 55
KKIGVGKASASDG- - - - - - - - 55
KKIGVGKASASDG- - - - - - - - 55
KKMGVGKASASDG- - - - - - - - 55
KKMGVGKASASDG- - - - - - - - S

CAP2

FIS[NYDPVGNWVGQRPY- - - - - -
FIT|NYDPPGNY]|
YV I|C]SYDPAGNY]

IGETPY- - - - - -

EG--EYADNVEPLA- - - - - - --

LG--SFAENVLPPRDASSTSSS

LG--SFMENVLPPSERSSSPSR

LG--SFTENVLPLG-VKPLKK-
LG--SFTENVLPPGSSSPTKK-
YVVGRYLPPGNMNMAGQFEENVLP

. . IHSEEEEE

FVVARYSPAGNI
FVVARYFPAGNI
IVVAQYNPSGNI

VNQGQFEENVLP- - - - - - - - - -
TNQGHFQANVLP- - - - - - - - - -
TNPGFYGRNVLPRGSKVTIDDGG

FYVARYEPAGNI|[VNPGQYEQNVFP- - - - - - - - - -
FVVARYVPAGNI|IVNPGQYEQNVLP- - - - - - - - - -
FVVARYDPPGNV]VNPGFYEKNVLP- - - - - - - - - -

Bumese python - GAPR
Anole lizard - GAPR
Chmese soft-shelled turtle - GAPR

Falcon - GAPR FVVARYDPAGNVI[VNPGYYEENVLP- - - - - - - - - -
Chicken - GAPR FVVARYDPAGNV|]VNPGYYEENVLP- - - - - - - - - -
Platypus - GAPR FVVARYLPAGNV]VNQGFFEDNVLP- - - - - - - - - -
Armadillo - GAPR FVVARYFPAGNVI]VNQGYXEENVLP- - - - - - - - - -
Rat - GAPR FVVARYFPAGNIIVNQGFFEENVPP- - - - - - - - - -
Mouse - GAPR FVVARYFPAGNI[VNQGFFEENVPP- - - - - - - - - -
Chimp - GAPR FVVARYFPAGNVIVNEGFFEENVLP- - - - - - - - - -
Human - GAPR FVVARYFPAGNVIVNEGFFEENVLP- - - - - - - - - -

Exonl1[ | Exon2EE Exon3lll Exon4[] ExonS[] Exono6 [ Exon 7

Exon Sl Exon9[] Exon10—] Exon 11 Exon 121 Exon 131 Exon 142
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Tomato - Pr-4r

Cocoa tree - CAP-related
Yeast - PRY1

Mold - SCP-like

Round worm - Unchar.

Appendix 8: ClustalW Amino Acid Alignment and Color-Coded Mapping of

Exons for GAPR/GLIPR2 Sequences

Fut By - Unchar R £
Parasitic wasp - EFG1 PQP-- -GKSSPDPVPKIMDERAWQDEALKVHNEY
Jewel wasp - Unchar. = - - - - - - LPAILKISSWITLDQSAW DALAVHNEY
Red fire ants - PRY1-like

Dwarf honeybee - EFG1 - - - - - - - TLIEALPYYTLDEQAWQQDALMVHNEY
Leafcutter bee -EFG1 - - - - - - - ISFLDPKHYAMDEQTWQQEALLVHNEY
Seasquirt (C.i) - GAPR - - - - - - - o o oo oo o oo oo oo oo oo oo oo
Spotted gar - GAPR. |- - - - - - - - - - - - - - - - PREK- - ------------
Zebrafish - GAPR - - - - - - - - - - - o oo - PKS--------------
W. dawed fiog - GAPR DEDGFVKS PSS TAVL P I P R
Burmese python - GAPR. =~ - - - - - - - - - - - - - - - - - PKE--------------+-
Anodle izard- GAPR. - - - - - - - - - - - - oo - PKK--------------
Chinese soft-shelledturtle - GAPR. |- - - - - - - - - _ _ _ _ _ _ _ _ PKK- - ------------
Faleon- GAPR. - - - - - - - - - - - - - - PREK--------------
Chicken- GAPR |- - - - - - - - - - - - - - PREK- - ------------
Platypus - GAPRE. - - - - - - - - - oo o oo oo PEKK--------------
Armadillo - GAPR. - - - - - - - - - - - - oo - PKK--------------
Rat-GAPR = - - - PKK- - - - - - - - - - - - - -
Mowe - GAPRE. - - - - - - - - - oo - oo oo PEKK--------------
Chimp - GAPR - - - - - - - o - oo - - PKK--------------
Human - GAPR. - - - oo oo PKK- - - - ----------
Tomato - Pr-4r - - oo - e o oo e o s s s s s m s s e s e s e s e
Cocoa tree - CAP-related @~ - - - - - - - - - - - - o - o o oo oo oo oo e
B = L e e e e e e e e e e e e e e e e e e e e S P
) O e e e e e e e e e e e e e e e e e P P
Romd worm - Unchar. - - - - - - - o - o o o oo o o oo o oo oo e e e e -
Fruit fly - Unchar. --GDENGQGNLN- - - - - - - - - - - - - - - - - - - - RF
Parasitic wasp - EFG1 RRRHRVPELRLNADL SAAAKAWACITLLNTNKLIP
Jewel wasp - Unchar. RRRHRSPDLILNDELTAAA

Red fire ants - PRY 1-like AWANTLLNTNKLIP
Dwarf honey bee - EFG1 RRKHRVSDLRLSVELTSAAKAWANTLLNTNKLIP
Leaf cutter bee - EFG1 RRRHRVPDLTLSADLTAAAKAWANTLLNTNKLIP
Seasquirt (C. i) - GAPR - - - - - - - - - oo - o s m s s s s s s s e s s s
Spotted gar - GAPR. - - - - o oo o oo oo o oo oo o oo oo
A R € N s e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e
W. dawed frog - GAPR QYRKLHGAGALQLSVALSQDAQKWADHLVGKPAL
Burmese python - GAPR ™~ |- - |- - |- |-|-|- - === |- - |- |- |-|=|=|- === == 1=|=|-|-|-]-]|-
Anole lizard - GAPR. - - - - - s - - s s s s s s e s e s s s s s e e
Chinese soft-shelled turtle - GAPR. - - - - - - - - - - - - - - - - - - - - - - oo - s s s s
Falcon - GAPR. - - - o o o s e o oo s e e s o m s s s e s s s e e e
Chicken - GAPR - - o o - oo oo o s s s s s s s s s s s s e s s s
g I T L e R e B e e B e e e el o e e e e e e e e e I e e e e I P o I e
Armadillo - GAPR. - - - - o - o o o s o e o e m s s s - s s e s s e e
L € 2 L el e e e e e e e e e e e e e e e e e e e e e e e e e
B T . = e
L0 € ) - e R e e e e e e R R e e e e e R e R e e e e R e e e e S R R
Human - GAPR - - - - o - e o oo e o e s s s e - s s e - e e e e

Exon1[ | Exon2E Exon3lllll Exon4[] ExonS[] Exon6 [ Exon7

Exon SHE FExon 9] Exon 101 Exon 11 Exon 121 Exon 131 Exon 14 [
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Appendix 8: ClustalW Amino Acid Alignment and Color-Coded Mapping of

Exons for GAPR/GLIPR2 Sequences

Tomato - Pr-4r

Cocoa tree - CAP-related
Yeast - PRYL

Mold - SCP-like

Round worm - Unchar.
Fruit fly - Unchar.
Parasitic wasp - EFG1
Jewel wasp - Unchar.
Red fire ants - PRY 1-like
Dwarf honey bee - EFG1
Leaf cutter bee - EFG1
Sea squirt (C. i) - GAPR.
Spotted gar - GAPR.
Zebrafish - GAPR.

W. dawed frog - GAPR
Burmese python - GAPR
Angcle lizard - GAPR.

Chinese soft-shelled turtle - GAPR.

Falcon - GAPR
Chickeen - GAPR.
Platypus - GAPR
Armadillo - GAPR
Rat - GAPR
Mouse - GAPR
Chimp - GAPR.
Human - GAPR

Tomato - Pr-4r

Cocoa tree - CAP-related
Yeast - PRY1

Mold - SCP-like

Round worm - Unchar.
Fruit fly - Unchar.
Parasitic wasp - EFG1
Jewel wasp - Unchar.
Redfire ants - PRY 1-like
Dwarf honey bee - EFG1
Leaf cutter bee - EFG1
Sea squirt (C. i) - GAPR
Spotted gar - GAPR
Zebrafish - GAPR

W. dawed frog - GAPR
Burmese python - GAPR
Ancle lizard - GAPR

Chinese soft-shelled murtle - GAPR.

Falcon - GAPR
Chicken - GAPR.
Platypus - GAPR
Armadillo - GAPR
Rat - GAPR.
Mouse - GAPR
Chimp - GAPR.
Human - GAPR

STSEAYMDNVE - - - - - - 0 o oo o oo o000 o oo
QVDNIPIIVMLWLCWQFTN- - - - - - - - - - - - - - -
QSSSPYGENIYSMQIC|SDPELIVSPREVISKEWYSE

QS SSPYGENIYSMQSDPKLIVSAREVI SKWYSE

QTSSPYGENIYSMQSDPKVIVTPREVVSKWYAE
QSSSPYGENIYSMQIC/[SDPKLIVPAREVVSKWYSE

Exon1[ | Exon2E Exon3lllll Exon4[] ExonS[] Exon6 [ Exon7

Exon SHE FExon 9] Exon 101 Exon 11 Exon 121 Exon 131 Exon 14 [
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Appendix 8: ClustalW Amino Acid Alignment and Color-Coded Mapping of
Exons for GAPR/GLIPR2 Sequences

B el e e e e e e e e e e e e e e e e e e e e e e e e e e e P
Cocoa tree - CAP-related - - - - - - - = - - - - - oo oo oo s oo s o s m e - -
Yeast -PRY1 - o oo oo oo o oo s o i o s e s s s s s e e e
s R 8 1 e e e e e e e e e e e e e e e e R e e e e R e e e e R T e e e R el
Round worm - Unchar. |- = = = - L IM - - - - - - - - - - - - s s e e e e s
Fruitfly - Unchar. = |-- -|-|-|-|-|-|-|-|-|-|-|-|=|=|=|-|=|=|=1=|=|=|-|-|-1=|-|-|-|-]-]|-
Parasitic wasp - EFG1 KRDGTVVVAYYPRGN IVGQFTENVLEPVKSAA
Jewel wasp - Unchar. KKDGTIVVAYYPRGN IVGQFTENVLKPIKSI -
Redfire ants - PRY 1-like KRDGTCVVVAYHPRGN I VGQFTENVLKPVKGV
Dwarf honey bee - EFG1 KKDGTVVVAYHPRGN IVGQFTENVLKPIKL- -
Leaf cutter bee - EFG1 KRDGTVIVAYHPRGN IVGQFTENVLKPLKIPS

Seasquirt (C.1) - GAPR. - - - - - - - oo - - e o oo s e o s s e s s s e s
Byt s e €7 ) S e e e P e e e B e B B e R L e e e R e e e e e e e e e e o I P o
Zebrafish - GAPR. - - - - oo oo oo oo oo e s e o s s s e oo e e
W. dawed frog - GAPR TDNKGMY IAVGFYDPAGNIANKGYFEDNVLPRKK
Burmese python - GAPR. - - - - - - - - - - oo o oo o e s s e e e - e e e
F e s €N ) R e R e e e e R e e e e e R e e e e R e e e e R e e e e R e
Chinese soft-shelled turtle - GAPR - - - - - - - - - = = - = - - - - - - - o oo s n e oo
Falcon - GAPR - - - o - o o oo o oo e m e s e s s s s e s e e e e
Chicken - GAPR =~ |- |- - - - - - - o= s e e
Platypus - GAPR. - - - - - - o oo o e o e o o s s - e - s e s e s e e e e e
Armadillo - GAPR. o o o o o o o o o o o o o o o o e s e e e e e m e e e -
L € L D e e e e e e e e e e e e e e e R e e e e R e e R T R
s € A I e e e e e e e e e e e e e e e e e e e e e e I S P
Chimp - GAPR. - - oo o o oo oo o oo s e o oo s e s s s e s s e
3 € N L e e e e e e e e e e e e e e e e e e e e I e e P

Tomato - Pr-4r -
Cocoa tree - CAP-related -
Yeast - PRY1 -
Mold - SCP-like -
Round worm - Unchar. -
Fruit fly - Unchar. -
Parasitic wasp - EFG1 T
Jewel wasp - Unchar. -
Red fire ants - PRY1-like -
Dwatf honey bee - EFG1 -
Leaf cutter bee - EFG1 -
Sea squirt (C. 1) - GAPR -
Spotted gar - GAPR -
Zebrafish - GAPR. -
W. dawed frog - GAPR -
Burmese python - GAPR -
Anole lizard - GAPR. -
Chinese soft-shelled turtle - GAPR. -
Falcon - GAPR -
Chicken - GAPR -
Platypus - GAPR -
Armadillo - GAPR. -
Rat - GAPR. -
Mouse - GAPR -
Chimp - GAPR. -
Human - GAPR -

Exon1[ | Exon2EE Exon3llll Exon4[] ExonS[] Exon6 [ Exon 7

Exon SHl Exon9[] Exon10[—] Exon 11[] Exon 121 Exon 13[1 Exon 14
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Appendix 8: ClustalW Amino Acid Alignment and Color-Coded Mapping of
Exons for GAPR/GLIPR2 Sequences

Appendix 8: This figure provides MEGA7 ClustalW amino acid sequence alignment
of invertebrate and vertebrate GAPR sequences. The CAP signature sequences are
boxed, the highly conserved cysteine are highlighted in yellow with a red font color.
Exon numbers and intron/exon borders were verified using the intron and exon
prediction tracks in NCBI online data for specific CAP genes. Color-coding
superimposed on the sequences is used to represent different exons and exon borders
are indicated by a change in color. Organisms and accession IDs of the amino acids
are available in the supplemental data table 16.
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Appendix 9: Evolution of the Pathogenesis-Related (CAP/PR) Domain in the
CRISP Protein Lineage

Amino Acid Sequence

Classification Common name - Protein name

Exon 12 border

Prokaryotes

A gephyra - SCP-lke
M. stipitatus - SCP-like
§. amylolyticus - SCP-lke

TSEAATKP
ASAQRAPT
STAPGGDT

AAPGASSSL -
ARAAPPEPRD
ASDAPSDPR -

-AAEMVAA
FALEMVQA
-LRAVLDA

Protozoa

P. reichenowi- CRISP-like

1. nmltifilis - SCP-like

. marinus - CRISP-like

H. hammondi - SCP-like

D. discoidenm - Hypoth. Prot

Fungi

C. militaris - SCPPRY-like
P. minimum - SCP-lke

N . parvim - SCP-related
B. mavdis - Hypoth. Prot.

FVFISSYI
KGNTLYLP
FFVLQSTS
QREGYRDT
IFLILISS

VTAAPSIPS
NAGTNTDTS
DAAPRNVQA

Cnidaria

H. vulgaris - PR-1b-like
H. vulgaris - GAPR1-lke
H. vulgaris - GAPR1-lke
N vectensis - Predicted Prot.

LWF[c[VADLK
LLV[C[LNTVL
LLVSNSYGD|

vt Qg

Round Worms

B. malayi - SCP-like

T. spiralis - Ton-1 Protein
Nematodes (C. e} - SCL 12
Nematodes (C. e} - SCL 14
Nematodes (C. e} - SCL 1

Insects

(Giant honeybee - CRISP1-lke
Bumble bee - CRISP2-like
Pharach ant - CRISP1-like
Fed flour beetle - CRISP2-like
Asian swallowtad - DIS2-lke

Molluscs,
Echinoderms,
and
Urochordates

Sea squirt (C.1i) - CRISP-lke
S. kowalevskii - Uhchar. Prot.
Florida lancelet - Hypoth. Prot.
Purple sea urchin - CRISP2-like
Pacific oyster - GLIPR1-likel

Vertebrates

Zebrafish - CRVP-lke
Burmese python - CRVP-Hke
E. caballus - CRISP2

H. sapiens - CRISP1

H. sapiens - CRISP3

VNGQF[C|KF N -
QIPLQTNEG -
HGAFEEAEG -

QSGATFEDYV -
VNSQLTPNE -

TAPQFVDGDT

SSGSGTSSGGGGNQWVKL

GGAPHQDDPK

LNDDNLYDF -
SIGKRASDQ -

-PSAVRD|C
-VEGWVKD
- T D E[c]

- ITLIQNY

FTSAILNS

FISAVMRA
W

-PQKMLVQ

-SNN[clLka

Exon1[ ] Exon2[E Exon3 Il Exon4[] Exon5[ ] Exon6 I Exon7 Il

Conserved cysteines
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Appendix 9: Evolution of the Pathogenesis-Related (CAP/PR) Domain in the

CRISP

Protein Lineage

Prokaryotes

A geplyra- SCP-like
M. stipitatus - SCP-lke
§. amylolyticus - SCP-like

HNQAR
HNEAR

HNTRR

Protozoa

P. reichenowi - CRISP-lke

1 nultifliis - SCP-like

P. marins - CRISP-like

H hammondi- SCP-like

D. discoidenm - Hypoth Prot.

MNF L N|
HNYF R

Fungi

C. militaris - SCP/PEY-lke
P. minitmmm - SCP-like

N. parvum - SCP-related
B. maydis - Hypoth. Prot.

TNF Y R
HNKYR
HWYWR

Cnidaria

H wulgaris - PR-1b-lke

H vulgaris - GAPR1-lke

H vulgaris - GAPR1-lke

N. vectensis - Predicted Prot.

HNKYR
HNRLR

Round Worms

B. malayi - SCP-lke

T. spiralis - Ton-1 Protein
Nematodes (C. e) - SCL 12
Nematodes (C. e) - SCL 14

MNKY R

HNKL R

Nematodes (C. e)) - SCL 1

Insects

Giant honeybee - CRISP1-lke
Bumble bee - CRISP2-lke
Pharach ant - CRISP1-Hke

Red flour beetde - CRISP2-lke

Asjan swallowtail - DIS2-lke

Molhscs,
Echinoderms,
and
Urochordates

Sea squirt (C.1) - CRISP-Hke
§. kowalevski - Uhchar. Prot.

Florida lancelet - Hypoth Prot.
Purple sea urchin - CRISP2-like

Pacific oyster - GLIPR1-likel

Vertebrates

Zebrafish - CRVP-like
Burmese python - CEVP-like
E. caballus - CRISP2

H sapiens - CRISP1

H sapiens - CRISP3

AKARPTPAKA - -
REARPTPKPP - -

- I RW
- L EW
- LVW

-MTL
-LVL
-LRI

SPEAA
SDAAA
SDELA

NDQMS
STELE

EWNEE A
Exon1[ ] Exon2[E Exon3 Il Exon4[] Exon5[ ] Exon6 I Exon7 Il

Conserved cysteines Sites of non-aligned sequence omission
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Appendix 9: Evolution of the Pathogenesis-Related (CAP/PR) Domain in the

CRISP Protein Lineage

C1 border

Prokaryotes

A geplyra- SCP-like
M. stipitatus - SCP-lke
§. amylolyticus - SCP-like

Protozoa

P. reichenowi - CRISP-lke

1 nultifliis - SCP-like

P. marins - CRISP-like

H hammondi- SCP-like

D. discoidenm - Hypoth Prot.

Fungi

C. militaris - SCP/PEY-lke
P. minitmmm - SCP-like

N. parvum - SCP-related
B. maydis - Hypoth. Prot.

Cnidaria

H wulgaris - PR-1b-lke

H vulgaris - GAPR1-lke

H vulgaris - GAPR1-lke

N. vectensis - Predicted Prot.

Round Worms

B. malayi - SCP-lke

T. spiralis - Ton-1 Protein
Nematodes (C. e) - SCL 12
Nematodes (C. e) - SCL 14
Nematodes (C. e) - SCL 1

Insects

Giant honeybee - CRISP1-lke
Bumble bee - CRISP2-lke
Pharach ant - CRISP1-Hke
Red flour beetde - CRISP2-lke
Asjan swallowtail - DIS2-lke

Molhscs,
Echinoderms,
and
Urochordates

Sea squirt (C.1) - CRISP-Hke
S. kowalevski - Uhchar. Prot.
Florida lancelet - Hypoth Prot.
Purple sea urchin - CRISP2-like
Pacific oyster - GLIPR1-likel

Vertebrates

Zebrafish - CRVP-like
Burmese python - CEVP-like
E. caballus - CRISP2

H sapiens - CRISP1

H sapiens - CRISP3

KVAQ-AYANK - - - - - C/l-EFEHN- - - - KN|R - - G K|Q
RQAA-SWAKA- - - - - Ic|-KFEHN----PNR- - - gD
RTAQ- SWADDL ARG - -AFEHN- - - -RT|P - - - -|-

IRNSDIC|[-TVSEAK - - - - - -|]--- - - Q
KAAQ-DHANDIGKG -ITGHNGS - - - -DG|STMT S|R

AESQ-QWADHLAEG -G

|
€]

AFAQ-EWADYLANN - -
KSAQ-KYAEYLANN - -
NKAE-LWAVELAKD - -

ESAR-GWINK

ANAQ-KWANQ

Exon1[ ] Exon2[E Exon3 Il Exon4[] Exon5[ ] Exon6 I Exon7 Il
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Appendix 9: Evolution of the Pathogenesis-Related (CAP/PR) Domain in the

CRISP Protein Lineage
2 CAP4
A gephyra - SCP-Hke F[- - [GENL[-AAAAPPGSAQVVEDWVSEVADYS YA
Prokaryotes |M. stipitatus - SCP-lke Ll- - [GENL|- AAATPWGTAQVVKSWADEASDYDHT
S. amylolyticus - SCP-fke Y|- - -{|GENL|-AAGTSLSPQAVVDMWHRERERYRFR
P. reichenowi- CRISP-like V- - -IDTNY[-FSFFKNENEASVDTWYEGINDYDFE
1. rultifiliis - SCP-like LGKII[GENI|-|ICIFGGNTAVDIIVQLIIDD- - - - - - -
Protozoa P. mannus - CRISP-like
H. hammondi- SCP-like
D. discoidenm - Hypoth. Prot
C_ militaris - SCP/PRY-like
Fung [P minmm SCPke = = S £ AT = B G P T R B
N . parvim - SCP-related N
B. mavdis - Hypoth. Prot.
H. vulgaris - PR-1b-lke WYKKGENYTYN
Coidaria  |F- volearis - GAPRI-like R[- - -[cENI]-
H. vulgaris - GAPRI-like
N.vectensis - Predicted Prot.  |Y|- - -|G Q A L]
B. malayi- SCP-lke
T. spiralis - Ton-1 Protein
Round Worms [Nematodes (C. &) - SCL 12
Nematodes (C. e} - SCL 14
Nematodes (C. e} - SCL 1
Giant honeybee - CRISP1-Hke NFPIRMWYMEYKDYKYG
Bumble bee - CRISP2-like NFAIRMWYMEYKDFKYG
Insects  (Pharach ant - CRISPI-like NFPIRMWYMEYKDFKYG
Red flour beetle - CRISP2-like LFAIKTWYLEKDNFTFG
Asian swallowtad - DIS2-Hke FFALKTWFLEYKNFTYG
Sea squirt (C.1.)- CRISP-like INDYF YD
Molluscs, g 4 o walevski - Uhchar. Prot E|T D D[c|K[c]s
Echinoderms, |0 -4 lancelet - Hypoth. Prot TG ETENWHNEVSDYTYS
Uroc]?ﬁchtes Purple sea urchin - CRISP2-like
Pacific oyster - GLIPR1-likel DDRKAS YVQMWYAEVKDYTFE
Zebrafish- CRVP-Hke [GENL|[- FKATGISSTSVVDAWHSEVNNYKYP
Bummese python - CRVP-Hke GENL|-FMSTHPYSTAVTQSWYDERKDFKYG
Vertebrates |E. caballus - CRISP2 GENI|- YMSSDPTPSDAIQSWYDESLDFTYG

H. sapiens - CRISP1

H. sapiens - CRISP3

GENL|-YMSSASSSSQAIQSWFDEYNDFDFG

Exon1[ ] Exon2[E Exon3 Il Exon4[] Exon5[ ] Exon6 I Exon7 Il

Conserved cysteines
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Appendix 9: Evolution of the Pathogenesis-Related (CAP/PR) Domain in the

CRISP Protein Lineage
CAP1
Exon 4/5 3
A_gephyra - SCP-like TH===== = K[c[vPeKV[c[cHY[TQVR[DTTH|VG[c[ATATI
Prokaryotes |M. stipitatus - SCP-lke B ===== = T[c|lRKGK EGHYTQVRKTTGVGEATVL
S anylolyticus - SCP-like NG----R-FSMQ---T|GHF|TQVR|GTAR|VG[c|cTS T
P. reichenowi - CRISP-lke LG -[C]TKR- -NDN- - - I[FEF|TRIEK|S S EN|L G|c|a T A[c]
I multififis - SCP-kke - - - - - - GVSNRG--- -[-HRMNIKDYKV[TGT AAAK
Protozoa P. marinus - CRISP-lke
H. hammondi - SCP-like
D. discoideun - Hypoth Prot.
C. miitaris - SCP/PRY-like
Fungi P. mmninmm - SCP-like
N. parvium - SCP-related
B. maydis - Hypoth. Prot.
H. vulgaris - PR-1b-lke
L H. vulgaris - GAPR1-like
Coidara | < lears - GAPR1-fike
N. vectensis - Predicted Prot.
B. malayi - SCP-lke SNNLSPEVSRQS
T. spiralis - Tonr-1 Protein
Round Worms (Nematodes (C. e} - SCL 12
Nematodes (C. e) - SCL 14
Nematodes (C. e) - SCL 1
Giant honevbee - CRISPl-lke DD - - - - - - C
Bumble bee - CRISP2-Hke EVNDYRKI - |
Insects  |Pharaohant- CRISPI-lke PN------ TTNEILEI|GHY|TQVA|TTHL|VG[clcvsH
Red fowr beefle - CRISP2-like (S R - - - - - - - KNDLMIV|GHY|[TQMA|s THE[VG|clcL s K
Asian swallowtail - DIS2-like EP--- - - - IKDL -KAV[cHY|TQMA|T s HE|[vG|cleL AH
— Seasquit (C.i)-CRISP-fee  TF S - - - - - - C[TANK Alc[c HY|T QV 4] clcAaAaF
Echinoderms, |5~ KoWdevskii- Unchar. Prot.  [C[NT GWMG L D|C|T D E[C]AD|S HY[- - YD clcE - -
md Fhrida lancelet - Hypoth Prot.  § N s/c|lR s G A V[c clevkL
Urochordates |PPIE sea wchin - CRISP2-tke |
Pacific oyster - GLIPR1-likel Glc|[s AE - -[C
Zebrafish - CRVP-lke 0I&===2=-=-= SING-QAT|GHY
Burmese python - CRVP-like V@ ====-=-= PIQPNAVT|GHY,
Vertebrates |E. caballus - CRISP2 V@ ====-=-= PKSAGS VV[GHY|
H. sapiens - CRISP1 EW- - - - - - TTTDDDI T|THY
H. sapiens - CRISP3 V@ ====-=-= PKTPNAVV|GHY

Exon1[ ] Exon2[E Exon3 Il Exon4[] Exon5[ ] Exon6 I Exon7 Il

Conserved cysteines
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Appendix 9: Evolution of the Pathogenesis-Related (CAP/PR) Domain in the
CRISP Protein Lineage

Prokaryotes

A gephyra - SCP-lke
M. stipitatus - SCP-like
§. amylolyticus - SCP-lke

TKNSPFGAQFPKWQ
KKNSPFGASFPTWQ
-NGMD

LWV
LWV
VWV

Protozoa

P. reichenowi- CRISP-like

1. nmltifilis - SCP-like

. marinus - CRISP-like

H. hammondi - SCP-like

D. discoidenm - Hypoth. Prot

HRIRRE

Fungi

C. militaris - SCPPRY-like
P. minimum - SCP-lke

N . parvim - SCP-related
B. mavdis - Hypoth. Prot.

Cnidaria

H. vulgaris - PR-1b-like
H. vulgaris - GAPR1-lke
H. vulgaris - GAPR1-lke
N. vectensis - Predicted Prot.

Round Worms

B. malayi - SCP-like

T. spiralis - Ton-1 Protein
Nematodes (C. e} - SCL 12
Nematodes (C. e} - SCL 14
Nematodes (C. e} - SCL 1

Insects

(Giant honeybee - CRISP1-lke
Bumble bee - CRISP2-like
Pharach ant - CRISP1-like
Fed flour beetle - CRISP2-like
Asian swallowtad - DIS2-lke

TGGRG -
TGGKG -
TGGTG -
KSSGK
TGGPW- - --GKFY -

PLGKDFF -
PLGKDFF -
PLGKDFY -
TFY -

ILI1I

MYV
MYV
MYV
NYI
NYV

NYA
NYA
NYA

NY|C
HY|C

Molluscs,
Echinoderms,
and
Urochordates

Sea squirt (C.1i) - CRISP-lke
S. kowalevskii - Uhchar. Prot.
Florida lancelet - Hypoth. Prot.
Purple sea urchin - CRISP2-like
Pacific oyster - GLIPR1-likel

Vertebrates

Zebrafish - CRVP-lke
Burmese python - CRVP-Hke
E. caballus - CRISP2

H. sapiens - CRISP1

H. sapiens - CRISP3

RRATSTV- -G YRL
- - - -PEWDF VAKY[c|
STLGT - VNWSNAN -

LVS
P LM
LVYV

YYV
LYV
YYV

EEREREREREREREREREEE

RIGIGEE

NYG

G vc]|

NYA

Q Y[c
HY|C
Q ¥[c

a4« ARRAE -2 <

>
!

Exon1[ ] Exon2[E Exon3 Il Exon4[] Exon5[ ] Exon6 I Exon7 Il

Conserved cysteines
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Appendix 9: Evolution of the Pathogenesis-Related (CAP/PR) Domain in the
CRISP Protein Lineage

Appendix 9: This figure provides MEGA7 ClustalW amino acid sequence alignment
of invertebrate and vertebrate CRISP and CRISP-like sequences. The CAP signature
sequences are boxed, the highly conserved cysteine are highlighted in yellow with a
red font color. Exon numbers and intron/exon borders were verified using the intron
and exon prediction tracks in NCBI online data for specific CAP genes. Color-coding
superimposed on the sequences is used to represent different exons and exon borders
are indicated by a change in color. Organisms and accession IDs of the amino acids
are available in the supplemental data table 17.
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APPENDIX B

DATA COLLECTED JANUARY 2014 - DECEMBER 2015
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Supplemental Data Table 1: Subfamilies of the CAP Superfamily

Scientific Name: |Common Name: Taxonomy Asnglfed Protein |Protein Accession
ID: Name: ID:
Peptoclostridium B . .
N/A 272563 Cat+ chela erine|YP_001087944.1
difficile 630 at+ chelatig s -
Clostridium -,
) N/A 1488 SCP-like Transporter| WP _034580941.1

acetobutylicum -
Bacillus koreensis |N/A 284581 SCP-lke WP_053403069.1
Pseudomonas -

) N/A 300 SCP-like WP 012019283.1
mendocina -
Pseudomonas

. Allergen V5/Tpx-1

ring / 2 236420.
S}raf;rzc,aepv. N/A 05918 related YP 236420.1
syringae B728a
Vitis vinifera Grape Vine 29760 Pr XP 002273416.1
Theobroma cacao |Cocao 3641 CRISP-like CAP XP 007041421.1
Sesamum indicum |Sesame 4182 Pr XP 011092473.1
Solanum tuberosum |Potato 4113 Pr1b NP _001275095.1
Solanum

i Tomato 4081 PrP4 AAA03615.1
lycopersicum
Leptosphaeria N/A 985895  |SCP-PRY-like XP_003833499.1
maculans JN3 -

Cordyceps militaris .

Mold 983644 PRY1 XP 006673225.1
CM01 -
Candida Yeast (C. 1136231 |PRYIP XP 003866625.1
orthopsilosis Co 90- |orthopsilosis) -
Candida glabrata |Yeast (C. " .

284593 PRY-lik XP_446695.1

CBS 138 glabrata) © -
Saccharomyces | Yeast (S. 559292 |[PRY1P NP 012456.1
cerevisiae S288c¢ cerevisiae) -
Homo sapiens Human 9606 GAPRI1 NP 001273939.1
Pan troglodytes Chmpanzee 9598 GAPRI1 XP 009454888.1
Rattus norvegicus |Rat (Norway rat) (10116 GAPRI1 XP 002726558.2
Gallus gallus Chicken 9031 GAPRI1 XP 419085.1
Python bivittatus  |Burmese python (176946 GAPR1 XP 007442486.1

Yellow fev :
Aedes aegypti COWIVE 17159 Ag-like XP 001662120.1

mosquito

Supplementary data table 1:
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Supplemental Data Table 1: Subfamilies of the CAP Superfamily

Culex Southern house

_ _ . 7176 Ag5 XP 001845617.1
quinquefasciatus ~ |mosquito -
Micropliti iy
rropin Parasitic wasp  |69319  |Ag3 XP_008545885.1
demolitor -
Solenopsis invicta |Red fire ant 13686 Ag3 NP 001291520.1
Nasonia vitripennis |Jewel wasp 7425 Ag5-like XP 001603551.3

Rattus norvegicus |Rat (Norwayrat) (10116 CRISPILCCL2 NP 6125272

Homo sapiens Human 9606 CRISPILCCL2 NP 113664.1

Aenopus (Sihurana) | 1 wed fog  |8364 CRISPLCCL2  [NP 001027499.1
tropicalis -

Rattus norvegicus |Rat (Norwayrat) (10116 CRISPILCCL1 NP 001128435.1

Xenopus (Silurana)

o W. clawed frog (8364 CRISPLCCL1 XP 012820697.1
tropicalis
Homo sapiens Human 9606 GhPR1 NP 006842.2
Pan troglodytes Chmpanzee 9598 GhPR1 XP 009424141.1
Rattus norvegicus |Rat (Norwayrat) (10116 GhPR1 NP 001011987.1
Python bivittatus  |Burmese python (176946 GhPR1 XP 007445182.1
Homo sapiens Human 9606 CRISP1 NP 0011222
Aenopus (Sihurana) | 1 wed fog  |8364 CRISP1 XP 002933627.1
tropicalis
Xenopus (Silurana) .

o W. clawed frog (8364 CRISP2 NP 001008204.1
tropicalis
Python bivittatus  |Burmese python (176946 CRISP-like XP 007436999.1
Rattus norvegicus |Rat (Norwayrat) (10116 CRISP2 XP 006244705.1
Homo sapiens Human 9606 CRISP3 NP 001177915.1
Homo sapiens Human 9606 CRISP2 NP 001135879.1
Pan troglodytes Chmpanzee 9598 CRISP2 XP 009449701.1

Supplementary data table 1: The following table presents the scientific name, common
name, taxonomy ID number, assigned protein name, and the protein accession ID
number for all the amino acid sequences used in Figure 1 Subfamilies of the CAP
Superfamily.
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Supplemental Data Table 2: Domain Structure of CAP Proteins

Scientific Name: |Common Name: Taxonomy | Ass igl{ed Protein |Protein Accession
ID: Name: ID:
Solanum Tomato 4081 Pr P4 AAA03615.1
lycopersicum
Culex Southernbouse 1, 7 Ag5 XP_001868686.1
quinquefasciatus mosquito
Xenopus laevis Affican clawed 8355 Alhurin (CRIS P2- AAT12003.2
frog like)
Homo sapiens Human 9606 CRISP1 NP 0011222
Homo sapiens Human 9606 CRISP2 NP 003287.1
Homo sapiens Human 9606 CRISP3 NP 001177915.1
Homo sapiens Human 9606 CRISP4 NP 084309.1
Homo sapiens Human 9606 GhPR1 NP 006842.2
Homo sapiens Human 9606 GhPRIL1 NP 689992.1
Homo sapiens Human 9606 GhPR1L2 NP 001257325.1
Homo sapiens Human 9606 CRISPLDI1 NP 113649.1
Homo sapiens Human 9606 CRISPLD2 NP 113664.1
Homo sapiens Human 9606 PI15 NP 056970.1
Homo sapiens Human 9606 PI16 NP 001186088.1
Homo sapiens Human 9606 R3HDML NP 848586.1
Homo sapiens Human 9606 CLEC18A NP 001129686.1
Homo sapiens Human 9606 CLECI18B NP 001011880.2
Homo sapiens Human 9606 CLEC18C NP 775890.2
Homo sapiens Human 9606 GAPRI NP 001273939.1

Supplementary data table 2: The following table presents the scientific name, common
name, taxonomy ID number, assigned protein name, and the protein accession ID
number for all the amino acid sequences used in Figure 2. Domain Structure of CAP

Proteins
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Supplemental Data Table 3: Accession ID and Organism Information for
ClustalWv Amino Acid Alignment of CAP/SCP Proteins in Bacteria

Scientific Name: |Co n Name: Taxonomy| Assigned Protein (Protein Accession
mmo ID: Name: ID:
Clostridium N/A 272562 |SCP-like NP_348847.1
acetobutylicum _
PS?W’O”’*'O’W N/A 205918  |SCP-Allergen-like |[YP 236420.1
syringae
Pseﬂdf”fm’m N/A 399739 |SCP-like WP _012019283.1
mendocina _
‘4”09_"3"5“‘”””5 N/A 491915  [Membrane Protein [WP 012575415.1
flavithermus _
Mycobacteraum 262316  |SCP-like WP_003874141.1
avium
Peproclostridium |\ 272563  |Ca++ chelating serine| YP_001087944.1
difficile
Bacillus koreensis  |N/A 284581  |SCP-like WP_053400013.1

Supplementary data table 3: The following table presents the scientific name, common
name, taxonomy ID number, assigned protein name, and the protein accession ID
number for all the amino acid sequences used in Figure 3 ClustalW Amino Acid
Alignment of CAP/SCP in Bacteria
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Supplemental Data Table 4: Accession ID and Organism Information for
ClustalWw Amino Acid Alignment of CAP/SCP Proteins in Plants

Scientific Name: |Common Name: Taxonomy| Ass ],g[}ed Protein |Protein Accession
ID: Name: ID:

Solamim Tomato 4081 PR P4 AAA03615.1
lycopersicum

Solanum tuberosum |Potato 4113 PR 1b NP 001275095.1
Theobroma cacao |Cocao 3641 CRISP-like XP 007041421.1
Vitis vinifera Grape (Wine |)9760  |PR-1 XP 002273416.1

grape)

Sesamum indicum |Sesame 4182 PR related XP 011092473.1
Prunus persica Peach 3760 PR related XP 007201285.1

Supplementary data table 4: The following table presents the scientific name, common
name, taxonomy ID number, assigned protein name, and the protein accession ID
number for all the amino acid sequences used in Figure 4 ClustalW Amino Acid
Alignment of CAP/SCP in Plants

Supplemental Data Table S: Accession ID and Organism Information for
ClustalWw Amino Acid Alignment of CAP/SCP Proteins in Fungus

Scientific Name: |Common Name: Taxonomy Asnglfed Protein |Protein Accession
ID: Name: ID:
i 7 1y N M.
Moniliophthora fushroom (M. 1, 301753 |pr-1 XP 007856948.1
roreri rorern) -
Saccharomyces | Yeast (8. 559292 [PRY1 NP 012456.1
cerevisiae cerevisiae) -
i Yeast (C. i
Candida glabrata 284593 PRY-like XP 446695.1
glabrata) -
Candid, Yeast (C.
andauaa cast (C. 1136231 [PRY1 XP 003866625.1
orthopsilosis orthopsilosis) -
Leptosph ] Yeast (L.
eptosphaeria cast ( 985895  |SCP-PRY-like XP 003833499.1
maculans maculans) -
Mold (C.
Cordyceps militaris 983644 PRY1 XP 006673225.1
dycep ltaris) A

Supplementary data table 5: The following table presents the scientific name, common
name, taxonomy ID number, assigned protein name, and the protein accession ID
number for all the amino acid sequences used in Figure 5 ClustalW Amino Acid
Alignment of CAP/SCP in Fungus.
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Supplemental Data Table 6: Accession ID and Organism Information for
ClustalWv Amino Acid Alignment of Insect Antigen-Related Proteins

Scientific Name: |Common Name: Taxonomy | Ass Lgl{ed Protein |Protein Accession
ID: Name: ID:
Microplitis Parasitic wasp  |69319  |Ag3 XP_008545885.1
demolitor -
Microplitis ..
i Parasitic wasp  [69319 Ag5 XP 008545751.1

demolitor
Nasonia vitripennis |Jewel wasp 7425 Ag5-like XP 001603551.3
Nasonia vitripennis |Jewel wasp 7425 Ag3-like XP 008214984.1
Solenopsis invicta |Red fire ants 13686 Ag3 NP 001291520.1
Megachil.

egache Leafcutterbee  |143995  |Ag3-like XP_003708569.1
rotundata -

Supplementary data table 6: The following table presents the scientific name, common
name, taxonomy ID number, assigned protein name, and the protein accession ID
number for all the amino acid sequences used in Figure 7 ClustalW Amino Acid
Alignment of Insect Antigen-Related Proteins.
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Supplemental Data Table 7: Accession ID and Organism Information for
ClustalW Amino Acid Alignment of Vertebrate CRISP2 and CRISP2-like

Proteins
Scientific Name: |Common Name: Taxonomy| As 51g[}ed Protein |Protein Accession
ID: Name: ID:
7 T -
Petromyzon Sealamprey  |7757 Uncharacterized o\ p\i78 PETMA
marinus protein -
Lepisost Uncharacterized .
CpOsTes Spotted gar  |7918 nehatactetize W5NHS1_LEPOC
oculatus protein
CRISP3 (cysteine-
Danio rerio Zebrafish 7955 rich venom natrin-  |XP_003200319.1
like)
i NSGM
Gadus morhua Atlantic cod 8049 CRISP3 ENSGMO1000000
07884

Stickleback
Gasterosteus )

(three-spined 69293 CRISP3 G3PI03 GASAC
aculeatus i -

stickleback)
Oreochromis Tilapia (nile 8128 CRISP3 I3JFJ5 ORENI
niloticus tilapia) -
Oryzias latipes Japanese rice fish |8090 CRISP3 H2MPL3 ORYLA
Xenc.rpm: (Silurana) |western clawed 2364 CRISP? NP 0010082041
tropicalis frog -
Xenopus laevis ‘;mcm clawed g35s CRISP2 NP _001082594.1

og

CRISP-like (cysteine

Python bivirtatus  |Burmese python |176946 rich venom latisemin- |XP_007436999.1
like)
Anolis carolinensis |Green anole 28377 Cysteme-1.'10h VIO 1P 0032152431
helothermine-like -
_ _ . |Chinese soft- Uncharacterized
Pelodiscus sinensis shelled 13735 LOCL02443713 XP_006137110.1
Falco peregrinus  |Peregrme falcon (8954 CRISP2 XP _005239276.1
Manacus vitellinus |C°0 0l 1350815 |crIsP2 XP_008919767.1
manakm
Picoides pubescens [P°™Y 118200  |CRISP2 XP 009903526.1
woodpecker -
Gallus gallus Chicken 9031 CRISP2 XP 420051.3
Ornithorhynchus |5 s 9258 CRISP3-like XP 001512430.2
anatinus -

Supplementary data table 7:
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Supplemental Data Table 7: Accession ID and Organism Information for
ClustalWv Amino Acid Alignment of Vertebrate CRISP2 and CRISP2-like

Proteins
Dasypus dillo (nme-
P : banded 9361 CRISP2 XP 004471246.1

novemcinctus -

armadillo)
Mus musculus House mouse 10090 CRISP2 NP 001191000.1
Rattus norvegicus |Norway rat 10116 CRISP2 XP 006244705.1
Pan troglodytes Chimpanzee 9598 CRISP2 XP 009449701.1
Homo sapiens Human 9606 CRISP2 NP 001135879.1

= - i - 9.

Xenc.rpus. (Silurana) |western clawed 8364 Allurin (CRISP2 NP 001188271 1
tropicalis frog like) -
Xenopus laevis | meanclawed o s Allurn (CRISP3- 1 4 A1 120032

frog like)
Taeniopygia Zebra finch 59729 |CRISP2 XP 012428365.1

guttata

Supplementary data table 7: The following table presents the scientific name, common
name, taxonomy ID number, assigned protein name, and the protein accession ID
number for all the amino acid sequences used in Figure 8 - ClustalW Amino Acid
Alignment Vertebrate CRISP2 and CRISP2-like Proteins; Figure 13 - Genomic Exon
Border Structure In Selected Vertebrate CRISP2 and CRISP2-like Genes; and Figure
14 - ClustalW Amino Acid Alignment for Exon Borders in Selected CRISP and

CRISP-like Genes.
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Supplemental Data Table 8: Accession ID and Organism Information for
ClustalWw Amino Acid Alignment and Secondary Structure of Chinese Cobra

CRISP Protein
Scientific Name: |Common Name: Taxonomy| As nglfed Protein |Protein Accession
ID: Name: ID:
Naja atra Chinese cobra 8656 Cysteme-rich venom | 71y 6 )
protem natrin-1
Pet z Uncharacterized
erromyzon Sealamprey  |7757 OASEEEC 1s4rMIB_PETMA
marinus protein -
Oreochromis Tilapia (nile 8128 CRISP3 I3JFJ5 ORENI
niloticus tilapia) -
CRISP-like (cysteine
Python bivittatus  |Burmese python |176946 rich venom latisemin- [XP 007436999.1
like)
Falco peregrinus  |Peregrine falcon |8954 CRISP2 XP 005239276.1
Homo sapiens Human 9606 CRISP2 NP 001135879.1
Xenopus laevis Affican clawed 8355 Allurin (CRISP3- AAT.12003.2
frog like)

Supplementary data table 8: The following table presents the scientific name, common
name, taxonomy ID number, assigned protein name, and the protein accession ID
number for all the amino acid sequences used in Figure 10 ClustalW Amino Acid
Alignment and Secondary Structure of Chinese Cobra CRISP Protein.
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Supplemental Data Table 9: Accession ID and Organism Information for
ClustalWw Amino Acid Alignment of Invertebrate CRISP2-like Proteins

Scientific Name: |Common Name: Taxonomy| As nglfed Protein |Protein Accession
ID: Name: ID:
Caenorhabditis Roumdworm 6239 SCP-Like NP 5025061
elegans extracellular protein -
Drosophila Fruit fly 7227 CG42780 NP 001188554.1
melanogaster -
Microplitis Parasitic wasp 69319 [Serotriflin XP_008553510.1
demolitor
Nasonia vitripennis |Jewel wasp 7425 CRISP2-like XP 008207728.1
Solenopsis invicta |Red fire ants 13686 CRISP1-lke XP 011162333.1
Apis florea Little honeybee |7463 CRISP2-like XP 003690882.1
Megachile Leafeutter bee 143995  |CRISP2-like XP_003701024.1
rotundata
Snail (cloth-of- Cystemne-rich vi
Conus textile (cloth-of 0104 YRIEMEHE VERom | 07vT83 .1
gold cone) protein
- .
Ciona savignyi  |Seasquirt (C.s) 51511 |orebaracterized o001 closa
protem
Ciona intestinalis  |Seasquirt (C. 1) |7719 CRISP3-like XP 002121335.1

Supplementary data table 9: The following table presents the scientific name, common
name, taxonomy ID number, assigned protein name, and the protein accession ID
number for all the amino acid sequences used in Figure 11 ClustalW Amino Acid
Alignment Invertebrate CRISP2-like Proteins
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Supplemental Data Table 10: Accession ID and Organism Information for
Genomic Exon Border Structure In Selected Invertebrate CRISP and CRISP-like
Amino Acid Sequences

Scientific Name: |Common Name: Taxonomy| Ass Lgl{ed Protein |Protein Accession
ID: Name: ID:
Solanum Tomato 4081 PR P4 AAA03615.1
lycopersicum
Theobroma cacao |Cocao 3641 CRISP-lke XP 007041421.1
Gr -
Vitis vinifera ape(We  1h0760  |PR-1 XP_002273416.1
grape)

Saccharomyces | Yeast (S. 559292 |PRY1 NP _012456.1
cerevisiae cerevisiae) -
Aspergillus flavus |Mold (A.f) 332952 CRISP-lke XP 002372142.1
Caenorhabditis Roundworm 6239 SCP-Like NP 5025061
elegans extracellular protein -
Drosophila Fruit fly 7227 CG42780 NP_001188554.1
melanogaster -
Solenopsis invicta |Red fire ants 13686 CRISP1-lke XP 011162333.1
Megachile Leafcutter bee  |143995  |CRISP2-like XP_003701024.1
rotundata
Apis florea Dwarf honey bee | 7463 CRISP2-lke XP 003690882.1
Microplitis .. .

i Parasitic wasp  [69319 Serotrifin XP 008553510.1
demolitor
Nasonia vitripennis |Jewel wasp 7425 CRISP2-like XP 008207728.1

- .
Ciona savignyi  |Sea squirt (C. s.) |51511 Uncharacterized 11,7001 crosA
protem

Ciona intestinalis  |Sea squirt (C.1.) |7719 CRISP3-lke XP 002121335.1
Homo sapiens Human 9606 CRISP2 NP 001135879.1

Supplementary data table 10: The following table presents the scientific name,
common name, taxonomy ID number, assigned protein name, and the protein
accession ID number for all the amino acid sequences used in Figure 15 Genomic
Exon Border Structure In Selected Invertebrate CRISP and CRISP-like Amino Acid

Sequence.
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Supplemental Data Table 11: Accession ID and Organism Information for
Phylogenetic Relationships of All CAP Superfamily Proteins In X. fropicalis

(Western Clawed Frog) Genome

Assigned Protein |Protein Accession
Name: ID:
Serotriflin-like XP 002933626.1
CRISP2 NP 001008204.1
CRISP1 XP 002933627.1
Serotriflin-like XP 004915026.1
MGC108118 NP 001025526.1

CRISP3 NP 989314.1

Allurin NP 001188271.1
TEL1 XP 012819576.1
PI15 XP 002937120.1
PI R3HDML XP 012808160.1
CRISP LCCL1 XP 012820697.1
CRISP LCCL2 NP 001027499.1
GhPRI1-like XP 002940783.2
GhPR2 NP 001107504.1
RbhAG XP 002933645.2

Supplementary data table 11: The following table presents the assigned protein name
and the protein accession ID number for all the amino acid sequencesused in Figure
16 - Phylogenetic Relationships of All CAP Superfamily Proteins In X. tropicalis
(Western Clawed Frog) Genome; Figure 17 - Genomic Exon Border Structure In CAP
Superfamily Proteins in the X fropicalis (Western Clawed Frog) Genome. All
sequences belong to Xenopus (Silurana) tropicalis (Western clawed frog) — Taxonomy
ID: 8355).
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Supplemental Data Table 12: Accession ID and Organism Information for
Phylogenetic Relationships Of All CAP Superfamily Proteins In the Homo sapiens

(Human) Genome

Assigned Protein | Protein Accession
Name: ID:
CLECI18A NP 001129686.1
CLEC18B NP 001011880.2

CLEC18C NP 775890.2
CRISP1 NP 001122.2
CRISP3 NP 001177915.1
CRISP2 NP 001135879.1
PI16 NP 001186088.1
GliPR1-like 1 NP 001291893.1
GliPR1 NP 006842.2
GliPR1-like 2 NP 001257325.1
PI15 NP 056970.1
PI R3HDML NP 848586.1
GliPR2 NP 001273939.1
CRISP LCCL1 NP 001273706.1
CRISP LCCL2 NP 113664.1
RhAG NP 000315.2

Supplementary data table 12: The following table presents the assigned protein name
and the protein accession ID number for all the amino acid sequencesused in Figure
18 - Phylogenetic Relationships Of All CAP Superfamily Proteins In Homo sapiens
(Human) Genome. All sequences belong to Homo Sapiens (human)— Taxonomy ID:
9606).
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Supplemental Data Table 13: Accession ID and Organism Information for
Evolution of Multi-Domain CAP Superfamily Proteins

Scientific Name: |Common Name: Taxonomy| As Sl.glfed Protein | Protein Accession
ID: Name: ID:
Homo sapiens Human 9606 CRISP2 NP 0011222
Danio rerio Zebrafish 7955 CRVP-like XP 003200319.1
Python bivittatus  |Burmese Python (176946 CRVP-lke XP 007436999.1
Equus caballus Horse 9796 CRISP2 NP 001075401.1
Microplitis Parasytic wasp  [69319  |CRVP-lke XP_014298016.1
demolitor -
Solenopsis invicta |Red fire ants 13686 CRISP1-like XP 011162337.1
Apis dorsata Giant honeybee 7462 CRISP1-like XP 0066085421
Bombus impatiens |Bumble bee 132113 CRISP2-like XP 012250250.1
Ciona intestinalis  |Sea squirt (C.i1) |7719 GIiPR1-like 1 XP 004227533.1
Aplysia californica E;hfom ¥4 16500 GliPR1-like XP 012943149.1
e
Python bivittatus  |Burmese Python [176946 GIiPR1-like XP 007445182.1
Homo sapiens Human 9606 GhPR1-lke 1 NP 0012918931
Homo sapiens Human 9606 GIiPR1 NP 006842.2
Equus caballus Horse 9796 GIiPR1 XP 001914748.2
Mus musculus Mouse 10090 CRISP LCCL 2 EDIL11624.1
Danio rerio Zebrafish 7955 CRISP LCCL-like |XP_009296842.1
Homo sapiens Human 9606 CRISP LCCL1 NP 113649.1
Bos taurus Cow 9913 CRISPLCCL 1 NP _001094635.1
Brugia malayi Nematode 6279 SCP-like XP 001894274.1
Caenorhabditis —|Roundwomn (C. 13153, |yp CRE 10563 |XP_003095745.1
remanei r.)
Caenorhabditis  |Roundworm (C. ) o HP CBG01834 XP 002634263.1
briggsae b.) -
Caenorhabditis Roundworm (C. 6239 SCP-fike NP 502502.1
elegans e.)
Caenorhabditis Roundworm (C. 6239 SCP-fike 1 NP 504055.1
elegans e.) -
Caenorhabditis Roundworm (C. 6239 SCP-like 2 NP 504056.1
elegans e.)
Bactrocera oleae  |Olive fruit fly 104688 GAPRI-like XP 014099442.1
Hydra vulgaris Hydra 6087 GAPRI-like XP 012559751.1

Supplementary data table 13:
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Supplemental Data Table 13: Accession ID and Organism Information for
Evolution of Multi-Domain CAP Superfamily Proteins.

Ciona intestinalis  |Seasquirt (C. 1) |7719 GAPRI1 XP 002128906.1
Limulus Horseshoe crab 6850 GAPRI-like XP_013778105.1
|polyp hemus -

Aplysia californica E;lfom ¥ 16500 GAPRI-like XP_012946763.1
Danio rerio Zebrafish 7955 GAPRI1 XP 009290605.1
Macaca mulatta Rhesus monkey GAPRI1 NP 001253658.1
Mus musculus Mouse 10090 GAPRI1 NP 081726.1

i TV I ia (M. .

Methylobacterium |Bacteria (M. 15,950 | p_fce WP 0586071871
radiotolerans radiotolerans) -
Paramec?.zmz Paramcojtum (P. 5388 SCP-fike XP 0014623141
tetraurelia tetraureha) -
Ichrhrvofv.hrhzrms Prot.oz?an (L. 5932 SCP-fke XP 0040354281
multifiliis multifilis) -

Supplementary data table 13: The following table presents the scientific name,
common name, taxonomy ID number, assigned protein name, and the protein
accession ID number for all the amino acid sequences used in Figure 21 Evolution of
Multi-Domain CAP Superfamily Proteins.
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Supplemental Data Table 14: Accession ID and Organism Information for
ClustalW Amino Acid Alignment and Color-Coded Mapping of Exons for
Selected Protein Sequences (Appendix 2)

Scientific Name: | Common Name- Taxonomy AsnglTed Protein |Protein Accession
ID: Name: ID:
Solanum Tomato 4081 PR P4 AAA03615.1
licopersicum
Theobroma cacao |Cocao 3641 CRISP-lke XP 007041421.1
Saccharomyces | Yeast (S. 559292 [PRY1 NP _012456.1
cerevisiae cerevisiae)
Aspergillus flavus  |Mold (A. f) 332952 CRISP-like XP 002372142.1
C habditi SCP-Lik
aenoTiab@i®  Rowndworm 6239 o NP_502506.1
elegans extracellular protein -
Drosophila Fruit fly 7227 CG42780 NP _001188554.1
melanogaster -
Microplitis Parasiic wasp 69319 |Serotrifiin XP_008553510.1
demolitor
Nasonia vitripennis |Jewel wasp 7425 CRISP2-like XP 008207728.1
Solenopsis invicta |Red fire ants 13686 CRISP1-like XP 011162333.1
Apis florea Dwarfhoney bee |7463 CRISP2-like XP 003690882.1
Megachil .
egacnte Leafcutter bee (143995  |CRISP2-like XP 003701024.1
rotundata
- .
Ciona savignyi  |Seasquirt(C.s) [s1511 | remamactenized —\pp79a1 ClosA
protem
Ciona intestinalis  |Seasquirt (C. 1) |7719 CRISP3-like XP 002121335.1
Pet z Uncharacterized
erromyzon Sealamprey  |7757 nearaciei=® 1s4arMIs_PETMA
marinus protein -
: - .
Lepisosteus Spotted gar  |7918 Uncharacterized  \s\pg1 LEPOC
oculatus protein B
CRISP3 (cysteine-
Danio rerio Zebrafish 7955 rich venom natrm-  |XP_003200319.1
like)
: N SGM
Gadus morhua Atlantic cod 8049 CRISP3 ENSGMOT000000
07884
Gasterosteus Stickleback
(three-spmed 69293 CRISP3 G3PI03 GASAC
aculeatus .
stickleback)
Oreochromis Tilapia (nile 8128 CRISP3 I3JFJ5 ORENI
niloticus tilapia) -

Supplementary data table 14:
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Supplemental Data Table 14: Accession ID and Organism Information for
ClustalWw Amino Acid Alignment and Color-Coded Mapping of Exons for
Selected Sequences (Appendix 2)

Oryzias latipes Japanese rice fish [8090 CRISP3 H2MPL3 ORYLA
— — - . ~
Xenc.rpus. (Silurana) |Western clawed 8364 Allurm (CRISP2 NP 001188271 1
tropicalis frog like) -
Xenopus laevis Affican clawed 8355 Allurin (CRISP3- AAT.12003.2
frog like)
CRISP-like (cysteine
Python bivittatus  |Burmese python |176946 rich venom latisemin- [XP 007436999.1
like)
Anolis carolinensis |Green anole 28377 Cysteme-1.'10h venom XP 003215243.1
helothermine-like
. - - .
Pelodiscus sinensis |< eSO |y 5555 |Uneharacterized o 06040110
shelled turtle LOC102443713
Falco peregrinus  |Peregrine falcon |8954 CRISP2 XP 005239276.1
Manacus vitellinus |00 01 1396815 |cRISP2 XP_008919767.1
manakmn -
Picoides pubescens |20~ 118200  |CRISP2 XP_009903526.1
woodpecker -
Gallus gallus Chicken 9031 CRISP2 XP 420051.3
Ormithorhynchus —\py s 9258 CRISP3-like XP_001512430.2
anatinus
Dasvous Armadillo (nmne-
P : banded 9361 CRISP2 XP 004471246.1
novemcinctus -
armadillo)
Pantholops Chiru (Antelope) [59538  |CRISP2 XP_005960701.1
hodgsonii
Physeter catodon  |Sperm whale 9755 CRISP2 XP 007101973.1
Mus musculus House mouse 10090 CRISP2 NP 001191000.1
Rattus norvegicus |Norway rat 10116 CRISP2 XP 006244705.1
Pan troglodytes Chmpanzee 9598 CRISP2 XP 009449701.1
Homo sapiens Human 9606 CRISP2 NP 001135879.1

Supplementary data table 14: The following table presents the scientific name,
common name, taxonomy ID number, assigned protein name, and the protein
accession ID number for all the amino acid sequences used in Appendix 2 ClustalW
Amino Acid Alignment and Color-Coded Mapping of Exons for Selected Sequence.
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Supplemental Data Table 15: Accession ID and Organism Information for
ClustalWw Amino Acid Alignment and Color-Coded Mapping of Exons for

Selected Invertebrate Sequence (Appendix 3)

Scientific Name: |Common Name: Taxonomy | Ass ],g[}ed Protein |Protein Accession
ID: Name: ID:
Solanum Tomato 4081 PR P4 AAA03615.1
lycopersicum
Theobroma cacao |Cocao 3641 CRISP-like XP 007041421.1
Vitis vinifera Grape (Wme |o9760  |PR-1 XP 002273416.1
grape)
Saccharomyces | Yeast (S. 559292 |PRY1 NP 012456.1
cerevisiae cerevisiae) -
Aspergillus flavus |Mold (A. f) 332952 CRISP-like XP 002372142.1
Caenorhabditis Roundworm 6239 SCP-Like NP 502506.1
elegans extracellular protem -
Drosophila Fruit fly 7227 CG42780 NP_001188554.1
melanogaster -
Microplitis Parasitic wasp 69319 |Serotriftin XP_008553510.1
demolitor -
Nasonia vitripennis |Jewel wasp 7425 CRISP2-lke XP 008207728.1
Solenopsis invicta |Red fire ants 13686 CRISP1-lke XP 011162333.1
Apis florea Dwarfhoney bee |7463 CRISP2-lke XP 003690882.1
Megachile Leafoutter bee  |143995  |CRISP2-like XP 003701024.1
rotundata
. Uncharacterized
Ciona savienyi  |Sea squirt (C. s.) [51511 fenatactetize H279A1 CIOSA
protem
Ciona intestinalis  |Sea squirt (C. 1) (7719 CRISP3-lke XP 002121335.1
Homo sapiens Human 9606 CRISP2 NP 001135879.1

Supplementary data table 15: The following table presents the scientific name,
common name, taxonomy ID number, assigned protein name, and the protein
accession ID number for all the amino acid sequences used in Appendix 3: ClustalW
Amino Acid Alignment and Color-Coded Mapping of Exons for Selected Invertebrate

Sequence.
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Supplemental Data Table 16: Accession ID and Organism Information for
ClustalWw Amino Acid Alignment and Color-Coded Mapping of Exons for
GAPR/GLIPR2 Sequences (Appendix 8)

Scientific Name: | Common Name: Taxonomy | As nglfed Protein |Protein Accession
ID: Name: ID:
Solarum Tomato 4081 PR P4 AAA03615.1
lycopersicum
Theobroma cacao |Cocao 3641 CRISP-lke XP 007041421.1
Saccharomyces | Yeast (5. 559292 |PRYI NP 012456.1
cerevisiae cerevisiae) -
Aspergillus flavus (Mold (A.T) 332952 CRISP-lke XP 002372142.1
o . .
Caenorhabditis Roundworm 6239 anh.aractenzed NP 5097072
elegans protem -
L T :
Drosophila Fruit fly 7977 anh.aractenzed NP 731097 1
melanogaster protemn -
Microplitis Parasitic wasp 69319  |EFG1 XP_008214060.1
demolitor -
- .
Nasonia vitripennis |Jewel wasp 7425 anh.aractenzed XP 014296097.1
protem
Solenopsis invicta |Red fire ants 13686 PRY1-lke XP 011157510.1
Apis florea Dwarfhoney bee |7463 EFG1 XP 012340180.1
Megachile Leafoutterbee 143995  |EFG1 XP_012138605.1
rotundata
Ciona intestinalis  |Seasquirt (C.1.) |7719 GAPR XP 002128928.1
Lepisosteus Spotted gar 7918 GAPR XP_006635797.1
oculatus
Danio rerio Zebrafish 7955 GAPR NP 001005978.1
(i i 7, .
Xenc.rpus. (Silurana) |Westem clawed 8364 GAPR NP 001107504.1
tropicalis frog -
Python bivittatus  |Burmese python |176946 GAPR XP 007442486.1
Anolis carolinensis |Green anole 28377 GAPR XP 003222287.1
Chinese soft-
Pelodi j ] 13735 GAPR XP 006113099.1
elodiscus sinensis | o 1o o A
Falco peregrinus  |Peregrine falcon {8954 GAPR XP 005240380.2
Gallus gallus Chicken 9031 GAPR XP 419085.1
Ormithorhynchus |y s 9258 GAPR XP 001511959.1
anarinus

Supplementary data table 16:
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Supplemental Data Table 16: Accession ID and Organism Information for
ClustalWw Amino Acid Alignment and Color-Coded Mapping of Exons for

GAPR/GLIPR2 Sequences (Appendix 8)

Dasypuis Armadillo (nine-

novemcinctus banded armadillo) 9361 GAPR AP 0123801431
Mus musculus House mouse 10090 GAPR XP 002726558.2
Rattus norvegicus |Norway rat 10116 GAPR NP 081726.1
Pan troglodytes Chimpanzee 9598 GAPR XP 009454888.1
Homo sapiens Human 9606 GAPR NP 001273939.1

Supplementary data table 16: The following table presents the scientific name,
common name, taxonomy ID number, assigned protein name, and the protein
accession ID number for all the amino acid sequences used in Appendix 8: ClustalW
Amino Acid Alignment and Color-Coded Mapping of Exons for GAPR/GLIPR2

Sequences
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Supplemental Data Table 17: Accession ID and Organism Information for
Evolution of the Pathogenesis-Related (PR/SCP) Domain in the CRISP Protein

Lineage (Appendix 9)
Scientific Name: | Common Name: Taxonomy A551g1{ed Protein Protein Accession
ID: Name: ID:
Archangium A. gephyra 48 SCP-like HP WP_015353234.1
gephyra -
Myococeus M. stipitatus 83455 |SCP-like family protein  [WP_015353234.1
SIIPIIGIHS -
Sandaracinus
S. Aolyti 927083 SCP-like HP WP _053237857.1
amylolyticus amylolyticus © -
Plasmodi . .
asmodum P.reichenowi  [5854 CRISP-like XP 012762159.1
reichenowi -
Ichthyophthirius e _
il 1. multifiliis 5932 SCP-like XP 004035428.1
multifiliis -
Perkinsus marinus  |P. marinus 423536 CRISP-like XP 002768599.1
Hammondia H.hammondi (99158 [SCP-like XP_008887770.1
hammondi -
Dictyostelium D.discoideum  [352472  |HP DDB_G0288221  |XP 636852.1
discoideum - -
Cordyceps militaris |C. militaris 983644 | vwaceluar SCP domam vy 06673225 1
. protem PRY'1 -
Phaeoacremonium P. mini 1286976 Putative scp-like . XP 007915157 1
minimum extracellular protein -
Neofusicoccum N.p 1287630 Putative aﬂergenvS tpx-1- XP 007589546.1
parvum related protein -
HP
Bipolari di B. rdi 665024 XP 014082918.1
poiars maydls frayas COCCA4DRAFT 36619 | —
Hydra vulgaris H. vulgaris 6087 PR-1b-like XP 012559646.1
Hydra vulgaris H. vulgaris 6087 GAPRI1-lke XP 002158876.3
Hydra vulgaris H. vulgaris 6087 GAPRI1-lke XP 012559751.1
Nematostella N. vectensis 45351  |Predicted Protein XP_001631455.1
vectensis -
Brugia malayi B. malayi 6279 SCP-like XP 001894274 .1
Trichinella spiralis |T. spiralis 6334 ION-1 Protein XP 003377286.1
Caenorhabeitis e natodes (C. e [6239 SCP-like 12 NP 504056.1
elegans -
Caenorhabeitis e natodes (C. e [6239 SCP-like 14 NP 5024981
elegans -
Caenorhabeitis e natodes (C. e [6239 SCP-like 1 NP 502502.1
elegans -

Supplementary data table 17:
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Supplemental Data Table 17: Accession ID and Organism Information for
Evolution of the Pathogenesis-Related (PR/SCP) Domain in the CRISP Protein

Lineage (Appendix 9)
Apis dorsata Giant honeybee  |7462 CRISP1-like XP 0066085421
Bombus impatiens iamm bumble 135113 |[CRISP2-fike XP 012250250.1
cc
Monomorium Pharach ant 307658  |CRISPI1-like XP 012529279.1
\pharaonis -
Tribolium Red flour beetle 7070 CRISP2-like XP 973363.1
castaneum -
Papilio xuthus Asianswallowtail |66420  |CRISP DIS2-like XP 013168180.1
Pacific nt
Ciona savignyi actic TAmPATt 151511 |CRISP-like H279A1 CIOSA
sea squirt -
Saccoglossus . Uncharacterized protein
SR S.kowalewskii (10224 | oo XP 0068260711
Branchiostoma ) Hypothetical protein
floridae Florida lancelet 7739 BRAFLDRAFT 220379 | XP-002604410.1
Strongylocentrotus \p 1 ea urchin 7668 CRISP2-like XP 011662194.1
\purpurarus -
Crassostrea gigas |Pacific oyster 29159 GLIPRI-likel XP 011424284 .1
Danio rerio Zebrafish 7955 CRVP natrin-1-like XP_003200319.1
Python bivittatus  |Burmese python 176946 CRVP latisemin-like XP 007436999.1
Equus caballus  |Horse 9796 CRISP2 NP _001075342.1
Homo sapiens Human 9606 CRISP1 NP 0011222
Homo sapiens Human 9606 CRISP3 NP 0060522

Supplementary data table 17: The following table presents the scientific name,
common name, taxonomy ID number, assigned protein name, and the protein
accession ID number for all the amino acid sequences used in Appendix 9: Evolution
of the Pathogenesis-Related (PR/SCP) Domain in the CRISP Protein Lineage
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