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ABSTRACT 

 Here I 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, I 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, I 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, I 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, I 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, I document the 

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

 



4 
 

  



5 
 

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: G H [Y or F] [S or T] Q [V or L] V W s s [S or 

T] (s = small residue). CAP2 is a twelve amino acid segment characterized by the 

following sequence: h h V C [N, H or Q] Y s P s G N h (h = hydrophobic residue). CAP3 

is a five amino acid segment characterized by the following sequence: H N 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, I 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.  
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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]. 
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 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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 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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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 IgG 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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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). 

http://uswest.ensembl.org/
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 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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CRISP1-/- 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 Ca2+ 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.  
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 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 β–

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. 

CRISPLD1 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 CRISPLD2 interact with folate pathway genes [48]. Variation in 

CRISPLD1 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 TH2 
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cytokines [52]. CRISPLD2 haploinsufficiency may lead to lung disease in and to 

increased risk for late-onset respiratory disease [52]. 

 CRISPLD2 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]. 
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  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-NH2 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 Ca2+ 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 PI15: Peptidase Inhibitor 15 (PI15), also known as 25 kDa trypsin 

inhibitor, SugarCRISP, P25TI, and CRISP8, was first identified in human glioblastoma 

cells [74]. In humans, PI15 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), PI15 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 PI16: Peptidase Inhibitor 16 (PI16), also known as PSP94 (prostate 

secretory protein of 94 amino acids), CRISP9, β–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]. PI16 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, I 

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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Conservation of Exon Borders within CAP Subfamily Genes 

 

 Given evidence of CAP/PR domain relatedness in phylogenetic trees (Figure 1) I 

sought to obtain further evidence for gene evolution by looking at conservation of exon 

borders. Using genomic sequences, I 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, 5 and 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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 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). 
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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 MEGA6 [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 MEGA6 

(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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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, I 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 

MEGA6 [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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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 I 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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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). 



71 
 

 

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. 
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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, I 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. I 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. 



78 
 

 
 



79 
 

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 I 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. I 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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