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Abstract

The extracellular matrices of cuticle and peritrophic matrix of insects are composed
mainly of chitin complexed with proteins, some of which contain chitin-binding domains. This
study is focused on the identification and functional characterization of genes encoding proteins
that possess one or more copies of the six-cysteine-containing ChtBD2 domain (Peritrophin A
motif =CBM 14 =Pfam 01607) in the red flour beetle, Tribolium castaneum. A bioinformatics
search of 7. castaneum genome yielded previously characterized chitin metabolic enzymes and
several additional proteins. Using phylogenetic analyses, the exon-intron organization of the
corresponding genes, domain organization of proteins, and temporal and tissue-specificity of
expression patterns, these proteins were classified into three large families. The first family
includes 11 proteins essentially made up of 1 to 14 repeats of the peritrophin A domain.
Transcripts for these proteins are expressed only in the midgut and only during feeding stages of
development. We therefore denote these proteins as “Peritrophic Matrix Proteins” or PMPs. The
genes of the second and third families are expressed in cuticle-forming tissues throughout all
stages of development but not in the midgut. These two families have been denoted as “Cuticular
Proteins Analogous to Peritrophins 3” or CPAP3s and “Cuticular Proteins Analogous to
Peritophins 1” or CPAPI1s based on the number of ChtBD2 domains that they contain. Unlike
other cuticular proteins studied so far, TcCPAP1-C protein is localized predominantly in the
exocuticle and could contribute to the unique properties of this cuticular layer. RNA interference
(RNAI), which down-regulates transcripts for any targeted gene, results in lethal and/or abnormal
phenotypes for some, but not all, of these genes. Phenotypes are often unique and are manifested

at different developmental stages, including embryonic, pupal and/or adult stages. The



experiments presented in this dissertation reveal that while the vast majority of the CPAP3 genes
serve distinct and essential functions affecting survival, molting or normal cuticle development.
However, a minority of the CPAPI and PMP family genes are indispensable for survival under
laboratory conditions. Some of the non-essential genes may have functional redundancy or may

be needed only under special circumstances such as exposure to stress or pathogens.
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Overview of Dissertation

Chapter 1 is a literature review that introduces the current state of knowledge available
on chitin-binding proteins, their structure and functional aspects throughout different arthropods.

Chapter 2 presents a detailed study on the identification and characterization of all
potential ChtBD2-domain-containing protein genes in 7. castaneum, as well as the cloning
details of all the ChtBD2-domain-containing protein genes, including the 11 PMP family, 10
CPAPI family and 8 CPAP3 family members. This work utilizes the different bioinformatics
tools including phylogenetic analysis, tandem repeat analyzer, secondary structure predictors,
and weblogo analysis for analyzing conserved residues within a domain. Different BLAST
searches identified orthologs for these proteins in different species. Most of the work presented
in this chapter has appeared as an article in the journal Insect Biochemistry and Molecular
Biology (Jasrapuria et al., 2010).

In Chapter 3 I report the functional aspects of Cuticular Proteins Analogous to
Peritrophins and demonstrate their function by RNAi-mediated transcript knock down at
embryonic, larval, pupal and adult stages of development. I analyzed both temporal and spatial
expression patterns throughout different developmental stages. I also expressed and purified
some of the recombinant proteins. The manuscript describing this work is being prepared,

In Chapter 4 I report the functional aspects of Peritrophic Matrix Proteins based on
RNAi-mediated down-regulation of transcripts as well as and mRNA levels at different stages
and different tissues during development.

Finally, Chapter 5 summarizes the key contribution this work to the field of T.

castaneum research and presents some potential experiments and future research directions.

XX



The Appendices at the end include the protein sequences, the accession numbers of the
different proteins used for Weblogo and phylogenetic tree analysis. Also list of bacterial strains,
kits, antibodies used for my research.

As a whole, this dissertation describes three different classes of proteins based on their
consensus sequence and tissue-specific expressions as well as insight into their functions by

RNAi-mediated transcript knock-down.
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CHAPTER 1

Literature review



1.1. Tribolium castaneum as a model insect

Insects belong to an extremely diverse group of organisms both in terms of morphology
and life history traits, which make them ideal models for comparative studies in the fields of
evolutionary biology, population biology, developmental biology and physiology. The
knowledge of insect biology is crucial to solve the problems that they cause as agricultural pests
and vectors of disease. 7. castaneum is a powerful model for the studies of gene function. It
meets the criteria for a genetic model organism, including small body size, short generation time
and large brood sizes. It can be cultured in the normal laboratory environment with minimal
effort and the availability of fully sequenced and annotated genome (Richards et al., 2008)
allows extensive bioinformatics studies. While Drosophila melanogaster is one of the most
powerful genetic models, 7. castaneum is more representative of other insect species than is
Drosophila (Richards et al., 2008). Systemic RNAi brought about by injection of double-
stranded RNA (dsRNA) is an effective tool in many emerging model systems to obtain loss of
function phenotypes. Besides the nematode Caenorhabditis elegans (Fire et al., 1998) and plants
(Waterhouse, 1998), systemic RNAi has been documented in other organisms, including other
nematodes (Felix, 2008), flatworms (Sanchez Alvarado and Newmark, 1999), crustaceans
(Robalino et al., 2005), chelicerates (Akiyama-Oda and and Oda, 2006; Aljamali et al., 2003;
Narasimhan et al., 2004; Soares et al., 2005) and insects (Bucher et al., 2002; Roignant, 2003;
Tomoyasu and Denell, 2004), although the mode of action is unknown. The systemic RNAi
mechanism is not universal, as the leading insect model, D. melanogaster, does not respond to
injected dsRNA beyond the syncytial stage during embryonic development and beyond

(Roignant, 2003).



1.2. Chitin and its importance in insect exoskeleton and peritrophic matrix

organization

Chitin serves as one of the main components of the cell walls of most fungi and of the
skeletal polysaccharide of several animal phyla, namely Arthropoda, Annelida, Molluska and
Coelenterata. It is also found in eggshells and pharynx of nematodes (Fanelli et al., 2005; Zhang
et al., 2005). Chitin is not only a major constituent of the cuticle of insects (Kramer and
Muthukrishnan, 1997) but also is a part of the peritrophic matrix (PM), foregut, hindgut,
tracheae, eggshells and muscle attachment points (Kramer and Muthukrishnan, 2005). Chitin is a
naturally occurring structural homopolymer of -(1-4) linked N-acetylglucosamine monomers
(GIeNAc, (CgH305N) n, where n>>1). Chitin is primarily composed of poly-GlcNAc, but it can
also contain variable amounts of deacetylated glucosamine residues.

Chitin can exist in three crystalline allomorphs a, B and y. Of these a is most stable and
common (chitin chains exhibit antiparallel orientation), while B-chitin with the chitin chains
arranged in parallel fashion has lower stability. The y form of chitin is rare and not well
characterized (chitin polymers are a mixture of two parallel and one anti-parallel chains). Chitin
is often complexed with proteins, such as cuticular structural proteins and peritrophins.
Depending on the type of protein complexed with it and the extent of protein cross-linking,
chitin-containing composites can have varying degrees of rigidity, elasticity and water
impermeability. While the chitinous cuticle serves mainly to provide a rigid and water-
impermeable protective outer layer for the underlying epidermal tissue and to protect the insect
from dehydration (Moussian et al., 2007), the PM is believed to have roles in protecting the
midgut epithelial cells and in aiding digestion (Bolognesi et al., 2001; Bolognesi et al., 2008;

Terra, 2001) and is likely to be heavily hydrated as a result of glycosylation of the residues in the



linker regions of the PMPs, some of which have mucin-like domains (Hegedus et al., 2009;
Terra, 2001; Toprak et al., 2009; Wang and Granados, 1997a; Wang et al., 2004). The
biochemical basis of this dichotomy is unclear, but differences in the nature of the proteins
associated with chitin and the presence of cross-linking mediated by quinones/quinone methides
(Andersen, 2010) are likely to contribute to these differences in properties of the two chitin-
containing matrices, namely the cuticle and the PM. Another possibility is that the arrangement
of chitin fibers in the gut may be different in the PM when compared to that in cuticular chitin,
which has multiple layers of a-chitin bundles in the form of stacked laminae. It is also possible
that the PM-associated chitin is in the pB-form, which leads to less hydrogen bonding between
parallel chains of chitin compared to a-chitin (Jang et al., 2004).

The insect cuticle is a rigid and hydrophobic structure made up of an outer lipid waxy
layer (the envelope), overlying an epicuticle made up of chitin and proteins cross-linked with
catechols. The laminar procuticle is below the epicuticle and is composed of chitin microfibrils
and proteins, underlying which is the layer of basal epithelial cells. The chitin polymer secreted
by the epidermal and gut cells is assembled into microfibrils (2-6 nm diameter containing 20-400
chitin chains) that arrange into chitin bundles (~20 nm diameter containing ~10 microtubules) to
make sheets. In cuticle (but probably not in PM) these sheets are cross-oriented relative to one
another at a constant angle to form an apparent helicoidal bundle known as the Bouligand
structure (Havemann et al., 2008; Hegedus et al., 2009; Moussian et al., 2005). Like the cuticle,
the peritrophic membrane of insects is composed of chitin, proteins, glycoproteins and
proteoglycans. The PM secreted by midgut epithelial cells throughout the length of the midgut is
termed type I PM and those secreted by localized cardia cells in the anterior midgut are

designated as type II PM (Peters, 1992; Tellam et al., 1999; Wigglesworth, 1930). Scanning



electron microscopic (SEM) studies done on Manduca sexta have indicated that the microvilli of
the brush border cells in the midgut act as templates for the formation of the chitin network
formation (Harper and Hopkins, 1997). Chitin microfibrils are secreted as an orthogonal network
in the apical region of anterior midgut microvilli. This network moves to the tip of the microvilli
where the proteinaceous matrix is added prior to the delamination of the single PM into the
lumen (Hopkins and Harper, 2001). This creates two distinct compartments within the midgut,
the ecto-peritrophic space and the endo-peritrophic space. Both synthesis and degradation of
chitin take place at multiple developmental stages in the cuticle and PM. The new cuticle is
usually synthesized as portions of the old endocuticle and PM and tracheae are reabsorbed and
digested materials are recycled. A schematic diagram of the cuticle and the gut is shown in
Figure 1-1.
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Figure 1-1 Schematic diagram showing the cross-section of different layers in the insect

cuticle and gut.



1.3. Chitin-binding proteins in insects

1.3.1. Proteins with Rebers & Riddiford chitin-binding motif

Proteins that bind to chitin influence its mechanical and physicochemical properties.
Since chitin is an extracellular matrix polysaccharide, the proteins that have an affinity for chitin
are expected to be extracellularly secreted proteins. Insect proteins having chitin-binding ability
can be broadly classified into three groups based on their amino acid sequence motifs. The first
group consists of a large assortment of insect cuticular protein that belong to the CPR family and
contains Rebers & Riddiford motifs, which are stretches of 70 amino acids that have the
following consensus sequence:
PDGDYNY+YETSNGIADQETGD+KSQGETRDG++AVDVV+GSYSYVDPDGTTRTVTYT
ADDENGFQPVGAHLP; pfam00379;(Karouzou et al., 2007); (Willis, 2010). Two major groups
of CPR proteins have been recognized, namely RR-1 associated generally with soft cuticle and
RR-2 associated generally with hard cuticle (Iconomidou et al., 2005). This motif is found in
about 70% of all cuticle proteins (Karouzou et al., 2007). Modeling studies have suggested that
this domain may form a f-sheet-type structure with aromatic side chains that may participate in
chitin interaction. The CPR family of proteins is rich in histidine residues and lacks cysteines.
The number of cuticular proteins ~100 belonging to CPR family varies in different insect

species, as shown in Table 1-1 (Willis, 2010).



Table 1-1 Cuticular proteins having domains other than the peritrophin-A domain.

Name Species References

i) CPR (R & R Consensus)
Xenopus (Klein et al., 2002)
Penaeus japonicas (Ikeya et al., 2001)

Agcp2b (now AgamCPR97)
32 CPR

62 CPR
~100 CPR
156 (102 RR-2)
148 (89 RR-2)

Tachypleus tridentatus
Anopheles gambiae
Apis mellifera

Nasonia vitripennis
D. melanogaster
A. gambiae
Bombyx mori

(lijima et al., 2005)
(Rebers and Willis, 2001)
(Honeybee Genome
Sequencing Consortium,
2006)

(Werren et al., 2010)
(Cornman, 2009)
(Togawa et al., 2004)
(Futahashi et al., 2008)

ii) CPF and CPFL

6 CPF Tenebrio/Locusta (Andersen et al., 1997)
4 AgamCPFs/AgamCPF1 and
AgamCPFL2-7 (He et al., 2007)

1 A. gambiae (Togawa et al., 2004)

5 B. mori (Willis, 2010)

3 D. melanogaster “

3 Apis mellifera “
iii)Tweedle(TWDL)(pfam03103)

27 member D. melanogaster (Guan et al., 2006)

12 A. gambiae (Willis, 2010)

4 B. mori “

2 A. mellifera “

2 N. vitripennis “

3 Tribolium castaneum “
iv) CPLCA (pfam04527/IPR007614)

3 A. gambiae (Willis, 2010)

11 D. melanogaster “

v) CPLCG family

Dacp1 and Dacp2

D. melanogaster

(Qui and Hardin, 1995)

27 A. gambiae (He et al., 2007)
2 T. castaneum “
vi) CPLCW
9 | A. gambiae | (Cornman, 2009)
vii) CPLCP
AgamCPLCP8,10,11,12 A. gambiae (He et al., 2007)
24 A. gambiae (Willis, 2010)
19 Aedes aegypti “
24 Culex quinquefasciatus “
7 B. mori “
5 D. melanogaster “
2 A. mellifera “
3 N. vitripennis “
4 T. castaneum “
viii) Apidermin
apd-1, apd-2, apd-3 A. mellifera (Kucharski et al., 2007)
3 genes N. vitripennis (Willis, 2010)

ix) Glycine rich (GGYGG /GGxG

G)

CPG (18 members)

B. mori

(Futahashi et al., 2008;
Zhong et al., 2006)




1.3.2. Proteins with peritrophin-A motif

The second group of chitin-binding proteins lacks the R&R consensus but has the
peritrophin-A domain. The domain is a stretch of 60-70 amino acids that has 6 cysteine residues
and has the consensus spacing of cysteines, CXi3.20CXs5.6CXo.19CX10.14C-X4.14; pfam01607
(Tellam et al., 1999). The first reported peritrophic matrix proteins (PMPs) having the
peritrophin-A domain were peritrophin-44 and -48 extracted from the guts of Lucilia cuprina
larvae (Elvin et al., 1996; Schorderet et al., 1998). Since then, a large number of PMPs has been
characterized either by direct extraction from PMs or by analysis of cDNA sequences and more
recently by bioinformatics searches of annotated genomes. All PMPs have signal peptides,
suggesting these are secreted protein. Some of them have long stretches of serines/threonines,
while others have N-linked glycosylation sites (Hegedus et al., 2009), suggesting the possibility
that some PMPs may be glycoproteins. The PMP with the largest number of CBDs characterized
so far with 19 peritrophin A motifs is the one predicted from a cDNA clone isolated from
Mamestra configurata (Shi et al., 2004). The midgut of Hessian fly has a small peritrophin with
2 CBDs (Mittapalli et al., 2007). Proteins with 1 CBD have also been identified (Eisemann et al.,
2001; Wijffels et al., 2001) and have been suggested to have roles in protecting the ends of chitin
chains from chitinase attack (Bolognesi et al., 2005) and also to protect the midgut from
pathogen invasion (Hao and Aksoy, 2002). PM proteins having CBD domains can also have
mucin domains. The secreted mucins contain domains rich in serine, proline and threonine
residues that are potential sites for O-linked glycosylation. These were first reported in
Trichoplusia ni and termed as “invertebrate intestinal mucins” (IIM) (Wang and Granados,

1997b).



The presence of the peritrophin-A domain is not a bona fide hallmark of PM proteins.
Peritrophin-A domain-containing proteins named “gasp” (gene analogous to small peritrophins)
(Barry et al., 1999) and “Obstructor” have been reported in cuticle-forming tissues in D.
melanogaster (Behr and Hoch, 2005). Also some members of the chitinase and chitin
deacetylase enzyme families that have a role in chitin metabolism also contain this peritrophin-A
domain (Campbell et al., 2008; Dixit et al., 2008; Kramer, 1993; Zhu et al., 2008a). Most of
these proteins bind to chitin and their affinity for the insoluble substrate increases in the presence
of one or more of the peritrophin-A domains compared to enzymes without these domains
(Arakane et al., 2003). A list of different ChtBD2 domain containing proteins in arthropods is

shown in Table 1-2.



Table 1-2 List of arthropod proteins containing the peritrophin-A domain(s).

Name

Repeats

Species

References

1) Peritrophins

PFAM 01607, CBM_14

Peritrophin-44
Peritrophin-48

Peritrophin-48
Peritrophin-15
Peritrophin-15
GmPro2

Ag-Aper1

Ae-Aper50
Ag-Aper14

McPM1

CBP1

CBP2
MdesPERI-A1’
Peritrophins1
Peritrophins1
Peritrophin-95
Peritrophin-55
AEIMUC1'

TnllM

PxIIM
MclIM1
MclIM2
MclIM3
McliM4
Fm-SOP

5 ChtBD2 (domain 2 has 8
cysteines) + Mucin

5 ChtBD2

5 ChtBD2
1 ChtBD2
1 ChtBD2

1 ChtBD2
2 ChtBD2 + Mucin
5 ChtBD2 + Mucin
1 ChtBD2

12 Tandem ChtBD2

10 Tandem ChtBD2

2 ChtBD2

2 ChtBD2

7 CHTBD2

3 ChtBD2 + Mucin

1 ChtBD2 (8C) + Mucin

6 ChtBD2 + 3MD
6 ChtBD2 + 2 MD
2 ChtBD2 + 1 MD
3 ChtBD2 + 2 MD
4 ChtBD2 + 2 MD
3 ChtBD2

Lucilia cuprina
L. cuprina

Chrysomya bezziana
C. bezziana

L. cuprina

Glossina morsitans

Anopheles gambiae

Aedes aegypti
A. gambiae

Mamestra configurata
Trichoplusia ni

Mayetiola destructor
Tenebrio molitor
Spodoptera frugiperda
L. cuprina

L. cuprina

A. aegypti

T. ni

Plutella xylostella
M. configurata
M. configurata
M. configurata
M. configurata
Fenneropenaeus
merguiensis

(Elvin et al., 1996)

(Schorderet et al.,
1998)

(Vuocolo et al., 2001)
(Wijffels et al., 2001)
(Wijffels et al., 2001)
(Hao and Aksoy,
2002)

(Shen and Jacobs-
Lorena, 1999)
(Shao et al., 2001)
(Devenport et al.,
2005)

(Shi et al., 2004)
(Wang et al., 2004)

(Mittapalli et al., 2007)
(Ferreira et al., 2007)

(Casu et al., 1997)
(Tellam et al., 2003)
(Rayms-Keller et al.,
2000)

(Wang and Granados,
1997b)

(Sarauer et al., 2003)
(Shi et al., 2004)

(Loongyai et al., 2007)

1) Cuticular prote

in with Peritrophin-A domains

PL1, PL2, PL3
MPL1
MPL2
Peri A
Gasp

Obstructor[A-E],
[F-J]

2,2 and 1 ChtBD2
3 ChtBD2+ 1 mucin
4 ChtBD2+ 4 mucin

peptide fragment
3 ChtBD2

Ctenocephalides felis
C. felis

C. felis

D. melanogaster

D. melanogaster

A. gambiae

D. melanogaster

(Gaines et al., 2003)

(Barry et al., 1999)

(He et al., 2007)

(Behr and Hoch, 2005)

1ll) Proteins with Chitin deacetylase Domains

TnPM-P42

| 14 cysteine residues

| T.ni

| (Guo et al., 2005)

10




McCDA1 M. configurata (Toprak et al., 2008)
TcCDA, 2, 3,4,5 | 1 ChtBD2 T. castaneum (Dixit et al., 2008)
IV) Proteins with Chitinase Domains (partial list)
MsCHT 1 ChtBD2 M. sexta (Kramer, 1993)
TcCHT4, 5,7,8 1 ChtBD2 T. castaneum (Zhu et al., 2008a)
TcCHT10 5 ChtBD2 T. castaneum ¢
AgCHT4,5,7,8 1 ChtBD2 A. gambiae “
AgCHT10 4 ChtBD2 A. gambiae ¢
DmCHT4,
5,6,7,8, 12 1 ChtBD2 D. melanogaster “
DmCHT10 4 ChtBD2 D. melanogaster ¢

(Bolognesi et al.,
SfCHI 1 ChtBD2 S. frugiperda 2005)

'Putative PM proteins.cDNA

Undoubtedly, there exist strong non-covalent interactions between chitin and chitin-
binding proteins, but the evidence for the presence of covalent interactions is weak. There is
evidence for the involvement of the peritrophin-A motif as well as the RR motifs in chitin-
binding (Arakane et al., 2004; Rebers and Willis, 2001). However, there have been reports
indicating that the mere presence of RR motif does not necessarily confer an affinity for colloidal
chitin or “chitin beads” as measured under laboratory conditions (Suderman et al., 2006; Togawa
et al., 2004). Model building based on crystallographically characterized templates and ligand-
docking experiments have been described to predict some of the interactions between the N-
acetylglucosamines and the amino acid residues lining the putative binding pockets (Hamodrakas
et al., 2002; Iconomidou et al., 2005; Kramer and Muthukrishnan, 2005), but the precise amino

acid residues involved in chitooligosaccharide binding are still unknown for either type of CBD.
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1.3.3. Proteins with tachystatin-type chitin-binding motif

The third group of chitin-binding proteins comprises antimicrobial peptides related to
tachystatins from horseshoe crab and the agatoxins (calcium channel antagonists) from spider
venom. They play roles in immune defense against bacteria, fungi and other pathogens (Kramer
and Muthukrishnan, 1997). These proteins have 6 cysteine residues, forming a triple-stranded 3-
sheet structure with an inhibitory cysteine-knot (ICK) motif unlike the peritrophin-A motif
(Fujitani et al., 2007). Tachystatin has been reported to have chitin-binding activity (Osaki et al.,
1999). Members representing each of the three groups of chitin-binding proteins have been

extracted from the PM or cuticle or isolated from hemocytes.

1.4. ChtBD2/ Chitin-binding domain

There are currently 63 defined families of Carbohydrate Binding Modules (CBM), based
on their ligand specificity (see http://www.cazy.org/Carbohydrate-Binding-Modules.html).
Lectins are highly specific carbohydrate-binding proteins found in plants (Sauvion et al., 1996).

Many of these lectins including wheat germ agglutinin (WGA) and barley lectin binds
specifically to chitin (Chrispeels and Raikhel, 1991). Hevein, a protein found in rubber latex
contains a 43 amino acid-long coiled structure consisting of two B sheets and a small a-helix,
called the “hevein domain “and is grouped in CBM 18 family, whereas the peritrophin-A domain
is included in the CBM14 family (Boraston et al., 2004). The three dimensional structures of
hevein as well as its truncated form, hevein-32, in both the free form and in complex with
ligands have been determined. These studies have established that aromatic residues at positions

21, 23 and 30 and a serine at position 19 are involved in chitin binding (Aboitiz et al., 2004).
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1.4.1. Many proteins have multiple chitin-binding motifs

While hevein has a single chitin-binding motif, the lectin, wheat germ agglutinin, has
four hevein motifs. This organization appears to be the case in insects as well. Insect proteins
with the number of CBM14 domains ranging from 1 to 19 have been described, particularly in
the group of proteins known as peritrophins, which have been extracted from the peritrophic

marix of both larvae and adult insects.

1.4.2. Structure of the peritrophin-A-type chitin-binding domain

Tertiary structures based on 2D-NMR studies in solution are available for two insect
proteins with the peritrophin-A domain, namely tachycitin (PDB ID: 1DQC) and scarabaecin
(PDB ID: 1TYC). The structure of scarabaecin, which is only 36 amino acids long, is stabilized
by one disulfide bond and has two anti-parallel -strands followed by a short a-helix (Hemmi et
al., 2003). Tachycitin has 10 cysteines that form five disulfide bonds and its sequence from
residues 40 to 60 shares significant secondary and tertiary structure similarity to scarabaecin and
to the predicted structure of the C-terminal half of the peritrophin-A motif of several peritrophin-
like proteins from a wide range of insect species (Suetake et al., 2000). The 3D structure of the
sequence of tachycitin (positions 40 to 60) as determined by NMR is very similar to that of
hevein-32 (PDB ID: 1TOW) from positions 20 to 32 (Aboitiz et al., 2004). All of these proteins
have or are predicted to have two anti-parallel B sheets followed by a short a-helix in the C-
terminal region, which is stabilized by one disulfide bond. This region in hevein has been shown

to contain two aromatic amino acids that are critical for binding to chitin (Asensio et al., 1998).
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1.4.3. Nomenclature of chitin-binding domains in peritrophic matrix proteins

Several peritrophins have been extracted from the PMs of Lucilia cuprina and
Chrysomya bezziana, Anopheles gambiae and Trichoplusia ni (Shen and Jacobs-Lorena, 1999;
Tellam et al., 1999; Wang and Granados, 1997b) and shown to bind to chitin. More recently,
other proteins with multiple chitin-binding domains have been characterized by bioinformatics
analysis. They have anywhere from one to 19 CBDs. Based on the number of cysteine residues
and the consensus amino acid sequences within the cysteine-containing regions, (Tellam et al.,
1999)) have divided them into three groups. The most common are proteins that have one or
more repeats of the six-cysteine containing “peritrophin-A domain” with the consensus spacing
between adjacent cysteines of CX3.20CX5.6CXo.19CX0-14C-X4.14C where X is any amino acid
except cysteine. Two proteins from L. cuprina that have 8 cysteines were extracted from the PM
with 6 M guanidine hydrochloride after first extracting the proteins with peritrophin A motifs
with 6 M urea. These two proteins of L. cuprina named peritrophin-30 and peritrophin-55
presumably have tighter affinity to chitin (data on direct re-binding of extracted and renatured
protein to chitin is wunavailable) with the cysteine spacing of CX;j2.13CX2021CXi0-
CX12CX,CX3CX7.12C.  This motif is referred to as the peritrophin B motif. Distantly related
orthologs were found in several insect orders. Yet another protein was extracted from the
insoluble PM material of L. cuprina as well as C. bezziana, which remained after 6 M guanidine
chloride extraction of peritrophins-30 and -55 by treatment for 30 min with 10 mM dithiothreitol
and 5% SDS at 95°C. These proteins denoted as peritophin-15 also have 6 cysteines but the
consensus spacing of cysteines (CX3g9CX;7.21CX10-.11CX12-13CX1C) is quite different from that of
the peritrophin A group (Tellam et al., 1999). This motif has been named the “peritrophin C”

motif. The most widely distributed peritrophins have the A-type peritrophin domain.
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Representatives are found in all insect orders and other arthropod species including chelicerates
and crustaceans. Proteins containing either the peritrophin B or the peritrophin C motif have
been found only in dipterans.

The presence of the peritrophin-A domain in a protein does not imply that the
corresponding genes are expressed in the gut. For example, D. melanogaster expresses a set of
genes referred to as “Obsructors” encoding proteins with three CBM-14 domains, which are not
expressed in the digestive tract. cDNAs encoding peritrophin-like proteins were isolated from
cDNA libraries of hindgut and Malphighian tubules of adult Ctenocephalides felis fleas, a
species that does not produce a PM (Gaines et al., 2003). This protein was also detected
immunologically in Maplighian tubules, rectum and tracheae. There are several ways to denote
this kind of chitin-binding domain, including ChtBD2 domain = Peritrophin A motif =CBM_ 14
=Pfam(01607 = smart00494. Therefore to avoid confusion, this motif will be hereafter referred to
as the “chitin-binding type II” domain (ChtBD2 domain) throughout this to describe these
proteins with chitin-binding domains that have six cysteine residues and that occur not only in

the PM, but also in other tissues.

1.5. Functional aspects of ChtBD2

The PM provides protection against the abrasive action of food materials and physical
protection against the digestive enzymes. It also has a vital role in toxin filtration (e.g. tannins)
recycling of the digestive enzymes, and facilitating nutrient and gas exchange. In plants many
GlcNAc-specific lectins have been tested for insect toxicity (Harper et al., 1998; Macedo et al.,
2003). These proteins bind to chitin or glycan receptors on the surface of cells lining the insect
gut and disrupt the integrity of the PM. A novel approach has been proposed to develop

strategies for insect control by utilizing chitin-binding molecules to specifically target formation
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of the PM. Calcofluor white (CFW), a chemical whitener with chitin-binding properties, was
used as a model compound in the diet to inhibit PM formation in 7. ni and to increase larval
susceptibility to baculovirus infection (Wang and Granados, 2000). CFW was also effective in
suppressing PM formation in S. frugiperda and at the same time in preventing the establishment
of a decreasing gradient of proteinases along the midgut tissue (Bolognesi et al., 2001). In the
mite Acarus siro, combinations of diflubenzuron and CFW were more effective in reducing
chitin content of the PM (Sobotnik et al., 2008). Hence, combinations of CFW with other
insecticidal compounds affecting chitin synthesis may prove to be a useful strategy for insect
control. Disruption of the PM structure following CFW treatment was consistently reported in
various lepidopteran species (Bolognesi et al., 2001; Wang and Granados, 2000; Zhu et al.,
2007). When larvae of T. ni and S. exigua were fed a CFW-containing diet, an increase in PM
permeability was observed and the larvae became more susceptible to baculoviral infections.
Interestingly, a significant amount of proteins was released upon CFW treatment, which may
explain the altered permeability (Wang and Granados, 2000; Zhu et al., 2007). Immunization of
sheep with protein extracts from the peritrophic matrix of L. cuprina larvae resulted in growth
retardation and a reduction in lifespan of these insects feeding on the immunized sheep,
although the PM structure was not affected (Tellam and Eisemann, 2000). Numerous sugar-
binding proteins (lectins) from animals and plants such as galectins, WGA and chitinase-like
lectins also bind chitin because of their high preference for GIcNAc. Like CFW, they disrupt PM
formation in numerous cases, and therefore have been investigated for their insecticidal potential
(Cohen, 2010). PM proteins have been tested as antigens in a vaccine to prevent Plasmodium

infection in mosquitoes (Ramasamy et al., 1997).

16



In some cases, additional unrelated proteins that possess one or more chitin-binding
domains (CBD) but are devoid of chitinolytic activity enhance degradation of chitin (Vaaje-
Kolstad et al., 2005). This system also probably operates in the gut during degradation of PM
and increases the porosity of the PM. It may also help in the digestion of chitin-containing prey
(Bolognesi et al., 2005; Khajuria et al., 2010).

Inducible chitinolytic enzymes from bacteria cause insect mortality under certain
conditions. These enzymes may compromise the structural integrity of the PM barrier and
improve the effectiveness of a Bt toxin by enhancing contact of the toxin with its epithelial
membrane receptor. For example, five chitinolytic bacterial strains isolated from midguts of S.
littoralis induced a synergistic increase in larval mortality when combined with a Bt spore-
crystal suspension relative to either an individual bacterial strain or a Bt suspension alone (Sneh
et al., 1983).

Several GlcNAc-specific lectins from plants have been evaluated for insect toxicity
(Harper et al., 1998; Macedo et al., 2003). These proteins appear to disrupt the integrity of the
PM by binding to chitin or glycan receptors on the surface of cells lining the insect gut.
Moreover, they may bind to glycosylated digestive enzymes and inhibit their activity.
Apparently, these proteins bind to the PM, causing developmental abnormalities and reduced
survival rates.

A protease from A. gambiae with a chitin-binding domain has been described, which may
be involved in insect defense (Danielli et al., 2000; Gorman et al., 2000). This 147-kDa protein,
sp22D, is expressed in a variety of tissues, most strongly in hemocytes, and is secreted into the
hemolymph. Upon bacterial infection, the transcripts for this protein increase by about two-fold,

suggesting a role in insect defense. This protein has a multidomain organization that includes
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two copies of an N-terminal ChtBD2 domain, a C-terminal protease domain, and several receptor
domains. It binds strongly to chitin and undergoes complex proteolytic processing during pupal
to adult metamorphosis. It has been proposed that exposure of this protease to chitin may

regulate its activity during tissue remodeling or wounding.
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CHAPTER 2

Bioinformatics of ChtBD2 domain-containing proteins in 7Tribolium

castaneum
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Title: Genes encoding proteins with peritrophin A-type chitin-binding
domains in 7Tribolium castaneum are grouped into three distinct families based

on phylogeny, expression and function
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2.1. Abstract

This study is focused on the characterization and expression of genes in the red flour
beetle, 7. castaneum, encoding proteins that possess one or more six-cysteine-containing chitin-
binding domains related to the peritrophin A domain (ChtBD2). An bioinformatics search of the
genome of 7. castaneum queried with ChtBD2 sequences yielded 13 previously characterized
chitin metabolic enzymes and 29 additional proteins with signal peptides as well as one to 14
ChtBD2s. Using phylogenetic analyses, these additional 29 proteins were classified into three
large families. The first family includes 11 proteins closely related to the peritrophins, each
containing one to 14 ChtBD2s. These are midgut-specific and are expressed only during feeding
stages. | propose the name “Peritrophic Matrix Proteins” (PMP) for this family. The second
family contains eight proteins encoded by seven genes (one gene codes for 2 splice variants),
which are closely related to “gasp/obstructor”-like proteins that contain 3 ChtBD2s each. The
third family has ten proteins that are of diverse sizes and sequences with only one ChtBD2 each.
The genes of the second and third families are expressed in non-midgut tissues throughout all
stages of development. I propose the names “Cuticular Proteins Analogous to Peritophins 3”
(CPAP3) for the second family that has three ChtBD2s and “Cuticular Proteins Analogous to
Peritophins 1 (CPAP1) for the third family that has 1 ChtBD2. Even though proteins of both
CPAPI1 and CPAP3 families have the “peritrophin A” domain, they are expressed only in
cuticle-forming tissues. I determined the exon-intron organization of the genes, encoding these
29 proteins as well as the domain organization of the encoded proteins with ChtBD2s. All 29
proteins have predicted cleavable signal peptides and ChtBD2s, suggesting that they interact

with chitin in extracellular locations. Comparison of ChtBD2-containing proteins representing
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different arthropod taxa suggests that ChtBD2s are ancient protein domains whose affinity for

chitin in extracellular matrices has been exploited many times for a range of biological functions.

2.2. Introduction

There are two main classes of chitin-binding motifs that have been described in insect
proteins. The first class contains a sequence consisting of six cysteines that probably form three
disulfide bridges. This sequence motif is referred to as the “peritrophin A domain” and is found
in numerous proteins extracted from insect PMs. This motif belongs to the CBM14 family of
carbohydrate-binding domains (pfam 01607; (Elvin et al., 1996)) also known as the type 2 chitin-
binding domain (ChtBD2=smart00494; (Tjoelker et al., 2000). The second general class of
chitin-binding sequence motifs is the Rebers and Riddiford consensus sequence (RR consensus;

PDGDYNY+YETSNGIADQETGD+KSQGETRDG++AVDVV+GSYSYVDPDGTTRTVTYT

ADDENGFQPVGAHLP; pfam00373;(Karouzou et al., 2007); (Willis, 2010), which lacks

cysteine residues. Many of these proteins are rich in histidines, which have been postulated to
participate in cross-linking reactions of these proteins via quinones derived from N-B-
alanyldopamine and N-acetyldopamine (Andersen, 2010; Kramer et al., 2001). Some of these
RR proteins were identified in insect cuticle extracts by proteomic analyses (Willis, 2010).
Proteins with ChtBD2s that have six cysteine residues with a characteristic
spacing between them were initially extracted from the insect PM using strong denaturing agents
and were appropriately denoted as “peritrophins” (Tellam et al., 1999); (Shen and Jacobs-
Lorena, 1999). Later on (Barry et al., 1999) and (Behr and Hoch, 2005) identified cDNAs/genes

encoding proteins with this peritrophin-A type chitin-binding motif (ChtBD2s) in cuticle-
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forming tissues from D. melanogaster. These proteins have three ChtBD2s separated by spacers
of characteristic lengths. (Gaines et al., 2003) characterized five cDNA clones from RNA
expressed in the hindgut and Malpighian tubules of the cat flea, Ctenocephalides felis, which
encode proteins with one to four peritrophinA domains. Thus, it is clear that the ChtBD2 is
present in proteins that are expressed in locations other than the midgut that secretes the PM.
However, the group of proteins isolated from the PM after extraction with strong denaturing
agents, collectively called “peritrophins,” exhibit a wider variation in the number of ChtBD2s
and, consequently, in sizes. Several other proteins with a large number of ChtBD2 repeats have
been predicted from genome sequences of insects, even though they have not been extracted
directly from PM or gut tissue. The number of ChtBD2s in “peritrophins” can range from one to
19 (reviewed in: (Dinglasan et al., 2009);(Hegedus et al., 2009); (Tellam et al., 1999);
(Venancio et al., 2009)). They are also interspersed with serine and threonine-rich mucin-like
domains that are likely to be glycosylated. These studies have revealed that the group of
ChtBD2-containing proteins is much larger than previously known. However, a bioinformatics
study cataloging all of the proteins with one or more ChtBD2s encoded by a single genome had
not been undertaken prior to this work. Here, I have used a bioinformatics search to identify in
the red flour beetle, 7. castaneum, all of the genes that encode proteins containing the ChtBD2,
which has been associated with the ability to bind to chitin. My studies have revealed that the 7.
castaneum genome encodes a large assortment of proteins with ChtBD2s in addition to the PM-
associated peritrophins and enzymes of chitin metabolism such as chitinases and chitin
deacetylases, some of which have ChtBD2s. A vast majority of them have signal peptide
sequences at the N-terminus consistent with their presumed roles in binding to chitin in

extracellular matrices. I propose a new nomenclature for gene families that encode nonenzymatic
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proteins with one or more ChtBD2s, the first being Peritrophic Matrrix Proteins (PMPs) for
proteins expressed in the gut, and the second “Cuticular Proteins Analogous to Peritophins”

(CPAPs) for proteins, expressed in cuticle-secreting tissues.

2.3. Materials and Methods

2.3.1. Insect cultures
The GA-1 strain of T. castaneum was used in all experiments. Insects were reared at
30°C in wheat flour containing 5% brewer’s yeast under standard conditions as described

previously (Beeman and Stuart, 1990).

2.3.2. Identification of the gene encoding proteins with ChtBD2s

To identify genes encoding proteins with one or more ChtBD2s, we conducted a
bioinformatics search of the 7. castaneum genome and EST databases (Beetlebase,
http://www.bioinformatics.ksu.edu/Beetlebase; Genboree, NCBI, (www.ncbi.nlm.nih.gov/) and
Baylor), using previously characterized chitin-binding domains from insect peritrophins A, B
and C with six, eight and six cysteines, respectively, as queries (Tellam et al., 1999). Similarly,
several other ChtBD2s from 7. ni, L. cuprina, A. gambiae and D. melanogaster were also

utilized as queries to identify genes encoding proteins with ChtBD2s in 7. castaneum.
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Figure 2-1 Strategy for identification of all the genes encoding ChtBD2 proteins in 7.

castaneum genome.

2.3.3. Cloning of cDNAs

To clone the cDNAs corresponding to the genes identified in the bioinformatics search,
gene-specific primers for each gene were designed from available expressed sequence tags
(ESTs) or from open reading frames (ORFs) in GLEAN predictions from the 7. castaneum
genome sequences (Beetlebase website: http://www.bioinformatics.ksu.edu/BeetleBase). Total

RNA (2.5-5 ug) isolated by RNeasy Mini kit (Qiagen, Valencia, CA) from whole insects at
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various developmental stages according to manufacturer’s protocol was used to synthesize
cDNA. The SuperScript III first-strand synthesis system for RT-PCR (Invitrogen, Carlsbad, CA)
was used to synthesize first-strand ¢cDNA by following manufacturer’s protocol. DNA
fragments were amplified using pairs of gene-specific primers designed from sequences in the
5’- and 3’- UTR regions or within the ORFs of target genes, and were cloned into the pGEMT
vector (Promega, Madison, WI). To obtain the full-length cDNA, 5° RACE (RNA ligase-
mediated rapid amplification of cDNA ends) was also done using the Gene Racer kit (Invitrogen,
Carlsbad, CA) by following the instructions from the manufacturer. DNA sequencing was
conducted at the DNA sequencing facility at Kansas State University (ABI Prism 3730). Using
this approach, we obtained near full-length cDNAs covering the ORFs of each of the

peritrophins and CPAPs.

2.3.4. DNA and protein sequence analysis

After sequencing full-length or near full-length cDNAs of 7cPMPs and TcCPAPs, exon-
intron organization of each gene was determined by sequence comparisons to the corresponding
genomic sequences. Protein sequence analysis tools used in this study include those for open
reading frame (ORF), MW and pl predictions at the ExPASy Proteomics website
(http://us.expasy.org/). Domains in the protein sequences were identified via Conserved Domain
Searches at NCBI (www.ncbi.nlm.nih.gov/) and Scanprosite. Potential sites for O-glycosylation
were identified using searches at the NetOGlyc 3.1 server (www.cbs.dtu.dk/services/NetOGlyc/).
Signal peptide prediction was conducted using the SignalP 3.0 server
(www.cbs.dtu.dk/services/SignalP/). Multiple sequence alignments of proteins were carried out

using the ClustalW software at the PBIL website (http://npsa-pbil.ibcp.fr/cgi-
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bin/align_clustalw.pl) and Jalview software at the website (http://www.jalview.org/index.html).
Secondary structure prediction for the conserved ChtBD2 region was done by Jpred
(http://www.compbio.dundee.ac.uk/www-jpred/). Weblogos were constructed at

(http://weblogo.berkeley.edu/logo.cgi.); (Schneider and Stephens, 1990).

2.3.5. Phylogenetic analysis of ChtBD2-containing proteins in 7. castaneum

ClustalW software was used to perform multiple sequence alignments prior to
phylogenetic analysis. MEGA 4.0 software (Tamura et al., 2007) was used to construct the
consensus phylogenetic tree using the neighbor-joining method and a cut-off value of 50%
similarity. To evaluate the branch strength of the phylogenetic tree, a bootstrap analysis of 5000
replications was performed. The accession numbers of the genes encoding 7. castaneum

ChtBD2 containing proteins are listed in Table 2-1.

2.4. Results

2.4.1. Bioinformatics search of 7. castaneum genome databases

The initial search of the 7. castaneum genome identified 29 proteins with ChtBD2s. The
domains from these proteins were subsequently used in a second search to identify additional
proteins with ChtBD2s. This process was repeated until no additional protein sequences with
ChtBD2s could be identified. In the end, we identified a total of 49 putative 7. castaneum genes
capable of encoding 50 proteins (one gene codes for two proteins as a result of alternative
splicing) with one or more ChtBD2s. Of these, 11 are PMPs, 18 are CPAPs, 13 include the
chitinases and chitin deacetylases and 12 are classified as miscellaneous. The basis of these
groupings and their descriptions are given in section 2.4.5. Interestingly, our searches yielded
proteins with only the peritrophin-A type ChtBD2 that contains six cysteines, but not the
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peritrophin B or C domains (with eight and six cysteines respectively). The results of our
searches for ChtBD2s-containing proteins, including their predicted molecular weights and

number of ChtBD2s, are shown in (Table 2-1).

2.4.2. Exon-intron organization of genes encoding proteins with ChtBD2s

To confirm the amino acid sequences of proteins with ChtBD2s inferred by GLEAN or
NCBI gene predictions, I used RT-PCR to amplify the putative full-length coding sequence
(CDS) of each ¢cDNA. In many cases, I amplified a cDNA that precisely matched the predicted
CDS, confirming the GLEAN/NCBI gene models. However, we found errors in exon-intron
assignments in several of these genes. In some cases, the corrected annotations changed the
number of ChtBD2s initially indicated by the GLEAN and/or NCBI predictions (Figure 2-2) and
(Figure 2-3). The correct sequences of these cDNAs and the corresponding proteins have bseen

submitted to NCBI and shown in (Table 2-1).

2.4.2.1. Misannotated gene encoding ChtBD2-containing proteins in the BeetleBase

In the case of the peritrophin, 7cPMP5-B, comparison of the RT-PCR-derived cDNA
with the Glean prediction (Glean 08506) revealed a rare error in genome sequence assembly,
rather than the more common type of annotation error. The Glean annotation based on incorrect
assembly predicts a protein with seven ChtBD2s, two more than the five that are actually present
(Figure 2-2).

In the case of Glean 06098, I was unable to amplify the predicted 6.5 kb full-length
cDNA by RT-PCR. Instead, I have confirmed that this gene actually represents an incorrect
fusion of two tandem genes on the same strand, encoding related proteins, each with multiple

ChtBD2s. This conclusion is based on the following evidence: 3°-RACE detected the predicted
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polyadenylated products corresponding to the two genes, TcPMP9 and TcPMP14, listed in
(Table 2-1). I was unable to amplify a cDNA that bridged the two ORFs using several
combinations of forward and reverse primers in the two genes. We found a putative TATA box
between the polyadenylation site of the first gene and the apparent start codon of the second.
RT-PCR using a forward primer just downstream of this TATA box and a reverse primer in the
3’-UTR of the proposed TcPMP14 gene amplified a cDNA that encodes a signal peptide in the
first exon that is very similar in sequence to the signal peptide of TcPMP9. The second exon,
which follows a short intron of 50 bp, encodes 14 ChtBD2s. Thus, I conclude that there are two
tandem genes encoding these two PMPs with an intergenic region of less than 300 bp, which was
annotated as an intron in the Glean prediction (Figure 2-3 & Figure 2-12). The gene structure and
functional motifs of all ChtBD2-encoding 7. castaneum genes, omitting those that encode
chitinases or chitin deacetylases and a few others that lack a signal peptide, are shown in

Figure 2-4). Of the 50 proteins identified as having 1 or more ChtBD2s, 45 contained a
cleavable signal peptide at the N-terminus as analyzed by SignalP software. All except TcCHT7
(Zhu et al., 2008a) lacked trans-membrane domains, suggesting that they are secreted proteins.
This inference is consistent with their predicted function in forming complexes with the

extracellular polysaccharide chitin.
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Table 2-1 Genes encoding proteins with ChtBD2 domain in 7. castaneum.

GenelSplice | GeneBank | g, .Z'ﬁ:tﬁ No.of | ORF | MW |Noof | | ¢ po'!;::m Citations
ariant accession # (bp)* Exons*| (aa) | (kDa) | CBD (cM)
PMPA GU128096 03179 501 4 166 187 1 53 3 0.0
R PMPIB GU128097 " 15620 671 2 207 226 1 51 6 153
§ PMPIC GU128098 " 09231 2052 3 672 747 1 56 7 3.9
g PMP2A GU128099 03274 507 3 168 184 2 46 3 0.0
g PMPZB GU128100 03275 578 3 175 197 2 41 3 0.0
E PMP2C GU128101 09580 1096 2 9 1044 2 53 7 3.9
3 PMP3 GU128102 09232 1652 3 538 580 3 36 7 3.9
S PMPEA GU128103 03273 1119 6 372 410 5 42 3 0.0
§ PMPEB GU128104 08506 1560 6 519 792 5 40 4 555
$ PMPI GU128105 06098 2121 1 706 700 9 61 10 3.2
PMPE GU128106 06098 3920 2 1306 1470 14 44 10 32
CPAP3AT GU128092 11140 714 5 237 266 3 51 10 1538
CPAP3A2 GU128093 11141 711 5 23 264 3 51 10 1538
R CPAP3B EF125544 11139 948 5 279 320 3 53 10 158
§ CPAP3C5a EF125545 01169 1117 5 274 300 3 48 2 364 | Jasrapuriaetal. 2010
S| crapzcsp EF125546 01169 950 5 237 276 3 47 2 364
§ CPAP3DT GU128094 11142 687 3 228 2541 3 58 10 1538
§ CPAP3D2 EF125547 01350 807 4 255 288 3 56 2 490
§ CPAP3E GU128095 11349 744 3 247 269 3 45 10 158
9 CPAPTA GU128083 04733 987 5 328 377 1 84 1=X  30.1
i:” CPAP1B GU128084 00587 594 4 197 226 1 51 2 329
S CPAPT.C GU128085 00316 1287 2 428 415 1 49 2 412
E CPAP1.D GU128086 09263 377 3 14 126 1 58 7 3.9
S CPAP1E GU128087 09887 360 3 124 143 1 48 7 386
E CPAPTF GU128088 09893 375 3 M9 140 1 45 7 386
§ CPAP1-G GU128089 08877 1086 3 305 359 1 63 7 386
3 CPAP1H GU128090 09894 2472 5 823 955 1 79 7 386
cPAPT/ GU139459 " 12766 2448 4 748 873 1 92 9 590
cPAPTJ GU128091 11101 3948 4 1315 1464 1 74 10 253
CHT4 EF125543 09180 1519 7 4715 424 1 46 7 7.0 Zhu et al. 2008a
CHTE DQ659248 09624 1564 6 496 54.1 1 49 7 7.0 Zhu et al. 2008a
CHT5 AY675073 01770 1825 8 533 601 1 58 1=X 527 Zhu et al. 2008a
é CHTE EFA00965 03876 7110 16 2369 267.7 1 63 3  67.0 Mmmﬁiﬂﬁ::,dzoog
E CHT7 DQ659247 15481 3435 7 980 1109 1 70 6 25 Zhu et al. 2008a
R CHT10 DQ659250 12734 8254 15 2700 3054 5 61 9 528 Zhu et al. 2008a
§ CDA7 ABU2522 14100 1791 5 534 620 1 51 5 200 Dixit et al. 2009
$ CDA2A ABU25224 14101 1831 5 535 660 1 53 5 200 Dixit et al. 2009
§ CDA2B ABU25225 14101 1810 5 528 600 1 52 5 200 Dixit et al. 2009
R CDA3 ABW74145 05409 1580 5 517 590 1 61 8 503 Dixit et al. 2009
CDA4 ABW74146 07635 1628 7 4% 560 1 58 4 9.7 Dixit et al. 2009
CDASA ABW74147 06846 3694 15 1231 1290 1 86 U Dixit et al. 2009
CDA5B ABW74148 06846 3694 15 1231 1290 1 86 U Dixit et al. 2009

* Longest available cDNA

* Minumum no. of exons
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(67 nt) (both 584 nt)
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(351nt) (both 306 nt)
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500 bp

Figure 2-2 Schematic diagram showing mis-annotation of gene in 7cPMP5-B

Top box shows the genome assembly of TcPMPS5-B, the putative gene contains 8 exons shown as
E [1-8] and 7 introns shown as i [1-7]. Exon 2 and inton 7 are unique. However the sequences
of 417 nucleotides are identical in i2 and i3 with a single mismatch. Further, a stretch of 519
nucleotides between E2-E3 and E3-E4 is also identical with a single nucleotide mismatch. i2 and
i4 are identical and 51 nucleotide long, i5 and i6 have 8 mismatches and are 584 nucleotides
long. The cloned cDNA has 5 ChtBD2 and 6 exons.
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2101 |[CCRGECHGTGICTCGATG TN AGCAATCCG TTAAAAAGCA TTARTAARAG CTARATTAAA AGTCAATTTG AGTTTTTTTT ATTGGTTGAA TTGTGCAACG

2z01 ATGTTGCACC AABABACCCAE AGARABATGA TTTAATTTAC GATCGATTGG AATTGGGAAT GCTATCATAL ATAGATTAAT TACRATAAMAL GTCATATTTG
2301 AGTGAGCGTT AATCCCTCCA ATTGTTGATC GGAAAACGCG CGTTTCTATT TTTTATCTAA ACAATTTTAT TACTAGGGTT TATGCCGTGA TAACAACTAT

M
2401 ABRABGAGTAT CAGAGATGGG TTTTTGTTAA TCGTGGTTAG CCTTTTGTTA CTATAAGTGC AAAABRATTTG TAGTATAGTA ATAGAGAAAA CACCGTTm

.2 T 1 K R N F I T L W L [ =4 F I L X Q A G N Y F F
2501 ACCATCAAAC GTAATTTTAT TACGTTGGTC TTGTGTTTCA TTCTTTATCA AGCAGGTAAT TATTTTTTTCl yEuwyes i i il yor wwicyyel b gy ¥ V.8 5.4 . Toy yel
3 & 1 v P 1 = i E C P K T [n} = L [} Y T v H L Q H E S

2601 GGATTGAATG TAGARAGCTGG TGATAAGGAAR ATATGGCCAA TACCGACCGA GTGCCCTAARA ACCGATCCAC TGGATTACAC TGTTCATCTC CAGCACGAAT

3 ‘S D [ T K i ¥ K [} D H G G K v L I D c P A E L H F N P b4 L Q v c D Ww-

Figure 2-3 Gene organization and deduced amino acid sequence showing the intergenic region between 7cPMP9 and TcPMP14

TePMP9 and TcPMP14 are separated by a 331 base- pair intergenic region. TcPMP9 lacks introns and TcPMP14 has a 52 base-pair
intron (shaded in yellow). The nucleotide sequence of the intergenic region is also shown. The red shaded codon is the stop codon for

PMP 9 and the blue shaded region is the ORF of the first exon of TcPMP14 starting at ATG. The exon splice junction for TcPMP14 is
marked in orange starting at GT and ending at AG
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Figure 2-4 Schematic diagram of the exon—intron-domain organizations of 7. castaneum
genes encoding ChtBD2-containing proteins.

Yellow boxes represent the longest cDNA for the particular gene that has been cloned. Red solid
box indicates signal peptide and green, light blue and dark blue boxes indicate the ChtBD2s
typical of PMP, CPAP3 and CPAPI families of proteins. The lines connecting boxes represent

linker or other protein sequences. Each vertical line represents the splice junction with the
introns removed. The two alternative forms of exon 5 in CPAP3-C are indicated as the two

vellow boxes labeled C5a and C5b.

2.4.3. Clustering of PMP family and CPAP family of genes in the 7. castaneum
genome

As mentioned earlier in section 2.4.2, the two genes, PMP9 and PMP14 are arranged in
tandem in linkage group 10 in the 7. castaneum genome and their ORFs are separated by only
331 base pairs (Figure 2-3; Figure 2-12). There are two other clusters of PMP genes in the T.
castaneum genome. TcPMPI-B and TcPMP3 are located on linkage group 7 within a stretch of
only 977 bp. Furthermore, TcPMP2-A and TcPMP5-A are in linkage group 3 within a stretch of
1,575 bp (Figure 2-5). These genes may be a result of relatively recent gene duplications. Four
of the CPAP genes, TcCPAP3-A1, TcCPAP3-A2, TcCPAP3-B and TcCPAP3-DI are tightly
clustered within a 26 kbp region of linkage group 10 at map position 15.8 cM, while a fifth
gene, TcCPAP3-E, is ~190 kb away at the same map position. The other two genes TcCPAP3-
C and TcCPAP3-D2 are in linkage group 2 at map positions 36.4 cM and 49 cM, indicating that

they are widely separated on the same chromosome.
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Figure 2-5 Schematic diagram showing linkage in PMP family and CPAP family of genes.

Each chromosome is represented as vertical line, namely LG3, LG7 and LG10

LG= Linkage Group, cM= centimorgan. The numbers represents the distance in cM. Genes
PMPI-A, PMP2-A, PMP2-B and PMP5-A are clustered on LG 3 at 0 cM. On LG7, PMPI-C,
PMP2-C, PMP3, CPAPI-D are clustered at 3.9 cM and CPAP1-e, CPAPI-F, CPAPI-G and
CPAPI-H are clustered at 38.6 cM. PMP9 and PMP14 are arranged in tandem in linkage group
10 at 3.2 ¢cM and CPAP3-A1, CPAP3-A2, CPAP3-B and CPAP3-DI are clustered at 15.8 cM on
LG 10.
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2.4.4. Presence of CPAP family of proteins in different groups of arthropods

The CPAP3 family of proteins is highly conserved through different insect orders,
including Diptera, Coleoptera, Hymenoptera, Hemiptera, Phithiraptera and Lepidoptera. It is also
found in the subphyla Crustacea and Chelicerata. Like 7. castaneum, other insect species have
additional paralogs of the TcCPAP3-A genes. A. gambiae has three paralogs of this gene, and N.
vitripennis and A. pisum each have two (data not shown). Similarly, two paralogs of TcCPAP3-
D genes are found in several species including 4. aegypti, A. gambiae, C. quinquefasciatus, N.
vitripennis and A. pisum (data not shown). Regarding the CPAP1 subgroup, there are orthologs
in D. melanogaster for TcCPAP1-B, TcCPAP1-C, TcCPAP1-D, TcCPAP1-G and TcCPAPI-H.
The latter contains a mucin domain and is very rich in serine residues. However, there is nothing
known about the nature or functions of these proteins. None of the members of the family of
CPAP1 proteins of 7. castaneum have sequence similarities with one another other than in the

ChtBD?2 region (Table 2-2).
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Table 2-2 Identification of orthologs of TcCPAP proteins in arthropods

Phylum : Arthropoda

Sub-phylum : Hexapoda

Class : Insecta

Accession . X X X i

CPAPs No Diptera Coleoptera Hymenoptera | Hemiptera | Phthiraptera Lepidoptera Crustacea | Chelicerata | Nematodes
CPAP3-Al ACY95475 + + + + + id + - -
CPAP3-A2 ACY95476 + + + + + id + - -
CPAP3-B ABL73928 + + + - id - + - -
CPAP3-C ABL73929 + + + + + - + - -
CPAP3-D1 ACY95477 + + + - + - - - -
CPAP3-D2 ABL73931 + + + + + id + + -
CPAP3-E ACY95478 + + + + + id + - -
CPAP1-A ACY95466 - + + + - - - - -
CPAP1-B ACY95467 + + + - - id - - -
CPAP1-C ACY95468 + + - - - - - - -
CPAP1-D ACY95469 + + + - id - - - -
CPAPI-E ACY95470 N + - = id = + - -
CPAP1-F ACY95471 N + + - - - - - -
CPAP1-G ACY95472 + + + = id id - - -
CPAP1-H ACY95473 + + - - id - - - -
CPAP1-1 ACZ04319 - + - - id id - - -
CPAP1-J ACY95474 - + = - id id - - -

id: insufficient data; “+” if overall similarity had e-values greater than (> €°) ; “-* if overall similarity had e-values less than
(<e??). Representative members for different insect orders, sub-phylum and phylum: Diptera- Drosophila, Culex, Anopheles, Aedes,
Glossina, Saptomyza, Lutzomiya, Culicoides, Lepidoptera- Choristeneura, Bombyx, Spodoptera, Loxostege, Tenebrio, Mamestra,
Helicoverpa, Plutella; Coleoptera- Tribolium, Holotrichia, Popillia, Tenebrio; Hymenoptera-Harpegnathus, Nasonia, Solenopsis,
Apis, Camponotus; Hemiptera-Pisum,; Phithiraptera- Pediculus,; Crustacea-Daphnia, Artemia, Lepeophtheirus, Caligus, Rimicaris,
Chelicerata- Ixodes; Nematoda- Ascaris, Caenorhabditis.
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2.4.5. Classification of proteins containing one or more ChtBD2s into families

I attempted to align the amino acid sequences of ChtBD2s from these 50 7. castaneum
proteins with one another and with the ChtBD2s of well-characterized insect peritrophins.
During this process, it became clear that one subgroup of 11 7. castaneum proteins is highly
related to L. cuprina and T. ni peritrophins with ChtBD2s closely matching Tellam’s consensus
sequence for PM-associated peritrophin-A domains (Tellam et al., 1999); (Wang et al., 2004).
These proteins were therefore tentatively classified as Peritrophic Membrane Proteins (PMPs) or
“peritrophins”. It should be emphasized that, at present, we lack definitive proof that these
proteins are associated with the peritrophic matrix. The number of ChtBD2s in this group of
proteins ranges from one to 14, and the lengths of the individual domains range from 52 to 56
amino acids when counting from the first-to-sixth cysteine. The spacings between adjacent
cysteines are in general accordance with the Tellam consensus for peritrophin-A domains
(Tellam et al., 1999). In proteins with multiple ChtBD2s, the sequences of the individual
ChtBD2s were found to be highly similar. This is especially true of TcPMP5-B, TcPMP9 and
TcPMP14 with five, nine and 14 ChtBD2s repeats, respectively.

Of the remaining 39 proteins with ChtBD2s, 18 form a large, group (consisting of
two families), which I have named “Cuticular Proteins Analogous to Peritrophins” (CPAPs)
because of their apparent lack of a function in PM organization and presumed cuticular
localization (explained in detail in CHAPTER 3). Within this large group, there are eight
proteins containing three CBDs each, which are 54 to 56 amino acids long. I have named this
subgroup as CPAP3 family to indicate that each family member has three ChtBD2s. All of these

proteins also have a remarkably similar domain organization (Figure 2-4). Two proteins,
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TcCPAP-C5a and TcCPAP-C5b, arise from alternative splicing of the fifth (i.e. the last) exon
from a pre-mRNA, which results in proteins with different C-terminal sequences but with a
common, ChtBD2-containing N-terminal portion. These proteins are homologs of members of
the family of D. melanogaster proteins collectively known as “gasps” or “obstructors” all of
which have three ChtBD2s (Barry et al., 1999; Behr and Hoch, 2005). I have named the
individual 7. castaneum orthologs of this family to reflect their orthology to the corresponding
D. melanogaster proteins as well as the number of encoded ChtBD2s (e.g. 7. castaneum CPAP3-
B is the ortholog of D. melanogaster Obst-B and has three ChtBD2s). There are five fewer
CPAP3 orthologs in 7. castaneum than in D. melanogaster (Behr and Hoch, 2005). Each
member of the CPAP3 family is conserved in different insect species, and has signature sequence
by which one can distinguish a CPAP3-Al from a CPAP3-C and so on. Multiple sequence
alignments of each of the three ChtBD2 of different species of insects and crustaceans are shown
in Figure 2-6; Figure 2-7; Figure 2-8.

The remaining 10 7. castaneum proteins in the CPAP group contain a single ChtBD2 at
either the N-terminus or the C-terminus, and are therefore given the family name CPAPI.
Notably, they show much greater conservation of the sequences not only between cysteines but
also in the flanking sequences on either side of the ChtBD2 compared to the other CPAP group
or the PMP group (Figure 2-9). In addition to the 11 PMPs and 18 CPAPs listed in Table 2-1, we
previously characterized six chitinases and seven chitin deacetylases, all of which contain one or
more ChtBD2s (Dixit et al., 2008; Zhu et al., 2008a). Apart from these, I have also identified ten
proteins with ChtBD2s represented by Glean 02107, 02058, 09553, 11724, 00588, 15245,
05468, 05469 and 13568. The Glean 13568 lacks a predicted signal peptide.  Another

Glean 12551 represents a very large protein with a predicted molecular weight of of 437.7 kDa,
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which has a signal peptide, five von Willebrandt factor type D domains and five interspersed
ChtBD2s. This protein is an ortholog of a D. melanogaster hemolectin, a hemolymph protein
involved in blood clotting and immunity (Goto et al., 2001). Glean 09553, which has a signal
peptide, lacks the consensus spacing between the cysteines in two out of the three ChtBD2s. This
gene is expressed only in the adult stage but is not expressed in elytra (modified forewings),
hindwings or gut (discussed in section 2.4.10.2). These seven proteins most likely have roles
other than interactions with chitin in the gut, tracheae or cuticle. Therefore, I have not included
these proteins in our analyses. Glean 15245, which has a signal peptide and encodes a protein
with multiple ChtBD2s, is in a region where there is a 4 kb gap in the genome assembly and is
not analyzed in this chapter because of incomplete annotation. This gene and the encoded
protein will be discussed in section 2.4.10.1. These genes have been included in the
miscellaneous category, as based on available data, none of them is suitable for inclusion in the

aforementioned families of PMP and CPAPs (Table B-3).
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Figure 2-6 Multiple sequence alignment of 1 ChtBD2 of CPAP3 family.

Amino acid sequence alignment of the ChtBD2 (1st ChtBD2 domains of the CPAP3 family of
proteins from Drosophila melanogaster (Dm), Anopheles gambiae (Ag), Acyrthosiphon pisum
(Ap), Aedes aegypti (Aa), Apis mellifera (Am), Culex. quinquefasciatus (Cq), Nasonia vitripennis
(Nv), Pediculus humanus corporis(Pc), Tribolium castaneum (Tc), Bombyx mori (Bm),
Choristoneura fumiferana (Cf) and the chelicerate, Daphnia pulex (Dp). Each member of the
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CPAP3 family is represented by a black box. Shaded in dark blue are the highly conserved

residues. The less conserved amino acids are shown in various shades of blue
10 20 30 40 50 60

1 ' ' 1 ' ' 1 '
PDDSHRKD

VNGVPHELPEPP IYDDTAST

TcCPAP3-A2/1-69 GBIPRANBIYYRHSDPLABD - KFF N Al KNAKRDKLDDGF -
Ap-A2/1-68 GEBPRANGYYRHWDEGVED - KFVNEBVDGNANEMPEPP VYDDSTSSEBAWATDSKRQ-BTTTKRDALTDGF - A2
Nv-A2/1-68 DEBPRANGYFKHEDPLNED - KFVNBIDGVASVMPEPP VYEEKKSSEBVWAADATRT-BSDTNRETLDDGF -
Dp-A1/1-67 E IFENADPSQEH - IDGQPKHNV HFNDASGVEBTWEAAAGRTGEBVREEFL- -EDGF -
Pc-Aa/1-65 H YFAHEDAGTEBD - VDG KFNMI VYNEKTG SWPDEAKKKGEBISSQDVF - - - -QF -
Ap-B/1-65 H D- T SSQDVF - - - - NF -
TcCPAP3-B/1-65 H D- S SSEEVF----QF -
Cq-B8/1-64 N D- T TSEDVF----SF-
Ag-B/1-64 H D- T SSEDVF----KF- B
Dm ObstB/1-65 H D- G KSEDVF - - - -DF -
Nv-B/1-65 H N - T GSRELF - - - -NF-
Am-B/1-65 H N - N GSRELF - - - -NF -
Dp-8/1-65 N D - S QSKDVV.- - - -AF -
Aa-577/1-69 - FFSHPDPAIEGN - i ATNAYKKLSDGFE
Ag-988/1-68 - FFSHPDPS I @N - INGEELEMS \4 GSNANKKLNDGF -
Cq-A2/1-69 - FFSHPDPAIEGN - INGEELEMN A GSNSNKKLSDGFM
Aa-917/1-70 A FFAHPDSS | @N - VNGRELEMT V GSNANKKLADGFQ
Ag-987/1-69 V FFPHPDSS | @N - INGRELEMT V GSNANKKLNDGF -
Ag-98%/1-69 L FFAHPDPAVEN - IEGEANEIT \ NPGANKKLKDGF - A1
Aa-245/1-69 L FFAHPDPAVEN - IEGEANEIT \4 NPGANKKLKDGF -
Cq-A1/1-69 L FFAHPDAAVEN - IEGEANEIT \ NPGTNKKLKDGF -
TcCPAP3-A1/1-70 F FFAHPDPAVEN - IEGEHTEIT \4 NKDVTNKLKDGFE
Pc-Ab/1-68 L YFAHPDESVEN - IEGEATE I V| i GN- KEAKLKDGF -
Ap-A1/1-69 L YFAHPDEKVEN - IEGDGTE |V A NESDDMKLKDGF -
Am-A/1-68 K FFAHPDASVEN - IDGEAIEIT vV GV-VDKKLKDGF -
Dm ObstA/1-68 Y N - | Vi NP-EQRTSETGF -
Cqg-C/1-62 H IFA--DGAKED - RNEEVA- - - NGF -
Ag-G/1-61 H IFA- - D- KN-EVA- - -NGF -
Aa-C/1-62 H IFA- -DPAKJED - KNEEVA- - - NGF -
Am-C/1-62 H IFP--DEKKED - KNEEVA- - -GGF -
TeCPAP3-G/1-62 H IFA--DESK@ED - KNEEVA- - -GGF - C
Dm ObstC/1-62 H IFP--DENKJ@D - KNEEVA- - - NGF -
Bm-G/1-62 H IFP--DENK@ED - KNEEVA- - - NGF -
Cfgasp/1-62 H IFP--DEQK@D - KNEEVA- - - NGF -
Pe-G/1-62 H IFS--DEKK@D - KVEEVA- - -GGF -
Ap-C/1-62 H |FP- - KIDEVA- - -NGF -
Cg-D1/1-63 A IYP--DSHT Q NPEAVI - - - -GF -
Aa-D1/1-63 G IYP--DSHS Q NPDAVV- - - -GF -
Dm ObstDV1-63 Al LYA--VSKD N NPEAVV - - - -GF -
TcCPAP3-D1/1-63 G IYE- - ESHG NWPDLKLE-VEBINPEAVV- - - -GF - D1
Nv-D1/1-63 G VBMPDQLIP-YEBNPEAVV- - - -GF -
Am-DV1-63 G VMPDQLLP-YBINPEEIV----GF -
Pc-484/1-63 G NWPDMLLE - KBINPEEI | - - - -GF -
Pc-482/1-63 G NWPDLLLD- KBINPEAVV - - - -GF -
Ap-D1/1-64 G NWPDELVDVGEBINPADI | - - - -GF -
TcCPAP3-E/1-83 E DWPDQV- - ATRIDAEAFL- - - -GF -
DmObstE1/1-63 E DWPDQV- - EDBIDAEAFL- - - -GF -
Nv-E/1-64 D DWPDQV- - PDEBIDAEAFL----GFT
Am-E/1-64 D DWPDQV- - TDBIDVEAFL----GFV
Cq-£/1-63 D DWPDLV- -EDBDEEAYL- - - -GF - E
Aa-E/1-63 D DWPDLV- - EEBDAAAYL- - - -GF -
Ag-£/1-63 D DWPDLV- -EDBIDAEAYL- - - -GF -
Pe-E/1-63 E DWPDQV- - ASBIDAEGYL- - - -GF -
Dp-£/1-63 N EWPDQV- - PTEINVEAFL - - - -GF -
TcCPAP3-D2/1-57 H IFG- -HETS - NGTATEQL LYNERTHSEBDWPENY - - DGBQKHP - - - - - - - - .
Pc-D2/1-57 H IFG--HETS NGTATEQL LYNENTHSE@DWPENV- - DGEBQKHP - - - - - - - -«
Aa-D2/1-57 H IFG- -HETS NGTATEQL LYNENAHSEBDWPENV- -DGEBQKHP - - - - - - - - -
Cq-D2/1-57 H IFG--HETS NGTATEQL LYNENAHSEDWPENVY - - EGEBQKHP - - - - - - - -« D2
Ap-D2/1-57 H IFG--HETS NSTATEQL LYNEKTHSE@DWPENV- - EGEBQKHP - - - - - - - - -
Nv-D2/1-57 H IFG- -HETS NGTATEQL LYNERARSEBIDWPENY - - EGEBQKHP - - - - - - - - .
Dp-D2/1-57 P IFG- -HESS NSTATEQF LYNEEKHAGDWPEAV - - EGEBQKHP - - - - - - - -«
Consensus

HCPRQNG IFAHPDEASCDTVFYNCWNGEANEITCPPGLAYDEKTGTCDWPDQVGRPGCN+ EAVAKLKDGFE

Figure 2-7 Multiple sequence alignment of 2"* ChtBD2 of CPAP3 family.

Amino acid sequence alignment of the ChtBD2 (2nd ChtBDZ2) domains of the CPAP3 family of
proteins from Drosophila melanogaster (Dm), Anopheles gambiae (Ag), Acyrthosiphon pisum
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(Ap), Aedes aegypti (Aa), Apis mellifera (Am), Culex quinquefasciatus (Cq), Nasonia vitripennis
(Nv), Pediculus humanus corporis(Pc), Tribolium castaneum (Tc), Bombyx mori (Bm),
Choristoneura fumiferana (Cf) and the crustacea, Daphnia pulex (Dp). Each member of the
CPAP3 family is separated by a black line. Shaded in dark blue are the highly conserved
residues including cysteines. The less conserved amino acids are shown in various shades of
blue.

110 20 30 40 5|0 60 70 80

' ' i '
PAKP-PTG- AAARFWPFPRFPVPGD
Am-DV1-70 KEBPHKV-PSHSAAAKFWPYPRFPVPGD
TcCPAP3-D1/1-71 PTKV-PSNSPAAKFWPYPRFAVPGD
Aa-577/1-77 - -DKNGLTILHPNYPHPTD
Cq-A2/1-77 - -DKNGQ I ITHPNYPHPSD

Nv-D1/1-65 K

Aa-917/1-78 -
Ag-987/1-79 Q

Cq-A1/1-77 T

Ag-245/1-77 T

DmObstA/1-78 V| -

TeCPAP3-A1/1-81 - EDWYKDEP - - APAKPAKKV -
Pc-Ab/1-85 EDWYKDDPDVQRAKQDEKLR
Am-A/1-76 EDWYKDD - - - - - - - - DKKP
Ap-A1/1-85 ENWYKDDPQVQQQQQNKNKK
TeCPAP3-A2/1-79 EDYYEKAE- - - - - - KSKTKK
Ap-A2/1-79 ENYYENED- - - - - - EKKGGK A2
Nv-A2/1-73 EDYY.- ... ... ..... KG KN
Cq-8/1-81 ADWYKDRLTDKQLEELENPP
Ag-8/1-81 ADWYKDRLTDKQLEELENPP
TeCPAP3-8/1-81 ADWYKGRLTDEQLKELENPP
Nv-8/1-81 KEWYKGVLTDAELDALENPP B
Am-8/1-81 KDWYKGQLTDEELDALENPP
DmObst8/1-81 ADWYKDRLTDKELDELENPK
Pc-Aa/1-81 KDWYKG | I TDEELEALEHPK

ADWYRGVLTDEELYNLENPK
EDYYGDLDLKS IRKSELLAG
EDYYGDLDLKS IRKSELLAG
EDYYGDVDLKALKKLGF - - -
EDYYGDVDLKALKKLGF--- C

4 x 0D FEZA 440 p 0P elnam A4 4m—olnd44moe

Cfgasp/1-82

Bm-C/1-85 EDYYGELDLKAIRKSELLAG
TcCPAP3-C/1-85 EDYYGDLDLKSIRKSELLAG
Am-C/1-86 EDYYGDLDLKSIRKSELLAG
Pec-C/1-85 EDYYGDLDLKTIRKSELLAG
Ap-C/1-86 EDYYGDLDLKAIRKSELLSG
Do-E/1-74 e

Cq-E/1-61

Aa-E/1-61

Ag-E/1-61 E
TcCPAP3-E/1-78

Nv-E/1-70

R

L

L

L DVPTTPASLDGDLPDNRNEQ

L EVPTTPAPSPDD - - - - - - - - D2
TeCPAP3-D2/1-70 L DVPSTIPPPPPEEDDDS- - -
Pe-D2/1-66 L DVPTTLPPPPEEE- - - - - - -
Dp-D2/1-73 L EAPPPPPPEDDPNAPAGPAF

Consensus

TCPKDGPKT-D++GQA+ THPRYAHPDDCQKYYICLNGVTPRLQGCPAGQVFNIGDAEE+GRCDDPENVPGCEDWYKDL+LDA+LKSEKNP+
Figure 2-8 Multiple sequence alignment of 3" ChtBD2 of CPAP3 family.

Amino acid sequence alignment of the ChtBD2 (3rd ChtBD2) domains of the CPAP3 family of
proteins from Drosophila melanogaster (Dm), Anopheles gambiae (Ag), Acyrthosiphon pisum
(Ap), Aedes aegypti (Aa), Apis mellifera (Am), Culex quinquefasciatus (Cq), Nasonia vitripennis
(Nv), Pediculus humanus corporis(Pc), Tribolium castaneum (Tc), Bombyx mori (Bm),
Choristoneura fumiferana (Cf) and crustcea Daphnia pulex (Dp). Each member of the CPAP3
family is represented by a black box. Shaded in dark blue are the cysteines. The less conserved
amino acids are shown in various shades of blue

53



EG/6649%1-68
XP_002427953/1-68
XP_001809190/1-68
XP_001648775/1-68
XP_001953230/1-69
XP_002070818/1-69
XP_00209667%1-69
ACY95466/1-74
TcCPAP1-A/1-74
NFP_00116189%1-74
XP_002432783/1-74
XP_001864593/1-74
XP_001651161/1-74
EFR20404/1-74
XP_321953/1-74
XP_00200798%1-74
XP_002047293/1-74
XP_002024850/1-74
XP_002068114/1-74
XP_001984178/1-74
XP_002084275/1-74
XP_002029887/1-74
NP_729504/1-74
XP_001972181/1-74
XP_002093296/1-74
XP_001956305/1-74
EGIe8437/1-74
EFN79354/1-74
XP_001122348/1-74
XP_001603626/1-74
BAH71395/1-74
XP_003245024/1-74
EFN79506/1-70
EFN71381/1-70
EFZ17703/1-89
EFX6961%/1-69
XP_002434102/1-67
XP_001986583/1-72
XP_002050437/1-72
XP_002005041/1-72
XP_001974615/1-72
NP_8611292/1-72
NP_725747/1-72
XP_002034387/1-72
XP_002082025/1-72
XP_00201634%1-72
XP_002138424/1-72
XP_0020866220/1-72
XP_001960113/1-72
EFR20523/1-72
XP_001841755/1-72
EFX89837/1-70
EFX89836/1-69
EFX79931/1-74
EFX76357/1-73
XP_003242385/1-65
XP_001599617/1-70
EFN79353/1-82
NP_001161901/1-68
TcCPAP 1-1/1-68
XP_00135974%1-68
XP_002019497/1-68
ACN94700/1-68
XP_00207081%/1-68
NP_00109769%1-68
EFN71383/1-68
EFZ17788/1-68
EFN79508/1-68
EGles500/1-68
XP_395554/1-68
XP_001604297/1-68
XP_001942936/1-69
XP_001979626/1-70
XP_002102930/1-70
XP_002038212/1-70
NP_850734/1-70
XP_002096211/1-70
ABJ16987/1-70
XP_001663318/1-70
XP_00199021%/1-70
XP_001998961/1-70
XP_002056227/1-70
XP_001997366/1-70
XP_002073535/1-70
XP_001358530/1-70
XP_002013846/1-70
XP_001954100/1-70
XP_001862964/1-70
XP_310217/1-70
EFR28957/1-70
XP_394817/1-70
XP_003249744/1-70
XP_001602012/1-70
EG/66405/1-70
EFNB3917/1-70
EFNB180Y1-70
TcCPAP 1-8/1-69
XP_001951383/1-70
EFX79823/1-69
XP_002401342/1-70
TcCPAP1-F/1-70
TcCPAP1-E/1-70
TcCPRAP1-LV1-64
TcCPAP1-¥1-74
TcCPAP1-H/3-70
TcCPAP1-C/1-69
TcCPAP1-G/3-T1
Consensus

s
s
s
s
N
N
N
s
s
S
N
s
s
S
s
Q
Q
Q
Q
H
H
H
H
H
H
G
s
S
s
s
s
s
R
R
Q
Al
S
S
s
s
s
S
s
s
s
S
S
s
s
Al
s
K]
s
s
T
N
s
R
T
T
S
s
s
s
s
s
s
s
s
S
s
D
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
Q
N
N
N
N
D
D
N

[
-
(2}

‘
-GT
-E
| - D

H-c

S- K

.“
4
COFENVTNMOIDFTTIL L L L L L LLLLILLL<LILLLLILLLLLLLLOVVOVDODOODDOOVNZZVAPAFTNZIFTNVCCLCLCCCCLKCCIFCCOITPMMZIZIOOVONDOOONDODOONDOVDONVITIOVNONVMNVWOOOONDD-

1|D

DAQQF -

EQQQY -

paaaQy -

KQaPrPy -

SQQAL -

SQQAL -

[AQQPL - P
KHVPAHP
KHVPAHP
KHVPAHP
RSVPAVP
SHVPAIP
SHVPAIP
GNVPAIP
GNVPAIP
HNVPAVP
HNVPAVP
HNVPAVP
HNVPAVP
HDVPAVP
HNVPATP
HNVPATP
HNVPATP
HNVPATP
HNVPATP
HNVPATP
AHVPVVP
AHVPVIP
AHVPFVP
ARVPAVP
KDVPYAP
KDVPYAP
EQQQY-P
EQQPH -
EWR - Y -
NPNK- -
NEKQF -
KGRHE -
RGRHE -
RGRHE -
KGRHE -
KGRHE -
KGRHE -
KGRHE -
KGRHE -
KGRHE -
KGRHE -
QGRHE -
RGRHE -
ENRPH -
QGRHD -
NDQPT -
NGRKD -
AGQRN -
DDKID -
GRPGR -
AGKTP -
SERR- -
RNVDS -
RNVDS -
RSFGN -
RSFGN -
RSFGN -
RSYGN -
RSYGN -
RGLRG -
RGLRG -
RGLRG -
RGLRG -
RGLKG -
RGQKG -
KKVKK -
DEQEY -
DEQEY -
DEQEY -
DEQEY -
DEQEY -
DEQEY -
DEQEY -
DEQSY -
DEQSY -
DEQSY -
DEQSY -
DEQEY -
DEQEY -
DEQEY -
DEQEY -
DEQDY -
DEQEY -
DEQDY -
DDQPY -
DDQPY -
DDQPY -
DDQSF -
DDQSF -
DDQSF -
DEQPY -
DDQPY -
RGRT - -
GEQAY -
DQRL - -
TNRAI -
LGRN- -
RDKIL -
DGLHD -
EGRTT -
DGKNT -

P
P
P
P

S T T T T T T T T T T T T I

@ 0

PP PHP P
000D OD

QORI

REGEQGAS
REGEQGAS
REGEQGAS
REGHQGAS
REGDQGAS
REGDQGAS
REGHQGAS
REGHQGAS
REGHQGAS
REGHQGAS
REGHQGAK]
REGHQGAS
REGHQGAS
REGEQGAK]
REGEQGAK]
REGDQGAK]
REGDQGAK]
REGDQGAK]
REGHQGAS
REGHQGAS
REGDQGAS
REGHQGAS
REGDQGAT
REGHQGAS
REGHQGAS
-QRGGRKD S|
-QHGGRKDS
-QRGGQKDS
-QIDGRHDS
PNLGARHS
AHT - ARSAQGFG
-ARSAQGFG
-ARSAQGFG
-ARSPQGFG
AHT - ARSPQGFG

AHT - ARSPQGFG
-ARSPQGFG
-ARSPQGFG

DASGRGF A
DESGNGF A

PDAEP | KAS
TAVPNEKSVKNS
-HYNGFKET

o
(=]

7‘0
NSAPSL
STAPEF
NSAPSL

VSAPSL

ISAPNL
VSAPSL
HEAPNL
HEAPNL
HEAPNL
QEAPHF
EESPSL
EEAPAL
EEAPSY]
EEAPSY)]
EEAISL
EEAISL
EEAISL
EEALSL
EEATSL
EEATHF
EEATHF
EEATHF
EEATHF
EEATNF
EEATNF
ADAPSL
ADAPSL
ADAPTL
GDAPRL
SKATYY]
SKATYY]
SRAPSF
SRAQSF
SRAQSF
SAAPSL

DQSERY)]
DQSERY)]
DQSEQY]
DDSEKY)]
DDSEKY]
DDSEKY)]
DDSERY)]
DDSERY)]
DDSERY)]
DDSERY)]
DESEQY]
DESERF
ESSADF
GESERY
AASKDF
ASSANY

ZZOUZZNVOUWNONWNVWWNZWNWZZZZZZZZZZZZZZZZZZZZ2ZZ22Z22222Z00ODWNOIII

GQENRR -
TDSPNF
TDSPNF
LGSSGY]
LGSSGY]
LGSSGY]
LGSSGY]
LGSSGY]
SKSTEL
SKSTEL
SKSTEL
SKSTEL
SKSTEL
SKSAEL
ERSVEL
DLSPRL
DLSPRL
DLSPRL
DLSPRL
DLSPRL
DLSPRL
DLSPRL
DLSPRL
DLSPRL
DLSPRL
DLSPRL
DLSPRL
DLSPRL
DLSPRL
DLSPRL
DLSPRL
DLSPRL
DLSPRL
ELSPKL
ELSPKL
ELSPKL
ELSPKL
ELSPKL
ELSPKL
DLSSKL
DLSKEL
AATREH

GSP- - - -

AFPPrN-—-—=——0D0D0RNRNONDRDONDONDONDRDODRDRNDRNDRDODONDONDODRDRDRDRDPDD—-=-=-=—=—————————=p V=== =FFFFCFFFCFFF=FFFF = == === === == = == === == == === =~

INDODUOZZZZVNOWNLLWNONVDONDONDNDNDNDDNDOYWNDONOWDINDODODODODODODODODODODNDD

ASAPGLF EK

ATSPQFFDL
ATSSSFFSL
LNARSPLN -
EcaPkLMAaL

DDSPNFFHL
AeTPsv‘LlIel
SEAPKWMF L
pasTLYMss
VNS KKYWHR

sksvooMTA
EKSSQFHFVHND

YL
S|
G |

MToPmMOmMoPbPmMmMmMMMZD DI "TMMMMA—A-r<OMBPPEBPEEPEELBPEEEBBLIIF DD Db+

B

EESA
EESA
AESS
AESS
AESS
AESA
AESA
EQSA
EQSA

Yl

o o
rozrmm®»am: OOUOVOOEPEPPEEPEPEEEBEEEEEDED D

T-SFSCDGAQPYVPGYYADV-ETRCQAFHICHDGPDEDGRGASFLCPNGTIFSQKEFVCDWWFNVD-CDLSPRLYA+NA

54



Figure 2-9 Multiple sequence alignment of ChtBD2 of CPAP1 family.
Amino acid sequence alignment of the ChtBD2 of the CPAPI family of proteins from different
insect species. Shaded in dark blue are the highly conserved residues including cysteines. The

less conserved amino acids are shown in various shades of blue. The accession numbers for each
of these proteins is described in Table B-2.

2.4.5.1. Conserved consensus for ChtBD2

According to (Tellam et al, 1999) the consensus for six- cysteine-containing
“peritrophin-A domains” is CX;320CXs5.6CX9.19CX10.14C-X4.14C where X is any amino acid
except cysteine. This consensus was derived from the limited sequence data available at that
time. Since then several insect genomes have been fully sequenced and additional sequence
information on insect proteins with ChtBD2 domains has become available. I have aligned
multiple amino acid sequences of the ChtBD2 domains of members belonging to each of the
PMP, CPAP3 and CPAPI families from a large number of insects belonging to different insect
orders and some arthropods,. During this process, it was discovered that in these proteins there
are conserved amino acid residues even in the regions flanking the 6-cysteine-containing
ChtBD2 domains. Furthermore, there are additional conserved amino acids even between the
cysteines of the ChtBD2 domains, which are characteristic of each family and even for
subfamilies of the CPAP3 proteins. These results are presented as weblogos in Figures 2-2
through 2-9. As indicated by the weblogo analysis of PMPs from large number of species, there
is less conservation of amino acid sequences within the ChtBD2 domains of the PMPs compared
to those from subfamiliesCPAP3 or CPAPI1 families. This is particularly true of the sequence
between the first and second conserved cysteine in the ChtBD2. In addition the distance between

the two cysteines is also highly variable in he PMP family. The exception is the lack of variation
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in the spacing between the second and third cysteines in the second ChtBD2 domain in CPAP3
family.

In the eight subfamilies of CPAP3 (CPAP3-A through CPAP3-E) proteins, the third
ChtBD2 has the greatest variation in sequence and in spacing between cysteines. The spacings
between the first and second cysteines as well as the spacing between the fourth and fifth
cysteines are greater than those in PMPs, but the spacing between the third and fourth cysteines
is shorter (Figure 2-10), This family shows no variation in the number of amino acids between
the second and third cysteines as well as between the fourth and fifth cysteines (Figure 2-10).
The most noticeable fact is that not only is the ChtBD2 domain conserved but the flanking
sequences are also conserved.

Among the three families, in the CPAP1 family the sequences are highly conserved.
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Figure 2-10 Conserved amino acid residues of ChtBD2s of each of the PMP, CPAP3 and CPAP1 families of proteins across
arthropods shown as weblogo.

The multiple sequence alignment of ChtBDZ2s for each of these ChtBD2-containing proteins was carried out using the ClustalW
software from PBIL Expasy tool as shown in (Figure 2-6, Figure 2-7,Figure 2-8,Figure 2-9). The X-axis shows the position of
occurrence of a particular residue and the Y-axis measures the log frequency of occurrence of the particular residue in bits. Shown in
vellow are the cysteines. The less-conserved amino acids have smaller “bit values”. At the bottom, the conserved spacing between the
six cysteines of the ChtBD2s is indicated as well as the extended amino acid sequence consensus for this group of ChtBD2-s.
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2.4.6. Phylogenetic analysis of ChtBD2-containing proteins in 7. castaneum

To establish the evolutionary relationship among the 7. castaneum proteins with
ChtBD2s and among the domains within the same protein, we carried out a phylogenetic analysis
of all ChtBD2s in proteins from 7. castaneum using the ClustalW program. All ChtBD2s
present in nine out of the 11 PMP family proteins are clustered in one large branch in which
different PMPs form additional branches, indicating that they are closely related (see the branch
shaded in green in (Figure 2-11). The only exceptions are the two ChtBD2s associated with
TcPMPI1-B and TcPMPI1-C, which align with the members of the CPAP3 family. Most of the
ChtBD2s within the same protein (e.g. all ChtBD2s of TcPMP9 and ChtBD2s 2 through 14 of
TcPMP14) are clustered in the same branch, indicating minimal sequence divergence among the
ChtBD2s in the same protein. Occasionally, we can find evidence for sequence divergence of
one or more ChtBD2s away from the other domains in the same protein (e.g. the third ChtBD2 of
TcPMPS).

The ChtBD2s of the CPAP3 and CPAPI1 family proteins form two sub-branches
of another distinct branch away from the PMP branch of the evolutionary tree (shaded dark and
light blue in (Figure 2-11). One sub-branch contains all 7. castaneum proteins with a single
ChtBD2 (TcCPAP1-A through TcCPAPI1- J; shaded dark blue), indicating a common ancestral
origin for the ChtBD2s of these proteins of diverse sizes, which share no other sequence
similarity. All of the 7. castaneum proteins with three ChtBD2s (TcCPAP3 family, shaded light
blue), which are similar to the D. melanogaster obstructor/gasp proteins, form the other sub-
branch. Interestingly, the first ChtBD2s of almost all members of the TcCCPAP3 family with the

exception of TcCPAP-3 C and TcCPAP3-D1 are more closely related to one another than to the
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second and third ChtBD2 within the same protein. Similarly, the third ChtBD2 of most of the
TcCPAP3 family proteins are also clustered, with TcCPAP3-D2 being the lone exception.
ChtBD2s 1 and 2 of different TcCPAP3 proteins are more closely related to one another than to
the third ChtBD2 in the same protein, which form a separate branch. The phylogenetic analysis
(Figure 2-11) further supports our classification of the ChtBD2-containing proteins of T.
castaneum into three groups based on the variations in the Tellam consensus sequence for the

conserved cysteines of ChtBD2s.
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Figure 2-11 Phylogenetic tree of ChtBD2s present in PMP, CPAP1 and CPAP3 families of
T. castaneum proteins.

Individual ChtBD2s from each protein (number in parenthesis indicates their relative location
from the N-terminus) were used to construct a phylogenetic tree as described in the Materials
and Methods section. PMPs are indicated by green branches ending with an open circle. The
two ChtBD2s of PMPI-B and PMP1-C, which align with the ChtBD2s of the CPAP3 branch end
in light blue branches with an open square. The ChtBD2s of the CPAP3 proteins are indicated in

light blue branches ending in a closed square. The ChtBD2s of CPAPI proteins are indicated in
dark blue branches ending in a closed triangle.

2.4.7. Peritrophic matrix proteins (PMPs) in 7. castaneum

The nomenclature for the 11 PMPs is according to the following convention. The
number that follows the designated PMP indicates the number of ChtBD2s in the protein. For
example, PMP9 indicates a PMP with nine ChtBD2s. The ChtBD2s within this protein (and
other PMPs) are numbered from the N-terminus to the C-terminus e.g. TcPMP9 (#1), TcPMP9
(#2) and so on. If there is more than one protein with the same number of ChtBD2s, then an
upper case alphabet follows the number (e.g. TcPMP2-A, TcPMP2-B and TcPMP2-C).

The number of ChtBD2s in a PMP ranges from one to 14 and the molecular sizes range
from 18.7 to 147 kDa in Table 2-1. All of these proteins have an N-terminal signal peptide and
no trans-membrane helices, indicating that they are secreted proteins. Figure 2-4 shows the
distribution of the ChtBD2s in the 11 PMPs. There are three PMPs with one ChtBD2, three with
two, two with five and one each with three, nine and 14 ChtBD2s. Six of the PMPs (TcPMP2-A,
TcPMP2-B, TcPMP5-A, TcPMP5-B, TcPMP9 and TcPMP14) are essentially tandem repeats of
ChtBD2s and linker regions. The ChtBD2s and linker regions in TcPMP9 and TcPMP14 are

closely related, but the linker in TcPMP14 is slightly longer (37 amino acids in 10 out of 14
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ChtBD2s in TcPMP14 versus 21 amino acids in seven out of nine ChtBD2s in TcPMP9). The
linkers in both proteins are rich in proline and threonine and also contain a few serines.
NetOGlyc 3.1 predicts that these linker regions are likely to be O-glycosylated. The linker
regions in TcPMP5-B are much longer (48-65 amino acids) than the linkers in TcPMP9 and
TcPMP14, and have long stretches of serines shown in Figure 2-12. They resemble mucin
domains but are not predicted to be highly glycosylated by the NetOGlyc 3.1 software. The
other four PMPs, PMP1-A, PMP1-B, PMP1-C and PMP2-C, have, in addition to the ChtBD2,
sequences encoding proteins for which orthologs have not been detected in either Drosophila or

Anopheles species.
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EXON-1

YFPHEDCTREFNOCSNGVPYLFNCSARLHFNPKLNV
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consists of a ChtBD2 domain (shaded in cyan) and a linker region (shaded in green). TcPMP9 and TcPMP14: Each has 9 and 14
tandem repeats respectively. A tandem repeat consists of a ChtBD2 domain shaded in cyan and the linker region shaded in green. The
tandem repeats consists of 6 cysteine residues shown in red and boxed and the linker region is rich in threonine, proline and serine

TcPMP5-B: The leader peptide is shaded in yellow. The predicted cleavage site is indicated by black arrow. Each tandem repeat
residues.

Figure 2-12 Protein sequence alignment of TcPMPS5-B, TcPMP9 and TcPMP14



2.4.8. Cuticular proteins analogous to peritrophins (CPAPs)

All of the proteins with ChtBD2s other than the PMPs are expressed in the integument
but not in the midgut and, therefore, are unlikely to be associated with the peritrophic matrix
(Illustrated in 3 and 4). Since these proteins are predicted to be secreted and to have a
peritrophin-like chitin-binding domain, which will allow them to interact with cuticular chitin,
we have called them cuticular proteins analogous to peritrophins or CPAPs. We further divide
them into two families, labeled CPAP1 and CPAP3, based on the number of ChtBD2s. The

phylogenetic tree shown in Figure 2-11 also supports such a grouping.

2.4.8.1. CPAP1 family

The CPAP1 family proteins, which have only one ChtBD2, differ from the CPAP3
family proteins in ways other than the number of ChtBD2s, the most noticeable being the
location of the chitin-binding domain itself (Figure 2-4). In different CPAP1 proteins, the
ChtBD2 (dark blue boxes) may be located close to the N-terminus, the C-terminus or in the
middle, in contrast to CPAP3 proteins, which have their tandem repeats of ChtBD2s close to the
N-terminus. Secondly, introns often interrupt the ChtBD2-encoding regions, which is rare in
other CPAP genes. Nevertheless, the ChtBD2s of the CPAP1 family of proteins are highly
related, indicating a common ancestral origin shown in Figure 2-11. Proteins belonging to this
group also have N-terminal signal peptides and lack trans-membrane domains, properties
consistent with a role that involves interactions with an extra cellular matrix such as chitin.

Of the 10 proteins belonging to this family, TcCPAP1-D, E and F are the smallest,

containing between 114 and 124 amino acid residues of which 16-22 amino acids represent the
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signal peptide and 53-54 are in the ChtBD2, shown in Figure 2-4. Therefore, the mature protein
is almost entirely made up of the ChtBD2 and little else. The other seven proteins have variable
lengths of protein-coding regions of which the ChtBD2-coding region represents only a minor

part of the overall sequence.

2.4.8.2. CPAP3 family

There are seven genes in 7. castaneum encoding eight proteins that have a tandem
arrangement of three ChtBD2s (Figure 2-4). Orthologs of these genes have been found in D.
melanogaster and several other species of insects. The D. melanogaster genes have been named
previously as “obstructors” (Behr and Hoch, 2005) or as “gasps” (“gene analogous to small
peritrophins,” (Barry et al., 1999). We propose to name this family of proteins the “CPAP3
family” with the number 3 indicating that they have three ChtBD2s. For ease of comparison to
the D. melanogaster orthologs, we have assigned individual proteins of this family, names such
as TcCPAP3-B, TcCPAP3-C and TcCPAP3-E based on their orthology to the corresponding D.
melanogaster proteins. In the case of TcCPAP3-A and Tc-CPAP3-D, T. castaneum has two
paralogs instead of one protein each as in D. melanogaster. We have denoted them as
TcCPAP3-Al, TcCPAP3-A2, TcCPAP3-D1 and TcCPAP3-D2. In the case of TcCPAP3-C, two
alternatively spliced transcripts are generated from a single gene using one or the other of the
two alternate forms of exon 5. However, T. castaneum may be unique among insects with fully
sequenced genomes in having two alternatively spliced transcripts for this gene. Since the first
four exons code for the signal peptide and the three ChtBD2s, the encoded proteins differ only in
the C-terminal regions that follow the three ChtBD2s. These proteins are referred to as
TcCPAP3-C5a and TcCPAP3-C5b. In the case of TcCPAP3-E, there is only one gene for this

protein in 7. castaneum and several other insects, whereas there are two orthologs in D.
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melanogaster (Behr and Hoch, 2005). On the other hand, unlike other insects, D. melanogaster
has a second group of genes encoding proteins with three ChtBD2s. These proteins, which are
placed in a separate subgroup (#2), differ from the first group in having spacers of variable
length, but they exhibit extensive sequence similarities with the ChtBD2s of CPAP3 proteins of
the first group. There are no orthologs for these genes in 7. castaneum. (Behr and Hoch, 2005)
have reported that D. melanogaster is unique among insects in having this additional subgroup.
A phylogenetic analysis of CPAP3 proteins from several insects with completed genome
sequences is shown in Figure 2-13.

It is clear that CPAP3 proteins form five separate branches, each branch corresponding to
one of the five CPAP3 proteins, A through E. It is clear that branches containing the CPAP3-A
and CPAP3-D proteins have undergone an expansion in several insects, but branches
representing CPAP3-B, C and E have only a single representative with the exception of D.
melanogaster, which has two orthologs of CPAP3-E.

The linker regions between the first and second ChtBD2s in the CPAP3 family proteins
are very similar to the corresponding linker regions in the orthologs from other insect species.
This linker, which is 13 amino acids-long in all members of this family, does not contain P, T or
S residues, which are found in linkers of many PMPs (e.g. TcPMP9 and TcPMP14). The linker
between the second and third ChtBD2s varies in length from six to thirteen amino acid residues
among the CPAP3 proteins and is devoid of residues that are associated with O-glycosylation.
As indicated in Figure 2-4, the C-terminal amino acid sequences following the ChtBD2s in

different CPAP3 proteins are variable in both length and sequence.
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Figure 2-13 Phylogenetic analysis of the ChtBD2s of the CPAP3 family of proteins from
different insect orders.

The proteins from Drosophila melanogaster (Dm), Anopheles gambiae (Ag), Acyrthosiphon
pisum (Ap), Aedes aegypti (Aa), Apis mellifera (Am), Culex quinquefasciatus (Cq), Nasonia
vitripennis (Nv), Pediculus humanus corporis (Pc), Tribolium castaneum (Tc) and
Caenorhabditis elegans (C. elegans). The CPAP3 orthologs from different organisms are
represented in different colors: Al, light green; A2, dark green; B, red; C, brown; D1, cyan; D2,
dark blue; E, pink; and C. elegans in dark red. The evolutionary history was inferred using the
Neighbor-Joining method. The optimal tree with the sum of branch length = 9.98133851 is
shown. 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. All positions containing gaps and missing data were eliminated from the
dataset (Complete deletion option). There were a total of 141 positions in the final dataset.
Phylogenetic analyses were conducted in MEGAA4. A bootstrap analysis of 5000 replications was
carried out on the tree. Bootstrap values of the major branches are indicated by numbers. The
accession numbers of the orthologs from different insect species are listed in Appendix AC.

2.4.9. Chitinases/chitin deacetylases

Included among the proteins with ChtBD2s listed in (Table 2-1) are several
chitinases and chitin deacetylases. Among the 7. castaneum chitinases, there is one with 5
ChtBD2s (chitinase 10) and five with one ChtBD2 (chitinases 4, 5, 6, 7 and 8). The ChtBD2s
are at the C-termini with one exception being the largest enzyme, chitinase 10, which has the
ChtBD2s interspersed among its five catalytic domains (Zhu et al., 2008b). Similarly, there are
seven 1. castaneum chitin deacetylases including their isoforms, each with one ChtBD2. In
contrast to the chitinases, the ChtBD2s are found in N-terminal regions of chitin deacetylases
(Dixit et al., 2008). These enzymes and the expression profiles of the genes encoding them have
been previously described in detail by (Arakane and Muthukrishnan, 2010b; Dixit et al., 2008;
Zhu et al., 2008b) and, therefore, are not a major focus of the current discussion involving non-

enzymatic proteins of 7. castaneum with ChtBD2s.
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2.4.10. Other T. castaneum proteins that contain ChtBD2s

In addition to the 42 proteins listed in Table 2-1 that are predicted to be putative
chitin-interacting proteins, there are two other proteins with ChtBD2s in the predicted proteome
of T. castaneum. One of them (Glean_15245) is in a region where sequence data is incomplete.
We could not determine whether the other gene (Glean 09553) is expressed in the gut or a

cuticle forming tissue. These rather unique proteins are described in the following sections.

2.4.10.1. Glean_15245

The protein represented by Glean 15245 in Beetlebase has a signal peptide followed by a
tandem assembly of five ChtBD2s. However, we could not confirm this prediction by cloning
the corresponding full-length cDNA using several combinations of forward and reverse primers
designed from the predicted gene sequence. We believe that the presence of a sequence gap of ~
4 kb in the genome assembly is primarily responsible for this negative outcome. However, we
were able to amplify a partial cDNA clone that includes two of the ChtBD2s predicted to occur
at the 5’-end of the Glean and two additional ChtBD2s not predicted by the Glean. A
comparison of the sequence of this clone with the genome assembly indicates that several introns
predicted by the Glean are indeed exons, which increase the number of ChtBD2s in the isolated
cDNA. We could also amplify another cDNA with an ORF corresponding to the last three
ChtBD2s predicted by the Glean model. If Glean 15245 indeed codes for a single protein, the
encoded protein should have seven or more ChtBD2s, including any additional ChtBD2 encoded
by exons in the unsequenced region of this gene. Alternatively, there may be two tandem genes
encoding proteins with ChtBD2s. We have been unable to amplify that region of the genome to
test this possibility. Until that gap is bridged, the annotation of this gene(s) and its protein

products will remain incomplete. RT-PCR indicates that this gene is expressed in the carcass
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and elytra and hindwings that were dissected out from 3-4 d-old pupae, but not in the midgut,

suggesting that it belongs in the CPAP group. It maps to position 2.5 ¢cM in chromosome 6.

Glean 15245

F§ R4 F4 R3 F3 F1 R2
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Figure 2-14 Schematic diagram showing gene domain organization and expression profile
of Glean_15245.

Glean 15245 is predicted to have 9 exons and 5 ChtBD2 domain, and has a gapped region
(sequence not determined between E6 and E7 indicated by a double slash. The sequencing result
shows that it has 5 exons and 7-8 ChtBD2s. The unmapped region however could not be
amplified with genomic PCR using F4-R3 primers. A polyadenylation signal was also not
obtained by 3’RACE using F4 primer. Also a 5°’UTR was not found using R3 primer. The gene
model obtained after sequencing shows that there is one large 2" exon with 4 ChtBD2, and
small part of the ungapped region that was sequenced also contains a ChtBD2. The bottom panel
shows that this gene has expression in the larval and pupal stage, in cuticle forming tissues but
not in gut tissues as revealed by RT-PCR data. Different stages of development E, Eggs, YL,
penultimate instar or younger larvae; LL, last instar larvae; PP, pharate pupae; P, Pupae; YA,
young adult; MA, Mature adult, AM: anterior midgut, MM: middle midgut, PM: posterior
midgut, H: hindgut, C: carcass (whole body minus gut). I: integument, F: fatbody, E: elytron, W:
hindwing. RT-PCR products for the T. castaneum ribosomal protein 6 (TcRpS6) from the same
cDNA templates served as an internal control for loading.
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2.4.10.2. Glean_09553

This gene model predicts a protein with a signal peptide and three ChtBD2s.
However, only the middle ChtBD2 follows the consensus shown in Figure 2-10. This gene
shows trace amount of expression in the larval stages. In the adult it is expressed in the carcass,
but not in the midgut or the two cuticle-forming tissues such as elytra and hindwings Figure
2-15. With the available data, we cannot predict whether this protein would be associated with

chitin in the cuticle.

Developmental stage expression Adult tissue
E YL ML PP P YA MA M H C EI W
Glean_09553 e —
TcRpS6 — — — — —

Figure 2-15 Developmental stage expression and tissue-specific expression of Glean 09553
as revealed by RT-PCR

Glean_ 09553 shows expression in the adult stage, with very trace amounts in larval stage in
cuticle forming tissues but not in gut tissues as revealed by RT-PCR data. Different stages of
development E, Eggs, YL, penultimate instar or younger larvae; LL, last instar larvae; PP,
pharate pupae; P, Pupae; YA, young adult; MA, Mature adult, AM: anterior midgut, MM:
middle midgut, PM: posterior midgut, H: hindgut, C: carcass (whole body minus gut). I:
integument, F: fatbody, E: elytron, W: hindwing. RT-PCR products for the T. castaneum
ribosomal protein 6 (TcRpS6) from the same cDNA templates served as an internal control for
loading.

2.5. Discussion

The goal of this research has been to carry out a comprehensive search for proteins in 7.
castaneum that contain one or more ChtBD2s with the expectation that these proteins, which are

predicted to interact with chitin, will have a role in assembly and/or turnover of chitin-containing
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structures. This domain was found in several proteins known as peritrophins that were extracted
from the PM and shown to bind to chitin tightly (Tellam et al., 1999; Wang et al., 2004). This
domain is also found in some but not all chitinases and chitin deacetylases, which degrade or
modify chitin (Arakane and Muthukrishnan, 2010a; Dixit et al., 2008; Kramer, 1993; Zhu et al.,
2008b), in proteins expressed in embryonic tracheae and epidermis (Barry et al., 1999; Behr and
Hoch, 2005) and in the proteins encoded by genes expressed in adult hindgut and Malpighian
tubules of cat fleas (Gaines et al., 2003). Removal of ChtBD2s from some of these proteins has
been shown to result in lower affinity for chitin and addition of one or more ChtBD2s has been
found to increase the affinity for chitin (Arakane et al., 2003; Zhu et al., 2001). It has been
proposed that ChtBD2s help to anchor the chitinases and chitin deacetylases on the insoluble
polymer, facilitating the catalytic center of the same enzyme to locate a target site in the chitin
substrate more efficiently. However, there is very little information on the role of ChtBD2s in
proteins that do not have enzymatic functions.

Recently, (Venancio et al., 2009) identified ChtBD2-containing proteins in insect
proteomes by searching D. melanogaster, A. aegypti and T. castaneum genomic and EST
databases using the six-cysteine sequence motif, CX;320CX5.6CXo.19CX 10.14C-X4.14C proposed
by (Tellam et al., 1999) for the ChtBD2 as the query. They reported the identification of 25
“peritrophins” in the 7. castaneum proteome, which is considerably less than the 65 proteins that
had been predicted from the D. melanogaster genome (Venancio et al., 2009). To maximize the
probability of identifying proteins with ChtBD2s, in our bioinformatics search of the 7.
castaneum genome, we used as queries ChtBD2 sequences not only from “peritrophins” from
several insects but also ChtBD2 from chitinases and chitin deacetylases from 7. castaneum,

which have a slightly different consensus sequence from that of the former set of proteins. We
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also utilized ChtBD2s from proteins encoded by D. melanogaster gasp and obstructor genes as
queries (Barry et al., 1999; Behr and Hoch, 2005). The total number (~50) of 7. castaneum
proteins with ChtBD2s that we have identified in the 7. castaneum genome is more than the
number (25) of proteins reported by (Venancio et al., 2009), indicating that our search strategy
has been more comprehensive. We verified the ORF predictions and exon/intron assignments
for the 7. castaneum genes encoding proteins with ChtBD2s from three databases (NCBI,
Baylor, BeetleBase) by direct cloning of nearly all of the cDNAs. These studies identified new
genes and corrected mistakes in several gene models including some that revised the number of
ChtBD2s (both an increase and a decrease) in the predicted ChtBD2-containing proteins. Most
significantly, we identified four new proteins belonging to the PMP family (TcPMP1-A,
TcPMP2-A, TcPMP9 and TcPMP14), four additional members of the 7. castaneum CPAP3
family and one member of the CPAP1 family, which have not been reported previously. Five
other proteins with ChtBD2s were identified, but they were found to lack a predicted signal
peptide and were left out of our analysis as they are predicted to be intracellular proteins. One
putative extracellular protein, a hemolectin was not included because it is likely to be found in
hemolymph and to have roles in clotting and/or immunity. It is not expected to bind to
extracellular chitin. In addition, we identified a couple of other proteins, one with three putative
ChtBD2s and another with an undetermined number of ChtBD2s. These were not analyzed
extensively due to incomplete genomic data or lack of evidence for expression in tissues
involved in chitin synthesis. The estimate of the total number of ChtBD2-containing proteins
encoded in the 7. castaneum genome is currently >50 including 13 chitinase and chitin
deacetylase isoforms that have been previously characterized (Dixit et al., 2008; Zhu et al.,

2008a). There is some uncertainty whether Glean 15245 corresponds to one or two proteins as
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discussed in section 2.4.10.1. We believe that we have identified and characterized nearly all of
the 7. castaneum genes encoding proteins with ChtBD2s or related sequences.

Our phylogenetic analysis based on the sequence similarities of the ChtBD2s has
resulted in grouping of the 7. castaneum proteins containing ChtBD2s into three large families,
namely the PMP, CPAPI and CPAP3 families. Our preference for these two namesCPAP1 and
CPAP3 instead of the generic term “peritrophins” is to emphasize their different physical
localizations within the insect body and their widely different functions, even though all three
families of proteins are known / expected to bind to chitin in the extracellular matrix.

Besides the CPAPs studied here, 7. castaneum has a large assortment of cuticular
proteins with the RR consensus (Willis, 2010), which are also thought to be involved in
interactions with chitin. They are also likely to be involved in cross-linking with catechols
(Andersen, 2010). Our study has indicated that several ChtBD2-containing proteins are secreted
into the cuticle by the epidermal tissue. The role of the large assortment of the CPAPs in cuticle
structure/function has been largely unexplored until now with the exception of D. melanogaster
‘gasp’ genes, which have been shown to be expressed in embryonic tracheae (Barry et al., 1999).
A role for “Obstructor A” in embryonic development has also been reported (Behr and Hoch,
2005). The obstructor family of genes is expressed during early- and mid-embryogenesis in
tracheae and epidermis. It is interesting to note that while D. melanogaster has 10 genes
encoding proteins related to the TcCPAP3 proteins that are divided into two subgroups based on
the spacing and size of the linkers, 7. castaneum has only eight proteins, all belonging to one
sub-family. Whereas 7. castaneum is missing orthologs of five D. melanogaster genes
(Obstructors F, G, H, I and J of subgroup II), the beetle has additional genes in subgroup I

(TcCPAP3-A2 and TcCPAP3-D2). TcCPAP3-C generates two isoforms as a result of alternate
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splicing of exon5. All other insects studied to date appear to lack the subgroup II members, but
compensate by increasing the number of representatives of the first group by 2 or 3 as a result of
duplication of genes encoding TcCPAP3-A and TcCPAP3-D.

I have found preliminary evidence for the presence of a couple of the CPAPs
identified in this work in pupal and/or adult cuticles of 7. castaneum by direct proteomic
analyses of cuticles (Dittmer et al. unpublished; Arakane et al., unpublished). Whether these
genes are expressed in different tissues or cell types and thus influence the properties of specific
cuticular structures such as those associated with tracheae, elytra, hindwings and other
appendages needs to be investigated. We have preliminary evidence indicating that knocking
down transcripts for specific CPAP3 proteins results in molting disruption or joint defects as well
as mortality (See CHAPTER 3). The finding that relative abundance of transcripts for specific
CPAPs varies between elytra and hindwings, which represent hard and soft cuticle, respectively,
raises the possibility that the ratios of specific CPAPs that associate with chitin may influence
the physical properties of the cuticle.

Some of the ChtBD2s are associated with proteins with catalytic domains of chitinases
(chitinases 5, 7 and 10 with one, one and five ChtBD2s, respectively) and all chitin deacetylases
(with one ChtBD2). It is likely that the presence of a ChtBD2 increases the affinity of these
enzymes for the chitin-containing matrix and binds them onto the substrate. However, there are
at least ten other genes encoding 7. castaneum proteins with one ChtBD2 belonging to the
CPAPI1 family. They are expressed in the integument (presumably in epidermal cells) with
differing patterns of expression. Nothing is known about their functions because they have no
identifiable functional domains. Most of these proteins have a ChtBD2 at one or the other

terminus and additional sequences that do not correspond to any characterized domains in the
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protein databases. They may be enzymes of unknown function or cuticle proteins that interact
with chitin during cuticle assembly or turnover. They may be extracellular proteins based on the
presence of a predicted signal peptide and the absence of other membrane spanning segments or
other intracellular targeting sequences. The ChtBD2s may improve the affinity of those proteins
that transiently interact with chitin during cuticle assembly or turnover. The role of the ChtBD2
in these proteins may be different from those found in CPAP3 proteins with three ChtBD2s,
which we propose are very tightly associated with chitin. For example, the CPAP3 family of
proteins may participate in the formation of chitin laminae or in stabilization of bundles of chitin
fibers.

All of the ChtBD2s present in 7. castaneum proteins appear to have been derived from a
common ancestral CBD sequence with six cysteines belonging to the peritrophin A family. We
have found no evidence for the 8- or 6-cysteine containing peritrophin B or C sequence motifs
described by (Tellam et al., 1999) in the predicted sequences of 7. castaneum proteins. We
propose that a more inclusive general consensus for the conserved cysteines, which will
represent all of the ChtBD2-containing proteins in most insect species described so far, is CX;-
24CX5.6CX9.14CX12.16C-X63C.  The individual subgroup members are more closely related to
one another than to members of the other groups, and they have consensus sequences that
include additional conserved residues besides the six cysteines including some flanking
sequences (Figure 2-10). In particular the CPAP1 family members have conserved sequences
that extend on either side of the first or the sixth cysteines in the peritrophin A consensus
sequence.

Phylogenetically, all of the ChtBD2s that belong to the PMP family are very

closely related to one another. This is especially true among the multiple repeats of ChtBD2s
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that are found in the same protein (e.g. PMPs 5, 7, 9 and 14), which are nearly identical in
sequence both in the ChtBD2 and in the linker regions. We assume that the PMPs with multiple
repeats arose from gene duplication and unequal crossover events, resulting in proteins with
different numbers of repeats. Supporting this hypothesis is the finding that several 7. castaneum
PMP genes are made up of exons encoding a single ChtBD2 and also that the two genes with the
largest number of repeats (PMP9 and PMP14) are separated on the chromosome by only 331 bp
of intervening sequence. In addition, these ChtBD2s and the spacers between them are
extremely similar both in nucleotide and amino acid sequence, with many of them having
identical nucleotide sequences. The longest PMP in 7. castaneum has 14 ChtBD2s, whereas
those from D. melanogaster and A. aegypti have 17 and 14 ChtBD2s, respectively (Venancio et
al., 2009). To date, the PMP that contains the largest number of ChtBD2s is the one from M.
configurata, which has 19 ChtBD2s (Shi et al., 2004).

The occurrence of multiple genes in each of the three families of proteins with ChtBD2s
raises questions about their functions. Are all of these proteins required for survival of the
insects as suggested by the finding that insects belonging to different orders of insects have
retained all three families and indeed orthologs of each member of the three families? This
question is answered in the next chapter by studying the expression profiles of each of these
genes encoding proteins with ChtBD2 domains as a function of developmental stages and by
RNAI studies in which transcripts for each of these genes were down-regulated by administration

of dsRNA.
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CHAPTER 3

Cuticular Proteins Analogous to Peritrophins
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3.1. Abstract

This study is focused on functional characterization of Tribolium castaneum genes that
encode Cuticular Proteins Analogous to Peritrophins (CPAP) containing the chitin-binding
domain, ChtBD2, with six characteristically spaced cysteines (Peritrophin A
motif=CBM _14=Pfam 01607). These genes are expressed exclusively in cuticle-forming tissues
and have been classified into two families, CPAPI and CPAP3 depending on the number of
ChtBD2 domains in the proteins. CPAP1 family has 10 members, each with one ChtBD2 domain
and CPAP3 has eight members, each with three ChtBD2 domains. Individual members of the
CPAPIand CPAP3 gene families have distinct developmental patterns of expression. Many of
these genes are essential for development, molting, cuticle integrity or proper locomotion and
fecundity. RNA interference (RNAI) studies targeting TcCPAPI-C, TcCPAPI-H, TcCPAPI-J
and TcCPAP3-C transcripts result in death at the pharate adult stage. RNAi for other CPAP3
genes results in different developmental defects including abnormal elytra, hindwings, abnormal
gait, or adult/embryonic mortality. Scanning electron microscopic analysis of pharate adults
following RNAI for the TcCPAP3-D gene shows that elytral cuticle is affected. These results
provide experimental support for specialization in the functions of several CPAP proteins in 7.
castaneum. With minor exceptions, many of them serve essential and non-redundant functions

in maintaining the structural integrity of the cuticle.

3.2. Introduction
Chitin, a linear polymer of p-1-4 linked N-acetyl-D-glucosamine, is an important

component of the insect exoskeleton. It is present in epidermal and tracheal cuticle, and the
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peritrophic matrix (PM) that lines the midgut. Insect procuticle is composed mainly of chitin
complexed with proteins that contain chitin-binding domains. The two major groups of chitin-
binding domains found in insect cuticular proteins have either the Rebers & Riddiford Consensus
sequence (R&R Consensus; pfam00379; (Willis, 2010) that lacks cysteine residues, or the
cysteine-rich peritrophin-A motif. The latter contains six distinctly spaced cysteines and was
found initially in numerous proteins extracted from insect PMs (Tellam et al., 1999). Later,
genes encoding proteins with this peritrophin-A type chitin-binding motif, ChtBD2, have been
identified in cuticle-forming tissues from Drosophila melanogaster and Ctenocephalides felis
(Barry et al., 1999; Behr and Hoch, 2005; Gaines et al., 2003). By conducting a bioinformatics
search of 7. castaneum genome, we identified 49 putative genes capable of encoding 50 proteins
with one or more ChtBD2s (Jasrapuria et al., 2010), which included several enzymes of chitin
metabolism and PM proteins with one to 14 ChtBD2 domains. Among these fifty proteins were
two distinct subfamilies of cuticular proteins that were expressed only in cuticle-forming tissues
with one or three ChtBD2 domains, which we have denoted as CPAP1 (consisting of ten
members with one ChtBD2 domain) and CPAP3 families (eight members with three ChtBD2
domains). The CPAP1 family proteins are of variable length and dissimilar in their amino acid
sequences, except in the Cht2BD2 domain that typically constitutes only a small fraction of the
total length. On the other hand, the CPAP3 family proteins are a collection of three repeats of
ChtBD2 domains with small spacers between these domains. These proteins, all of which have
three ChtBD2s are encoded by orthologs of members of the family of D. melanogaster genes
collectively known as “gasps” or “obstructors,” (Barry et al., 1999; Behr and Hoch, 2005). We
have named the individual 7. castaneum orthologs of this sub-family to reflect their orthology to

the corresponding Drosophila genes and the number of encoded ChtBD2s (e.g. 7. castaneum

85



CPAP3-B is the ortholog of D. melanogaster Obst-B and encodes a proteins with three
ChtBD2s). There are five fewer CPAP3 orthologs in 7. castaneum than in D. melanogaster
(Behr and Hoch, 2005). We have proposed the new name “Cuticular Protein Analogous to
Peritrophins” for these proteins. The previous name “gene analogous to small peritrophins”
(gasp) (Barry et al., 1999) suggests that it is similar to peritrophins, but the CPAPs have nothing
to do with PM except for having a “Peritrophin-A domain” and they are not necessarily small
proteins. The other name “ Obstructor” coined by (Behr and Hoch, 2005) as the embryos with a
mutant form of this gene showed a “barrier brake down phenotype” (a term that was never
defined) is also not very informative (Willis, 2010). Phylogenetic analysis indicated that the
members of the CPAP3 family proteins are more closely related to one another and belonged to a
different branch of the larger tree that included the CPAP1 proteins as well as a large assortment
of peritrophins that have related ChtBD2 domains (Jasrapuria et al., 2010).

In this chapter, I have carried out an extensive functional analysis of 7. castnaeum
genes encoding each of these eighteen proteins belonging to the CPAPI and CPAP3 families in
order to determine their role in cuticle formation or integrity. RNAI results indicate that many of
these genes have distinct and non-redundant essential functions in development and in

maintenance of the structural integrity of the insect cuticle.

3.3. Materials and Methods

3.3.1. Insect cultures
Strains used were 7. castaneum GA-1 strain and pul, an enhancer trap line in which the
gene for green fluorescent protein (GFP) was expressed in the wing and elytral discs at pharate

pupal stage (Lorenzen et al., 2003). In 7. castaneum the different larval instars cannot be
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precisely determined, and so the pull strain ensures the identification of animals in the
penultimate larval instar and facilitates RNAi experiments at desired developmental stages.
Insects were reared at 30°C in wheat flour containing 5% brewer’s yeast under standard

conditions described previously (Beeman and Stuart, 1990).

3.3.2. Developmental expression profiles of the CPAP gene families

The developmental expression patterns of the ten CPAPI genes and seven CPAP3 genes
were analyzed by RT-PCR. Total RNA was isolated from whole insects at various stages of
development including embryos, young larvae (larval instars 4-5), last instar larvae, pharate
pupae, pupae, young adults (+ 3 h after adult eclosion) and mature adults (10 d-old) as well as
pupae collected from the pupal stage, day-0 to day-5 by using RNeasy Mini kit (Qiagen,
Valencia, CA) according to the manufacturer’s instructions. First strand cDNA synthesis was
carried out using Superscript III first-strand synthesis system (Invitrogen, Carlsbad, CA) using
1ug of total RNA for each reaction. This cDNA served as template for subsequent PCR reaction

using the gene-specific primers as listed in Table 3-1.

3.3.3. Profiles of gene expression during development

The RNeasy Mini kit (Qiagen, Valencia, CA) was used to isolate total RNA from
mature larvae according to the manufacturer’s instructions. The gut of mature larvae was cut into
3 parts, anterior, middle and posterior, and RNA was isolated from separate pools of each of
these segments. Total RNA samples were treated with RNase-free DNase I (Ambion, Austin,
TX, 2U/ul) for 20 min at 37°C to remove genomic DNA contamination. The Superscript I1I first
—strand synthesis system for RT-PCR (Invitrogen, Carlsbad, CA) was used to synthesize first-

strand cDNA according to the manufacturer’s instructions. Oligo- (dT), was used as a primer for
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reverse transcription using 1.5-2 ug of total RNA as template. RT-PCR was carried out to check

the tissue-specificity of expression of each gene using pairs of gene-specific primers (Table 3-1).

Table 3-1 Sequences of primers used for gene expression analysis.

F = forward primer; R = reverse primer

Cuticular Proteins Analogous to Peritrophins (CPAPSs)

Gene Gene-specific primers 5'--3'
TcCPAPI-A F: CACCAAACGTATGAGGGCTA
R: GTAAATCCCAGGATGGGCAGG
TcCPAPI-B F: ATGAATTATTTAACGTGCGTTTTACACACTG
R: TCATTCATCGTTAAAAATTTCTTCTAATAATTGCTTCG
TcCPAPI-C F: ATGTGGCGGCTTTTAGGATTTG
R: TCACTCTTTCTCGGATGGCAC
TcCPAPI-D F: GGCCATTACATAATCCCCGG
R: GGAGCAATAAATAATTTAATGAGACTGCG
TcCPAPI-E F: ATGTTAAGGATCGTAGCTGTATCAG
R: CTAATTGTTGTCGTGGTAATCGTCC
TcCPAPI-F F: ATGAATTATTTAACGTGCGTTTTACACACTG
R: TCGTTAATGCCGTACAGACTCGGA
TcCPAPI-G F: GAGCTGGAAGAAGAGGAAATCGAGG
R: GTCTGTGGACTTGTTCAGGTTCTTCC
TcCPAPI-H F: GACAACGACTACTACAACGACCAC
R: TCAGAAACTCGTGTAGAGGGC
TcCPAPI-I F: ATGAAGGGTG TCAGTTTTAT TTTCATAG
R: CTAGTTTTTTACATTTGCCTTCTTAATTTC
TcCPAPI-J F: GAGGAACGGAAGAAAACTTGCAAG
. R:CTAGTTTTTTACATTTGCCTTCTTAATTTC |
TcCPAP3-A1 F: ATACGAAGACCCGCGACAATGTGA
R: AACTACAAGTTGGCCATTGGCGTC
TcCPAP3-42  F: AGACCGTAACTGTCGCACTTCTGA
R: AAATCTCCTCGTCAGGGCAAGTGA
TcCPAP3-B F: AGCAGGAAAGCAGGGATGAAGAGT
R: AACCTCTTCGGAGGAACAGCCTTT
Tc-CPAP3-C F: ACGCGTGTTTATTGGTGCTCAGTG
R: CAGCAATTCCAGAACACGTCGCAT
TcCPAP3-C5a F: CGACTGCCGCAAGTACTACA
(exon-specific) R: AAAGCAGATACCCGGACCTT
TcCPAP3-C5b  F: CGACTGCCGCAAGTACTACA
(exon-specific) R: ATCAACGACAAGACGTGCAG
TcCPAP3-DI  F: GCAGTGCGAGAATGGTTTGCTCTT
R: CGACAGCTTCCGGATTGCAAACTT
TcCPAP3-D2 F: GTGAACGGCCAACAAGAGTT
R: GGCACAACACACCGTAGAGA
TcCPAP3-E F: TTAAGAATTGCGTGGATGGGCGTG
R

: CCGTCACAAGCACCAATCAGATCA
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3.3.4. Double-stranded RNA synthesis and injection

Double-stranded RNAs (dsRNA) were synthesized from the PCR products using the
Ampliscribe™ T7-Flash™ Kit (Epicentre Technologies, Madison, WI) as per the manufacturer’s
protocol. Unique regions with greatest sequence divergence for each of CPAPI and CPAP3
genes were chosen as templates for synthesis of dSRNAs, whose nucleotide positions in the
cDNA sequence and ORF are shown in Table 3-2. In most cases, RNAi experiments were
replicated by choosing two non-overlapping regions. To determine the unique functions, if any,
of the two isoforms of 7cCPAP3-C by RNA1i, dsRNAs corresponding to the entire sequence of
exon 5a or exon 5b were synthesized (Table 3-1). Double-stranded RNA (200 ng per insect; in
0.1 mM potassium phosphate buffer containing 5 mM KCI, pH 7; (Tomoyasu and Denell, 2004)
corresponding to each target-gene region was injected into a mixture of penultimate and last
instars larvae and pharate pupae (n=40). The dsRNA for 7. castaneum tryptophan oxygenase
gene (ds7cVer) was used as a control.

To observe any effect of RNAi on fecundity, oviposition behavior or in the development
of the resulting progeny, dsRNAs for each of the ten CPAPI genes and seven CPAP3 genes were
also injected into non-virgin adult females (n=20). Two days after injection, dsSRNA-treated
females were mated with an equal number of untreated males. These insects were maintained
under normal conditions as described in (Arakane et al., 2008a). Eggs were collected every 3 d
for ~ 1 month. Eggs were dechorionated by treating with 50% Clorox before taking images using

a Leica MZFLIII microscope.
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Table 3-2 Summary of properties of dSRNAs used for RNAIi studies.

Gene 1; lIl{cll?eOtlde position in Length, bp
TcCPAPI-A
1 559-732 174
TcCPAPI-B
1 273-416 144
TcCPAPI-C
1 907-1050 144
2 222-400 179
TcCPAPI-D
1 49-377 329
TcCPAPI-E
1 99-253 155
TcCPAPI-F
1 17-182 166
TcCPAPI-G
1 502-699 198
TcCPAPI-H
1 2159-2472 314
2 146-335 190
TcCPAPI-I
1 2003-2186 184
TcCPAPI-J
1 138-324 187
2 3538-3733 196
TcCPAP3-Al
1 11-114 104
2 700-1149 450
TcCPAP3-A2
1 210-445 236
TcCPAP3-B
1 74-501 428
2 505-772 268
TcCPAP3-C
1 11-344 334
TcCPAP3-C5a
1 663-949 286
TcCPAP3-C5b
1 717-831 115
TcCPAP3-DI1
1 72-261 190
2 440-678 239
TcCPAP3-D2
1 91-283 193
2 516-670 155
TcCPAP3-E
1 377-620 244

90




3.3.5. Measurement of transcripts after RNAi for CPAP family of genes

RT-PCR experiments were carried out to monitor the effects of dsSRNA on levels of the
targeted transcripts by using gene-specific primers. Total RNA was isolated from whole insects’
4-d post-injection of dSRNA using RNeasy Mini kit (Qiagen, Valencia, CA)

Three insects were pooled for each RNA extraction. cDNA synthesis and RT-PCR were
performed using gene-specific primers. The specificity of RNAi for CPAP genes was
additionally analyzed by comparing the transcript levels of closely related CPAP genes. PCR
amplification products using the same cDNA template and a pair of primers for the ribosomal

protein S6 were used as internal loading controls.

3.3.6. Scanning electron microscopy (SEM) of elytra after RNAi for T7cCPAP3-D
Co-injection of dsRNA for TcCPAP3-DI1 and TcCPAP3-D2 genes (200 ng of each
dsRNA per insect) was done at pharate pupal stage. Elytra were dissected from these beetles 10-
d after adult eclosion. The elytra were fixed by passing through a series of washing and critical
point drying. The elytral samples were coated with 60% gold/ 40% palladium mixture with a
DESK II sputter/etch unit (Denton Vacuum, LLC, Moorestown, NJ). Images were taken using
the S-3500N SEM equipped with the S-6542 Absorbed Electron Detector (Hitachi Science

Systems, Ltd., Hitachinaka, Japan).

3.3.7. Chitin staining of elytra with FITC-CBD after RNAi for CPAP genes

Elytra were dissected from pharate adults collected at pupal-day 5 stage after injection of
dsRNA at pharate pupae, specific for each of the following genes that show a pharate adult to
adult molt arrest: TcCPAPI-C, TcCPAPI1-H, TcCPAP1-J, TcCPAP3-C, TcCHS-A and TcVer.

Elytra were washed in 1 X PBS, pH 8, heated in 10 M NaOH for 6 h at 95°C, to remove all the
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proteins. The resulting solution was neutralized in 1 X PBS, pH 8, then stained with the chitin-
binding domain from chitinase of B. circulans W12 tagged with fluorescein-isothiocyanate
(FITC-CBD, New England BioLabs, Beverly, MA) at 1: 500 dilution in PBS, pH 8 at room
temperature for 1 h. After washing off the excess FITC-CBD probe with PBS, the green
fluorescence was recorded using GFP filter (470 nm excitation and 515 nm emission

wavelengths).

3.3.8. Chitin content analysis of insects after RNAi for CPAPI and CPAP3 family
genes

Double stranded RNA for each of the CPAPI or CPAP3 genes was injected into insects
at the pharate pupal stage. The resulting insects were collected 5 d after molt at the pharate adult
stage just prior to molting into adults. Individual pharate adults were collected in separate 1.5 ml
screw-cap microcentrifuge tubes and weighed. The total chitin content of each of these insects

was measured using modified Morgan-Elson method as described by (Arakane et al., 2005).

3.3.9. Confocal analysis of dSRNA CPAPI-treated insects

Insects injected with dsSRNA for TcCPAPI-H and/or TcCPAPI-C as pharate pupae were
collected on pupal day 5. The insects were fixed in 4% p-formaldehyde and passed through a
series of sucrose gradients. Cryosectioning was performed as described previously (Klein et al.,
1991) on using a Leica CM 1800 instrument. Twenty um thick, cross-sections of pharate adult
(pupal day-5) were stained for chitin with rhodamine-conjugated chitin-binding probe. All
incubations for immunofluorescence were performed at room temperature. The sections were
rinsed three times for 5 min in 0.2% PBST buffer, then incubated for 1 h in PBST buffer

containing 2% BSA, and rinsed. The sections were incubated overnight with chitin stain (1:100)
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dilution in 2% BSA. After this treatment the sections were rinsed again with PBST buffer as
described above and nuclei were stained with 4°, 6-diamidino-2-phenylindole-dihydrochloride
(DAPI, 1 mg/ml in PBS buffer). After renewed washing with PBST buffer the sections were
covered with Fluromount (Sigma) and sealed with clear nail polish to prevent d