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ABSTRACT

Insect cuticle 1s composed mainly ol chitin, a polymer of N-acetylglucosamine
(GleNAc), and chitin-binding cuticle proteins.  The physical and mechanical properties of
cuticle are highly diverse depending on the species, developmental stages, sex, body regions,
and so on.  These various properties are caused by cuticle protein composition.  Therefore,
1o understand the mechanism by which cuticle maintains stable structure and obtains various
mechanical properties, 1t 1s important to analyze chitin-recognition mechanism of cuticle
proteins.  On the other hand, the majority of cuticle protein genes is expressed in stage
dependent manner.  Morcover, it has been reported that genes for two of major cuticle
proteins [tom silkworm, Bombyx mori, are transactivated by juvenile hormone (JH), whose
mode ol action has been unknown yet.  These indicate that cuticle protein genes provide an
excellent model system to study control of gene expression in post-embryonic development
including JH signaling. I approached these two subjects, the chitin-recognition mechanism

and the regulation mechanism ol gene expression using cuticle proteins of B. mori.

(1) Chitin recognition mechanism of cuticle proteins from Bombyx mori

In larval cuticle ol B. mori, four cuticle proteins, BMCP30), 22, 18, and 17 have been
identified.  To analyze chitin-binding activity of cuticle proteins, | attempted purification of
these proteins in native form.  Soluble proteins were extracted with guanidine-HCI solution
from fifth instar larval cuticle, followed by dialysis against a guanidine-free buffer. Cuticle
protein fraction was separated by ammonium sulfate precipitation (20% saturated ammonium
sulfate), and each cuticle protein was purified by two cycles of 1on-exchange chromatography.
All purified cuticle proteins kept high alfinity to chitin.  The chitin-binding activity of
purified BMCP30 was analyzed by chitin-affinity chromatography. It was revealed that pH
optimum for binding to chitin of BMCP30 is pH 6.4, which corresponds to hemolymphal pH.
Competition experiments using chitooligosaccharides showed that binding to chitin was not

prevented by trimer of GlcNAc, but prevented by hexamer, indicating that BMCP30



recognizes 4-6 mer of GICNAc¢ as a unit [or binding.

BMCPs possess about 70 amino acid region conserved widely among cuticle proteins
[rom dilferent insect species.  To determine the chitin binding domain of BMCP30), 1
concerned my attention to the conserved region.  The chitin-binding activities ol BMCP30
and BMCPI18 which have the conserved region in common were compared.  They showed
similar high chitin-binding activities, implying that the conserved region [unctions as a chitin
binding domain.  On the other hand, chitin-binding activity ol BMCP30 showed resistance
stronger than to urea solution than that of BMCPI8. This result suggests that an additional
chitin affinity region is present in another region of BMCP30.

To verify that the conserved region functions actually as chitin binding domain, a serics
of BMCP30 delction mutants fused with glutathione S-transferase (GST) was synthesized in £,
coli, and their chitin-binding activities were analyzed.  The recombinant proteins bearing full
length or only the conserved region ol BMCP30 bound to chitin well.  In contrast, the
recombinant protein with only N-terminal region of BMCP30 and lacking the conserved
region showed reduced chitin-binding activity. It indicated that the conserved region
[unctions as the primary chitin binding domain.  Some chitin-binding activity of the
recombinant protein with only N-terminal of BMCP30 suggested an additional chitin-affinity
region consistently with result from comparison of BMCP30 and BMCPI18.  The aromatic
amino acid residues were highly conserved in the conserved region of cuticle proteins.  The
knowledge from chitin binding protein of other organisms suggested these aromatie residues

in cuticle protein serve important role for binding to chitin.

(2) Expression control of cuticle protein gene in Bombyx mori

Although genomic clone for BMCPIS8 has been isolated previously, its structural
analysis has been unsatisfactory.  To study the control of cuticle protein gene expression, |
analyzed the structure of BMCPI18 genomic clone in detail. Tt was revealed that BMCP18
gene consists of three exons interspersed by two introns.  The transcription initiation site was

determined by primer extension analysis. A structural comparison ol the BMCP18 gene and



related cuticle protein genes of other lepidopteran species (MSCP14.6 and HCCP12) showed
that the 57 upstream region ol the BMCP18, MSCP14.6, and HCCP12 genes has a 12-bp
identical sequence matching the recognition sequence for transcription factors COUP-TF and
HNF-4.  This implies that molecular mechanisms regulating expression ol these cuticle
protein genes are also conserved.  mRNAs coding for Bmsvp, the B. mori homolog of
Drosophila Seven-up, which 1s known as a homolog of vertebrate COUP-TF, and BmHNF-4,
a homolog ol vertebrate HNEF-4, were detected in the larval epidermis.  Bmsvp bound to the
12-bp sequence in vitro, suggesting that Bmsvp regulates the BMCPI8 gene expression.
Since JH is a small lipophilic hormone, 1t probably acts with a transcription factor which
1s a member of nuclear receptor superfamily as a ligand.  Bmsvp is a member of nuclear
receptors.  The possibility that Bmsvp provides BMCPI8 gene with JH responsiveness was

discussed.



GENERAL INTRODUCTION



Cuticle 1s composite multilayered extracellular matrix, secreted by underlying
monolayered epidermal cells in Arthropoda. It serves as skin and skeleton, so called
exoskeleton, and determines the shape of bodies, and also functions as a barrier to
cnvironment surrounding the individuals (Locke, 1974).  Although many properties ol cuticle
arc convenient for animals, 1ts extensibility is restricted.  Therelore, arthropod animals must
shed off the old cuticle and synthesize new one at each molt to grow up.  During the molting
process, most part ol inner cuticle 1s taken up and re-used.  Foregut, hindgut, dermal gland
ducts and tracheae are lined with cuticle, known as the intima, which 1s shed at each molt in
the same way as body surface.  The arthropod cuticle 1s composed mainly of chitin and
various proteins.  Chitin 1s a linear chain of f—(1,4)-linked N-acctylglucosamine, organized
into microfibrils, and embedded in protein matrix. A model of the three-dimensional
structure ol a chitin-protein complex in cuticle based on the X-ray fiber diagrams has been
reported (Blackwell and Weih, 1980).  In this model, it was shown that chitin microfibril 1s
surrounded by six globular proteins per one round in a spiral.  Crustacean cuticle also
contains many calcium salts, involved in sclerotization, namely the calcification.  In contrast,
cuticles ol almost all insects hardly contain caleium, but they contain a large quantity of
phenol derivatives, which are involved in melanization and sclerotization (Hackman, 1984).
Cuticle also contains lipids and pigments.

Cuticle 1s divided basically into two parts, outer thin epicuticle and inner thick
procuticle (Hackman, 1984; Neville, 1984).  The epicuticle 1s usually 1-3 pm thick, and
contains no chitin. ~ Itis composed of lipoproteins, phenolic materials, and wax, and served
several [unctions such as waterproofing and protection from fungi.  The procuticle is a
lamellate structure with ten to several hundreds um thick, and composed of essentially chitin
and proteins (Neville, 1984).  The mechanical property ol cuticle 1s mainly determined by
procuticle.  Procuticle is divided into further two subparts.  The outside is the exocuticle,
which 1s more hardened than the other part and secreted before cach molt (pre-ecdysial
procuticle).  The inner layer, secreted alter the molt, is the endocuticle (post-ccdysial

procuticle).
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The physical and mechanical properties ol cuticle are diverse enormously depending on
the species.  Even in an individual, epidermal cells at different developmental stages
synthesize cuticle with different properties suited for their function.  In holometabolous
insects such as Lepidoptera and Diptera, soft and flexible cuticle of larva, which is convenient
for locomotion, changes into stll and hard pupal cuticle to resist environment during
mectamorphosis.  For diverse properties of cuticle, chitin can be varied somewhat in length
and degree ol acetylaton. [t is appeared that, however, the mechanical properties of cuticle
depend mostly on the protein composition and cross-linkage of proteins.  There are many
reports showing that the alterations of cuticle mechanical properties during metamorphosis
include the changes of cuticular protein compositions (Cox and Willis, 1985: Binger and
Willis, 1990: Nakato et al., 1990; Baernholdt and Andersen, 1998: Mathelin ef al., 1998). Al
puparium formation of Drosophila, novel proteins are secreted into third instar larval cuticle,
and the property ol cuticle changes to hard without molting (Chihara er al., 1982).  Cuticle
properties are also varied with sex and body regions.  Sexually mature female locusts, when
they oviposit into the soil, extend their abdomen more than twice in length. It is achieved by
much more visco-elastic property of intersegmental cuticle of abdomen than other regions.
Such extension of abdomen does not occur in male. [t has been reported that abdominal
cuticle of sexually mature female of locust, Locusta migraloria, has unique protein
composition (Andersen er al., 1986; Andersen and Hajrup, 1987).  On the other hand, cuticle
sclerotization oceurs as results of cross-linkage between amino groups and between histidyl
residues (Christensen ¢f al., 1991) of protein through the intermediation of aromatic
components such as catecholamine, DOPA, and quinones (quinone tanning) derived from
hemolymphal tyrosine and phenylalanine or aromatic amino acid residues ol proteins itself
(Hackman, 1984). Hence, cuticle sclerotization seems to depend not only on sclerotizing
agents and enzymes, but also on protein compositions.  Therefore, it is very interesting things
that how each set ol cuticular proteins provides various properties of cuticle, and how

epidermal cells control gene expression ol cuticular proteins.
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Cuticle Protein

Among proteins constructing cuticle, structural proteins binding to chitin and/or other
protems are especially called cuticle proteins. — Cuticle proteins are synthesized in epidermal
cells and secreted into the cuticle.  After secretion, some of cuticle proteins are covalently
linked with chitin or with one another.  So far, huge numbers of cuticle proteins have been
identilied and isolated from various insect orders, including Diptera (Snyder et al., 1982:
Charles et al., 1997; Dotson et al., 1998), Lepidoptera (Horodyski and Riddiford, 1989:
Binger and Willis, 1994: Nakato ef al., 1994), Coleoptera (Rondot ef al., 1996; Andersen et al.,
1997, Missios ¢l al., 2000), and Orthoptera (Hojrup e al., 1986; Andersen, 1998). and they are
structurally analyzed.  In addition 1o insects, cuticle proteins are also identified in other
arthropod animals, including crustaceans, the American lobster, Homarus americanus
(Nousiainen ef al., 1998) and the prawn, Penaeus japonicus (Watanabe et al., 2000): and
spider, Aranens diadematus (Norup et al., 1996).

Accumulation of information on primary structures which were sequenced directly or
predicted from their cDNA sequences revealed that cuticle proteins share some obvious
homologous regions and/or motifs in common (Andersen ef al., 1995).  They are listed
below.

R & R Consensus:  More than hall of primary structures of cuticle proteins, whose
structural information are available, are aligned well at their central or C-terminal region with
35 amino acid residues, and provide the consensus sequence.  This conserved region was first
mentioned by Rebers and Riddiford (1988), so called “the R & R Consensus”.  Increase in
structural data showed that the conserved region is extended to N-terminal beyond the R & R
Consensus with about 70 amino acids in total (Lampe and Willis, 1994; Andersen ef al., 1995),
and this region was suggested to function in binding with other components in cuticle such as
chitin or proteins.  Iconomidou e al. (1999) predicted that this region of cuticle proteins
consists ol several (3-strands, and proposed this conformation is essential for binding to chitin
librils and delining cuticle’s helicoidal architecture.  Andersen (1998, 2000) proposed that,

according to structure of the conserved region, this group of cuticle proteins could be divided



to RR-1, RR-2, and RR-3 subgroups, which include cuticle proteins mainly derived from soft
and flexible, stiff and sclerotized, and post-ecdysial cuticle, respectively.

Proline/Alanine rich region:  Some of R & R group cuticle proteins POSSESS a region
whose amino acid content is unusually abundant in proline and alanine, which IS just
[ollowing the R & R Consensus.  Several proteins from Locusta, Schistocerca, and
Drosophila bear the octapeptide sequence, xXPTPPPxP (x represents hydrophobic residue),
within the Pro/Ala rich region.  This sequence resembles o the recognition sequence for SH3
domain ol transducing tyrosine Kinase family (Ren ¢f al., 1993).  Therelore, this motif has
been discussed to be involved in protein/protein interaction (Andersen ef al.. 1995).

Alanine rich repear:  Andersen er al. (1995) and Andersen (2000) mentioned a kind of
repeats, whose consensus appears to be (P/V)XDTPEVAAA(K/R)AA( H/F)XAA(H/Y),
reiterated in some cuticle proteins.  This repeat was [irst discovered by Nakato ef al. (1990)
in the primary structure of a pupal cuticle protein from Bombyx mori, suggested involvement
in protein/chitin interaction.

Ala-Ala-Pro-Ala/Pro motif:  The AAP(A/P) motif also occurs over and over in some
proteins (Andersen ef al., 1995).  Itis known that the peptides with proline tend to bend,
therefore cuticle proteins bearing this motil presumably is apt to fold.

Glycine rich motif:  Cuticle proteins possessing glycine rich streteh, usually GGx
tripeptide repeats, at N-terminal or all over the sequence have been identified in Drosophila
(Apple and Fristrom, 1991), Locusta (Andersen et al., 1995; Andersen, 2000), Tenebrio
(Bouhin e7 al., 1992a: Mathelin et al., 1995), Manduca (Okot-Kotber ef al., 1996), and
Bombyx (Suzuki et al., 2000). ~ Glycine rich stretches are also present in many extracellular
structural proteins, such as insect chorion proteins (Tsitilou et al., 1983) and collagen, in both
invertebrates and vertebrates.

Hydrophobic cuticle protein: — Cuticle proteins in this group have hardly any obvious
conserved sequence or common motif.  However, they have unique amino acid content,
Which is abundant in valine, alanine, and proline, and hydrophobic in total.  Proteins of this

type have been identified in Bombyx (Shiomi er al., 1998; Sawada e al., personal



communication) and Mandnca (Okot-Kolber er al., 1996).

Hormonal Regulation of Post-embryonic Development in Insects

Post-embryonic development of insects is roughly classified into three steps, growth,
molt, and mctamorphosis.  These processes are mainly controlled by two peripheral
hormones; those are 20-hydroxyecdysone (20HE), the active metabolite ol ecdysone, and
juvenile hormone (JH).  In larval stages ol lepidopteran species, a pulse of 20HE in presence
ol JH induces the larval-larval molt and makes epidermal cells synthesize the larval cuticle.
In contrast, after the titer of JH in hemolymph declines in final instar larva, raise of 20HE
causces larval-pupal molt (metamorphosis) and allows epidermal cells to produce the pupal
cuticle (Riddiford, 1976).

20HE demonstrates its actions mainly as transcriptional regulation.  Studying the
pulling patterns of the salivary gland chromosome in Drosophila, Ashburner er al. (1974)
proposed a model for mode of 20HE action.  In the model 20HE 1s accepted by a receptor
and activates directly small set of genes (early genes) at lirst.  The proteins encoded by these
carly genes are mostly transcription factors, and activate a second set ol genes (late genes).
The products of carly genes also repress expression of themselves.  20HE 1s a small
lipophilic hormone similar to vertebrate steroids, retinoids, and thyroid hormones.  These
molecules are accepted by members of structurally and functionally related nuclear receptor
superfamily, which act as a ligand dependent transcription factor composed ol homo- or
heterodimer, and regulate gene expression in a target cell (Mangelsdor! er al., 1995).  In
many cases the responses of these hormones take place i two steps: the direct induction of the
transcription from a small number of specific genes known as the “primary response”, and
subsequent activation of other genes by the products [rom the primary response as the
“secondary response” (Yamamoto, 1985).  20HE, in the same way, is accepted by the
ecdysone receptor, a heterodimer of two nuclear receptors, EcR and USP (Koelle er al., 1991
Yao er al., 1992), and stimulates sequential eedysone signal cascade (Thummel, 1995: Lam e7

al., 1997).  This cascade is basically conserved in other insect species including Manduca



sexta (Fujiwara er al., 1995; Hiruma er al., 1997), Bombyx mori (Swevers el al., 1995,
Kamimura ¢f al., 1996), Galleria mellonella (Jindra et al., 1994a, b), and Aedes aegypti (Li et
al., 2000).

JH is an insect sesquiterpenoid hormone, which is synthesized and secreted by the
corpora allata, ~ Seven structurally related molecules have been identified in insects.  JH-
and JH-11 appear to be restricted in Lepidoptera, and JH-0 and 4-methyl JH-I have been
isolated only [rom lepidopteran eggs.  JH-I1T is the most popular molecule and has been
found in all insect orders investigated (Nijhout, 1994).  JH-I1I-biscpoxide and methyl
[arnesoate are found only in higher Diptera and a cockroach, respectively (Briining er al.,
1985: Richard er al., 1989).

JH has pleiotropic actions with two major roles widespread into probably all insect
species.  One is to maintain larval or nymphal characters, so-called “status quo™ action.  JH
maodilies cedysone action and its cascade at each molt, causing prevention ol metamorphosis
(Riddiford, 1976; Nijhout, 1994).  The other 1s regulation ol reproductive maturation with
two steps, induction of yolk protein biosynthesis (vitellogenesis) and stimulation ol follicle to
uptake yolk proteins (Nijhout, 1994).  JH also serves other roles including destruction of
adult diapause of Hemiptera (Morita e al., 1999), caste determination of Isoptera (Nijhout,
1994), control of polymorphism (Emlen and Nijhout, 1999), and maturation ol sex pheromone
glands in Lepidoptera (Fan ef al., 1999).

Because of various roles, JH is supposed to have some different modes ol action at
molecular and cellular levels.  [tappears to act at the membrane level in ovarian lollicle cells
to uptake volk proteins (Ilenchuk and Davey, 1987; Sevala ef al., 1995), and in contrast, it
seems Lo act at inner cell or nuclear levels in the epidermal cells and lat body (Osir and
Riddiford, 1988; Engelmann, 1995). 1t has been also reported that JH regulates expression of
several genes involved in both developmental and reproductive process at transcriptional level
(Zhang et al., 1993; Nakato et al., 1994: Hirai et al., 1998; Comas et al., 1999 Dubrovsky et
al., 2000).  Compared with eedysone, however, the molecular mechanism of JH action have

been still dark, nevertheless big efforts have been made to understand it and to identily
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specilic receptor of JH. - Some nuclear proteins with alfinity to JH have been reported (Palli
et al., 1994; Jones and Sharp, 1997).  And, since JH 1s a small ipophilic hormonge, the
possibility that JH correlates with members ol nuclear receptor superfamily in gene expression
has been examined (Forman ef al., 1995; Harmon ¢f al., 1995).  Although these experiments
scemed to have brought some positive data, it has become clear alter all that they were
artificial or that candidate of receptor requires high concentration of JH over the physical
condition in binding reaction.  The possibility that JH acts in the novel molecular system [or

modulating ccdysone action has been also discussed (Riddiford, 1996).

Hormonal Regulation of Cuticle Protein Genes

The majority ol insect cuticle proteins is biosynthesized in stage dependent manner. [t
has been shown that expression of several genes for cuticle proteins is regulated by 20HE
and/or JH.  In Drosophila melanogaster, it was reported that transcripts ol pupal cuticle
protein genes (EDG78, 84, and 91) accumulate in isolated imaginal discs after exposure to a
pulse of 20HE, but not in discs cultured in the continuous presence or absence of the hormone
(Apple and Fristrom, 1991).

In epidermal culture system ol tobacco hornworm, Manduca sexta, 1t was shown that
expression ol gene coding for larval-cuticle specific protein, LCP14, is rapidly suppressed in
response 1o 20HE.  This suppression by 20HE could be caused by both cessation of the gene
transcription and destabilization of the mRNA (Hiruma et al., 1991).

Expression ol a pupal cuticle protein gene (GmPCPS2) of the wax moth, Galleria
mellonella, reaches a peak within several hours after pupation, and declines rapidly.  20HE
accelerates the decrease of GmPCPS2 expression both transcriptionally and post-
transcriptionally, but JH delays it (Krimer and Wolbert, 1998).

In silkworm, Bombyx mori, mRNAs [or two major larval cuticle proteins, BMCPI8 and
30, decrease a few days after last larval molt correspondingly to disappearance of JH in
hemolymph.  Nakato e7 al. (1994) and Shofuda et al. (1999) reported that topical application

of JH to last instar larvae prolonged the expression of these mRNAs [or more than six days.
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On the other hand, mRNA [or one of pupal cuticle proteins (PCP) is transactivated in isolated
abdomen with an terval of 96h alter 20HE administration (Nakato ef al,, 1992).  VAP-
peptide (BmACPG6.7) 1s another Bombyx cuticle protein constructing adult cuticle (Shiomi ¢f
al., 1998).  BmFTZ-FI1, a member ol nuclear receptors incorporated into the ecdysone signal
cascade (Ueda and Hirose, 1990), recognized the promoter region ol the gene for VAP-peptide,
suggesting possibility that this gene 1s controlled by ecdysone signal (Shiomi er al., 2000).

In contrast to other ecdysone stimulating cuticle protein genes, expression of an adult-
specilic cuticle protein gene of yellow mealworm, Tenebrio molitor (TMACP20) requires
continuous presence of 20HE but not pulse stimulation of it in cultured epidermis (Braquart ef
al., 1996), while JH analog application to newly ecdysis pupae prevents its expression
(Charles er al., 1992).  Expression ol mRNA [or another adult-specific cuticle protein,
TMACP22, is also prevented by JH analog application (Bouhin ef al., 1992b).  Although
adult-specilic cuticle proteins were shown to require the absence of JH for their expression,
genes lor larval/pupal cuticle protein of Tenebrio (TMLPCP22 and 23) are activated by JH
(Rondot er al., 1996; Rondol e1 al., 1998).

In the experiments with cultured epidermis of Manduca and Tenebrio, the ellects of
20HE on the transcription of cuticle protein genes were prevented by protein synthesis
inhibitors, indicating that 20HE does not act directly on these genes.  Therefore, these cuticle

protein genes could be late genes in secondary response ol 20HE.

Scope of Project

Insect cuticle 1s exoskeleton, whose mechanical property is varied suitable [or
physiological state of the individual.  This difference 1s thought to depend on cuticle protein
composition in cuticle.  Therefore, to understand the mechanism by which cuticle maintains
stable structure and expresses various mechanical properties, itis important to analyze how
cuticle proteins recognize chitin molecule and bind to chitin.  Although enormous structural
information 1s accumulating, little 1s known about chitin-binding property of cuticle proteins.

On the other hand, cuticle protein genes provide an excellent model system [or studying the



mechanism of gene regulation during metamorphosis, since their expression is slage
dependent and controlled by 20HE and/or JH.

To approach these two subjects, [ adopted cuticle proteins from silkworm, Bombyx mori,
as model proteins because of following advantages.  First, B. mori is a large inseet, so it is
casy 1o 1solate interesting tissues and to obtain large amounts of samples uselul to biochemical
analyses.  Second, endocrinology of B. mori is known well conveniently to study regulation
of gene expression during post-ecmbryonic development.  Finally, expressions of genes lor
cuticle proteins abundant in larval cuticle are up-regulated by JH at transcriptional level.  The
mode of JH action is stll unknown as described above.  Until now, many studies to make it
clear have been concentrated to identify the JH receptor.  Analysis for mechanism of
expression control of JH target genes such as BMCP30) and BMCP18 possibly provides a
novel light to understand the JH actions.

[n Section [ of this thesis, I described the chitin-binding activity of BMCP30
particularly.  Toanalyze the molecular property of cuticle proteins, I purified some cuticle
proteins from larvae of B. mori in native form, and their chitin-binding activities were
analyzed by chitin-affinity chromatography.  The experiment using a series of deletion
mutant proteins showed that the region conserved among cuticle proteins functions as the
chitin binding domain.  In Section II, I made reference to the regulation mechanism and the
TH responsiveness of BMCPI8 gene expression.  Comparison of promoter region of
BMCPI8 gene with those of other lepidopteran cuticle protein genes (MSCP14.6 and
HCCP12) revealed a conserved sequence of 12-bp. It was shown that Bmsvp, a member of

nuclear hormone receptor superfamily, recognizes this sequence specifically in vitro.

§ Cuticle proteins identified in larval cuticle of silkworm, Bombyx mori, were previously referred as LCP30,
22, 18, and 17 by my collaborators (Nakato er al., 1994, 1997; Shofuda ez al., 1999).  Since the expression
of these genes are not restricted to larval stages, | and colleague have changed the nomenclature to BMCP30,

22, 18, and 17, standing for Bombyx mori cuticle protein with indicated molecular weight.
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Chitin Recognition Mechanism of Cuticle Proteins from
Bombyx mori



INTRODUCTION

Insect surface is covered by exoskeleton, cuticle, whose mechanical property is highly
diverse suitable for physiological state of the individual according as developmental stage, sex,
body region, and so on. Cuticle 1s mainly composed ol chitin, a polymer of N-
acetylglucosamine (GIcNAc), and cuticle proteins, which are structural proteins binding to
chitin and/or other proteins.  Compositions of cuticle proteins are varied among cuticle
possessing different mechanical properties (Chihara e al., 1982; Cox and Willis, 1985;
Andersen and Hgjrup, 1987: Nakato er al., 1990).  Therelore, it is believed that cuticle
proteins have very important role in expression of cuticle mechanical properties. A number
ol cuticle proteins have been identified and characterized in various insect species (Snyder er
al., 1982; Rebers and Riddiford, 1988: Binger and Willis, 1994; Nakato et al., 1994: Andersen
et al,, 1995 Mathelin er al., 1995; Charles er al., 1997: Andersen, 1998: Dotson er al., 1998).
A comparison ol the primary structures ol cuticle proteins from different species showed that
many of these proteins contain a consensus sequence at the central or C-terminal region, [irst
mentioned by Rebers and Riddiford (1988), so called “R & R Consensus™.  The R & R
Consensus exists not only in insect cuticle proteins but also in those [rom other arthropod
species, including the American lobster, Homarus americanus (Nousiainen ¢/ al., 1998) and
the spider, Araneus diadematus (Norup et al., 1996).  Increase in the available information
about the structures revealed that the conserved region 1s extended to N-terminal beyond the R
& R Consensus (Lampe and Willis, 1994; Andersen ef al., 1995).  Andersen (1998, 2000)
proposed that, according to structure of the conserved region, cuticle proteins could be divided
10 RR-1, RR-2, and RR-3 subgroups, which include cuticle proteins mainly derived from soft
and [Texible, suff and sclerotized, and post-cedysial cuticle, respectively.  Although structural
information of cuticle proteins is accumulating, little is known about their chitin-binding
property.

In larval cuticle of Bombyx mori, three major components of cuticle protein, BMCP30),

BMCP22, and BMCPI17 have been identilied (Nakato et al., 1990, 1994).  BMCP30 has been
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purilied from the urca extract of the integument using chitin-affinity chromatography followed
by a preparative SDS-PAGE (Nukato ez al., 1994).  However, the proteins purified by this
procedure were denatured, and were not suitable for analyses of native protein properties.  In
addiuon, other cuticle proteins have been left to be elucidated.  In this study, to analyze the
chitin-binding activity, I developed the purification method of cuticle proteins [rom B. mori
larval integument in the native form, and the properties of chitin-binding activity of BMCP30
were analyzed by the chitin-alfinity chromatography method.  The analysis using deletion
mutant of BMCP30 showed that the conserved region among cuticle proteins should function

as a chitin binding domain
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MATERIALS AND METHODS
Animals
A commercial strain ol the silkworm, Bombyx mori (Kinshu x Showa) was obtained
rom Ueda Sanshu, Ueda.  Larvae were reared at 25°C on an artificial diet (Katakura Kogyo

Corp.)

Chemicals and biological materials

The ¢cDNA clones of B. mori cuticle proteins were kindly supplied by Dr. Hiroshi
Nakato.

DEAE-cellulose (DES2) was obtained from Whatmann Paper Limited.  Polyvinyl-
diffuoride (PVDF) membrane was [rom ATTO, Inc.  Glutathione Sepharose 4B and 1-chloro-
2 4-dinitrobenzene (CDNB) were purchased from Pharmacia Biotech.  Chitin powder was
from Wako Pure Chemicals.  N-acetyvlglucosamine and chitooligosaccharides, tri-N-
acetylchitotriose, (GleNA¢)3: and hexa-N-acetylchitohexaose, (GleNAc)g were purchased
[rom Seikagaku Corp.

Restriction endonucleases were obtained [rom New England Biolabs, Inc. and Roche
Molecular Biochemicals.  DNA polvmerases [or PCR were purchased Irom TaKaRa Shuzo
Corp.  Synthetic oligonucleotides were from Sawady Technology.

Other chemicals and enzyvmes were obtained [rom commercial sources.

Purification and N-terminal sequencing of cuticle proteins

Fifth instar larvac were decapitated, and silkglands, gut, and other internal organs were
removed by squeezing the body with fingers.  Integument was cut open, and fat body,
muscles, and epidermal cells were torn off from the cuticle carclully with a spatula.  Cuticle
was washed with 10 volumes (w/v) of a low-salt bulfer (20 mM Tris-HCI, pH 7.5, a small
amount of 1-phenyl-2-thiourea) and a high-salt buffer (20 mM Tns-HCI, pH 7.5, 1 M NaCl,
and a small amount of 1-phenyl-2-thiourea) onice.  Cuticle proteins were extracted from

well-washed cuticle with 6 M guanidine-HCI in 20 mM NaPB, pH 7.0.  Extracted proteins
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were renatured by dialysis against 20 mM NaPB, pH 7.0 containing 3 mM
phenylmethylsulfonyl [Tuonde (PMSF), and insoluble proteins were removed by centrifugation.
After cuticle proteins were collected by ammonium sulfate precipitation (20% saturated
ammonium sulfate) and dialyzed as above, DEAE-cellulose (DES2) column chromatography
in 20 mM NaPB, pH 7.0 was performed to Iractionate cuticle proteins.  After the first peak
cluted, a linear gradient ol 0 = 0.1 M NaCl in the same bufler was loaded 1o clute other
proteins.  The fractions in cach peak were collected, and subjected to an additional 10n-
exchange chromatography to purify proteins to homogeneity.

To determine the amino-terminal sequences of interest proteins, each 150 — 300 pmol of
purified protein was subjected to SDS-PAGE, and blotted to a polyvinyl-difluoride (PVDF)
membrane in a transfer bulfer (25 mM Tris, 0.2 M glycine, and 20% methanol) using a semi-
dry blotting apparatus (ATTO, Inc). The membrane was stained with Coomassie Brilliant
Blue (CBB), and stained spot was excised.  The amino acid sequence ol the protein on a
PVDF membrane was determined by Edman degradation using an Applied Biosystems 477A

Protein Sequencer.

SDS polyacrylamide gel electrophoresis
SDS polyacrylamide gel electrophoresis (SDS-PAGE) was carried out according to the

method of Laecmmli (1970), and proteins were stained with CBB.

DNA sequencing
Nucleotide sequences were determined by dideoxynucleotide chain termination method
(Sanger, 1981) using ABI PRISM BigDye Terminator Cycle Sequencing Kit and ABI PRISM

310 Genetic Analyzer (PE Biosystems).

Chitin affinity chromatography
Powdered chitin was washed well with 0.1 N HCI, then with 0.1 N NaOH, and

relatively small particles of chitin were collected.  Each 80 ug ol cuticle proteins in 400 ul of
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a binding bulfer (20 mM NaPB, pH 6.4, 0.1% Triton X-100) was loaded onto a 150 ul chitin
column equilibrated with the binding buffer.  After the column was washed with binding
buffer, the proteins binding to chitin were eluted with 8 M urea in binding buffer.

The binding acuvities were analyzed by SDS-PAGE followed by densitometry.  The
definite amount of sample proteins using in the chitin-binding assay on chitin-alfinity
chromatography and that of proteins eluted from chitin column were subjected to SDS-PAGE.
The clectrophoresis pattern was taken in a personal computer as a digital file, and densitometry
was performed using NIH image software.  The binding activities were calculated as ratio of

the amount of proteins eluted (rom chitin column to that of the sample proteins.

Construction of expression plasmids

The DNA regions of BMCP30 ¢cDNA were amplified by PCR with pPBMCP30¢2
(Nakato er al., 1994) as a template and a set of following two synthetic primers: LCP30RV70-
E (5-GCCGAATTCGCCGAAACTGGAAAGTAC-3") and LCP30FW750-X (5'-
GCCCTCGAGGACTAGTATTTACTTAGG-3") for pPGSTBMCP30; LCP30RV526-E (5'-
GCCGAATTCGACGTCGCTCCCGAAGGC-3") and LCP30FW750-X for
pGSTBMCP30CBD; LCP30RV70-E and LCP30FW525-X (5'-
GCCCTCGAGTTAATTGTCGTAACGGATG-3'") for pGSTBMCP30ACBD. DNA regions
of BMCPI18 ¢cDNA were amplified with pBMCP18c1 (Sholuda er al., 1999) as the template
and following primers: LCPISRVO3-E (5-GCCGAATTCGTCGGCCCTGATGCCGAC-3")
and LCP18FW414-X (5'-GCCCTCGAGACTTTTCAAATGAATGAG-3") for pPGSTBMCPIS;
LCPI8RV138-E (5-GCCGAATTCAACATTGGTGTCGAAGG-3") and LCP18SFW414-X for
pGSTBMCPISCBD. Each DNA [ragment was digested with EcoRI and Xhiol, and inserted
between those sites on pGEX-4T-1 (Pharmacia Biotech).  The sequences ol all inserts in

expression vectors were checked by DNA sequencing.

Expression and purification of GST-fusion protein

Svnthesis of GST-fused cuticle proteins was performed according to the outline



mentioned by manufacture. [, coli BL21 cells carrying one of pGSTBMCP expression
plasmids were cultured in 200 ml of LB containing ampicillin at 30°C. When the optical
density at 600 nm reached 0.5, IPTG was added to a [1nal concentration of 0.5 mM to the
culture.  After incubation for a further 2hrs, cells were collected by centrifugation and
stocked at =80°C until use.

The bacterial pellet was resuspended in 10 ml of PBS, and cells were disrupted by
sonication.  Trton X-100 (final concentration 17%) was added to the sonicates, and the
sonicates was incubated at room temperature for 30min with gentle shaking.  The soluble
fraction was separated by a vigorous centrifugation, and then applied to a 500 ul of
Glutathione-Sepharose column equilibrated with PBS.  After the column was washed well
with PBS, proteins binding to column were cluted by some aliquots of elution bulfer
containing 10 mM reduced glutathione.  Each eluted fraction was analyzed by SDS-PAGE,
and the fractions containing GST-lusion proteins were combined and dialyzed against 20 mM
NaPB, pH 7.0.  GST-fusion proteins were purified further to homogeneity using FPLC

system with Mono Q column.

Chitin-binding assay of GST-fusion proteins

Two ug of purified GST-fusion protein in I ml of a binding bulfer (20 mM NaPB, pH
6.4, 0.1% Triton X-100) were incubated with 100 ul of acid-alkaline-washed chitin powder
equilibrated with the binding bufler at room temperature [or 30 min with a gentle shaking.
The supernatant was removed, and chitin was washed well with the binding buffer.  The 100
ul of protein-bound chitin was incubated in I ml of @ GST reaction solution (0.5 mM 1-chloro-
2 4-dinitrobenzene (CDNB), 0.5 mM reduced glutathione, 100 mM K-phosphate buffer, pH
6.5) at room temperature for S min with a gentle shaking.  Alter the reaction was stopped

with 10 ul of 6N HCI, the absorbance of the supernatant at 340nm was measured.
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RESULTS

Purification of cuticle proteins from larval integument

To analyze the chitin-binding activity ol cuticle proteins, I attempted to purify cuticle
proteins in native form.  Proteins were extracted from well-washed larval cuticle with 6 M
cuanidine-HCI solution, and renatured by dialysis against guanidine-Irec buffer.  Although
the B. mori cuticle proteins ol which I take notice are soluble in low ionic strength solution, in
a high-salt solution they become insoluble by salting out.  Therelore, | was able to collect
them by ammonium sulfate precipitation at 20% saturation from the solution.  Cuticle
proteins collected by the ammonium sullate precipitation were applied onto a DEAE-cellulose
column equilibrated with 20 mM NaPB, pH 7.0.  After a first peak was eluted, a linear 0 — 0. ]
M gradient of NaCl in the same buffer was applied on the column to clute other proteins (Fig.
[). SDS-PAGE analysis showed that fractions in [irst three peaks, indicated as I, I, and II1 in
Fig. 1, contained BMCP22, BMCP17, and BMCP30), respectively (data not shown). A peak
indicated as I'V contained a novel protein with molecular weight of 18 k. Since this protein
showed a high chitin-binding activity (Fig. 6), I termed it BMCP18,

To proceed with the purification of each cuticle protein, additional 1on-exchange
chromatography was performed. BMCP30 and BMCP22 were purified to homogeneity using
DES2 columns equilibrated with 20 mM Tris-HCI, pH 8.0, and BMCPI18 and BMCPI17 were
also purified with DES2 columns equilibrated with 20 mM NaPB, pH7.0 (Fig. 2). Their N-
terminal sequences were determined by automatic Edman degradation.  All purilied cuticle

proteins investigated possessed high chitin-binding activity (data not shown).

Primary structure of B. mori cuticle proteins

BMCP30 has been isolated, and its cDNA and genomic sequences were also
characternized (Nakato et al., 1994),  The putative amino acid sequence has shown no obvious
homology with other known proteins including insect cuticle proteins.  However, I found two

mistakes on cDNA sequencing, one is an oversight of 30 nucleotides repeat, and the other is
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Fig. 1. DES2 column chromatogram of B. mori cuticle proteins.

Cuticle proteins were extracted [rom well-washed larval cuticle by 6 M guanidine-HCI as
described in Matenals and Methods.  After removal of guanidine-HCI by dialysis cuticle
proteins were recovered by ammonium sulfate precipitation (207% saturation), and re-dialyzed
against 20 mM NaPB, pH 7.0.  This fraction was applied onto a DEAE-cellulose column
cquilibrated with 20 mM NaPB, pH 7.0.  After the first peak was eluted, 0 — 0.1 M NaCl
gradient in same buffer was loaded to the column.  The bars with the Roman numbers

indicate the pooling of [ractions.



12345

94—
67 —

30— -

14—

Fig. 2. SDS-PAGE of purified cuticle proteins.

Cuticle proteins precipitated by 20% ammonium sulfate (lane 1) were fractionated by cycles of
ion-exchange chromatography, resulting purification of BMCP30 (lane 2), BMCP22 (lane 3),
BMCP17 (lane 4), and BMCPI18 (lane 5).  Numbers to the left represent molecular weights of

marker proteins.
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lack of a guanine residue between nucleotide position 509 and 510 of original cDNA sequence
causing translational frame shift at C-terminal region.  Now, corrected cDNA sequence and
primary structure of BMCP30 are available (Fig. 3).  This new primary structure of BMCP30)
possesses some noteworthy characteristics below.  The molecular weight of pre-BMCP30) is
25.7 k, and that of mature BMCP30 without the signal peptide is 24.0 k with pl of 5.2.
BMCP30 bears an Arg-Gly-Asp (RGD) sequence, which is known as the key sequence of cell-
attachment domain identified in many extra-cellular matrix proteins (Picrschbacher and
Ruoslahti, 1984; Yamada, 1991), as previously reported.  There is a complete repeat of 10
amino acid residues derived from 30 nucleotides repeat mentioned above at central region.
Moreover, C-terminal region of BMCP30 showed high similarity with the sequence conserved
among many other insect cuticle proteins, called R&R Consensus (Andersen et al., 1995).
mRNA sequences coding for BMCP22, BMCP17 (Nakato et al., 1997), and BMCP18
(Shofuda e7 al., 1999) have been isolated rom B. mori larval epidermal ¢cDNA library.
Structural analysis of BMCP22 and BMCP17 ¢DNA sequences revealed that putative primary
structures of these proteins show homology with cuticle proteins from other insect species, and
possess the R & R Consensus in the central region.  C-terminal region, which is abundant in
proline and alanine residues, following R & R Consensus was also conserved among some
cuticle proteins, such as SgAbd-4 from the desert locust, Schistocerca gregaria (Andersen,
1998), and LCP1 and LCP2 from Drosophila melanogaster (Snyder et al., 1982) (Fig. 4).
The deduced amino acid sequence of BMCP18 was also homologous to other cuticle proteins,
and bears the R & R Consensus.  Both BMCP30 and BMCPI8 lack the Pro/Ala rich region
following R & R Consensus.

The molecular weight of all of the four B. mori cuticle proteins determined by mobility
in SDS-PAGE was 21 to 96% higher than those calculated from deduced amino acid
sequences, in spite of suggestion that BMCPs received no modification such as glycosylation.
This is a typical property of cuticle proteins because of possibly binding with SDS (Andersen
et al., 1995).

The schematic diagram representing putative primary structure of BMCPs was



lustrated in Fig. 4. Comparison of the primary structures revealed that they are well aligned
around R & R Consensus and this conservation is extended 35 more residues to N-termini
(represented as “the conserved region™ in Fig. 4).  According to the consensus sequence
preceding the R&R Consensus, BMCPs listed here appear to belong to the RR1 subgroup of

cuticle proteins (Andersen, 1998).

Characteristics of cuticle protein binding activity to chitin

All ol the purihied B. mori cuticle proteins showed high binding activity to chitin (data
not shown).  In addition to the chitin-binding activity, BMCP30 possesses cell-attachment
signal (RGD tripeptide) in 1ts primary structure (Fig. 3).  Actually, BMCP30 purilied from
larval cuticle showed the cell-adhesive activity (Nakato, 1993).  Therelore, BMCP30 seems
to play an important role in stabilization of cuticle-epidermal cells connection.  Hence, |
examined the molecular mechanism underlying the formation of protein-chitin complex using
BMCP30 as a model protein.

First of all to understand the chitin recognition mechanism of cuticle proteins, |
analyzed the chitin-binding activity of BMCP30 using a chitin-affinity column
chromatography, followed by SDS-PAGE and densitometry.  To invesugate the effect of pH
on BMCP30 binding to chitin, binding activities under different pH conditions were analyzed.
As shown in Fig. 5, BMCP30 bound to chitin over relatively wide pH range, and it showed
maximal binding activity around pH 6.4 which corresponds to the pH value of silkworm
hemolymph.

Binding stability of BMCP30 was compared with that of another cuticle protein,
BMCPI8. Both of cuticle proteins showed almost same binding activity at pH 6.4 (Fig. 6A)
implying that the conserved region, which is shared by these proteins, functions as the chitin
binding domain. In contrast to similar binding activities of both proteins in standard binding
buffer, these proteins showed different resistance to urea concentration in binding bulfer.
Although almost all BMCP18 binding (o chitin was eluted by 4 M urea, only 60% of BMCP30

was eluted from chitin column (Fig. 6B), suggesting that BMCP30 possesses additional chitin
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allinity region in the structure, probably its N-terminal region.

Conserved region among cuticle proteins functions as chitin binding domain

To mvestigate whether the conserved region among cuticle proteins actually Tunctions
as a chitin binding domain, a series of deletion mutants of recombinant BMCP30) was
synthesized in £, coli. To synthesize the recombinant proteins, I used the Glutathione S-
translerase (GST) Gene Fusion System (Pharmacia Biotech), in which the resultant proteins
were fused with GST. The various DNA regions of BMCP30 ¢DNA were prepared using
PCR method and inserted into the I, coli expression vector pGEX-4T-1.  DNA sequencing
revealed that pPGSTBMCP30ACBD carries one nucleotide substitution at nt position 408 of
BMCP30 ¢DNA (adenine to guanine).  This mutation is a silent mutation, which cause no
amino acid substitutions.  Each GST-fused cuticle proteins (Fig. 8A) was synthesized and
purified as described in Materials and Methods, and their chitin-binding activity was analyzed.

Prior to analysis with deletion mutants, [ established a chitin-binding assay utilizing
GST activity of GST-[usion proteins.  The GST activity was analyzed as described in
Matenals and Methods using CDNB and reduced glutathione as substrates. | confirmed that
GST activity of GST-fusion protein is in proportion to the amount of the [usion protein in this
assay.  As shown in Fig. 7, the GST activities of GSTBMCP30 in sample solution (« in Fig.
7) and mixture of the protein solution and chitin (b in Fig. 7) were same, indicating GST-
fusion proteins do not change their own GST activities when they bind to chitin.  Therelore,
the GST activity in the GST-fusion protein binding to chitin particle corresponds to the amount
ol GST-fusion proteins binding to chitin.  The chitin-binding activity of GSTBMCP30 was
calculated as the relative ratio of GST activity in chitin washed out non-binding proteins (¢ in
Fig. 7) to that of GSTBMCP30 in sample solution (a in Fig. 7). Using this system, chitin-
binding activities of recombinant cuticle proteins can be analyzed quickly and quantitatively.

Subsequently, the chitin-binding activities ol some BMCP30 deletion mutants were
analyzed.  For negative control, GST derived from pGEX-4T-1 with no inserts was used.

As shown in Fig. 8, GSTBMCP30 showed high chitin-binding activity.  GSTBMCP30CBD

o
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bearing only the conserved region also revealed high binding activity of the same level as it
was observed using GSTBMCP30.  In contrast, GSTBMCP30ACBD lacking the conserved
region also possessed binding activity, but the level of it was quite low.  These results
indicated that the conserved region [unctions as the principal chitin binding domain of
BMCP30.  In addition, some binding activity of GSTBMCP30ACBD suggests that additional
chitin-alfinity region(s) exist in N-terminal structure.  This 1s consistent with the result of
chitin-allinity chromatography comparing BMCP30 and BMCPI18 (Fig. 6B).

To conlirm that the conserved region also functions as chitin binding domain in other
cuticle proteins, experiment with a BMCPI8 deletion mutant was done.  Binding property of
iISTBMCPI8 1o chitin was well similar to GSTBMCP30 (Fig. 8). GSTBMCPISCBD
bearing the conserved region of BMCPI8 also showed high binding activity as GSTBMCPI8
and GSTBMCP30), suggesting that other cuticle proteins bind to chitin mediated by the

conserved region.

Interaction with chitooligosaccharides

To determine that what size of GIcNAc¢ oligomer BMCP30 can recognize, competition
analysis using chitooligosaccharides was performed.  Binding activities of recombinant
BMCP30 (GSTBMCP30) to powdered chitin in presence of 1% GIcNAc, (GleNAc¢)3, or
(GleNAc)g were analyzed, and compared with those in absence of oligosaccharides (Fig. 9).
Although GlcNAc and (GleNAc)3 did not show any effects on the binding of BMCP30),

(GleNAc)g diminished binding activity of BMCP30 to the chitin. - These results suggest that

BMCP30 recognizes 4-6 mer of GleNAc¢ as a unit for binding.
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Fig. 3. Corrected nucleotide sequence of BMCP30 ¢DNA and deduced primary
structure of BMCP30.

Nucleoudes are numbered from the 57 end of the BMCP30 ¢DNA clone, and amino acid
restdues are numbered in parentheses (rom translation initiation methionine residue.  The
signal peptide cleavage site is indicated by a vertical arrow. A cell adhesive RGD sequence
and a 10 amino acid repeat are marked with double underline and horizontal arrows,

respectively. A putative polyvadenylation signal i1s underlined.
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Fig. 4. Schematic representation of primary structures of B. mori cuticle proteins
predicted from ¢DNA sequences.

Comparison of putative primary structures of B. mori cuticle proteins revealed the conserved
region, represented by solid boxes, extending beyond the R & R Consensus to N-termini.
Another conserved sequence, Pro/Ala rich region indicated by shadowed boxes, was found in
C-termini of BMCP22 and BMCP17.  Unique structures of BMCP30, RGD sequence and 10
amino acid repeat, are indicated by shadowed box and boxes with horizontal arrows. Signal

sequences are fatched.
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Fig. 5. Effect of pH on chitin binding of BMCP30.

Each 80 ug of purified BMCP30 in 400 ul of the binding buffer with indicated pH was loaded
onto a 150 ul chitin column equilibrated with same bulfer.  After the column was washed
well, the binding proteins were eluted with 8 M urea.  The binding activity was calculated as
described in Malterials and Methods, and presented as the mean = SE of more than three

independent experiments.
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Fig. 6. Comparison of chitin-binding activities of BMCP30 and BMCP18.

(A) Chitin-binding activities of BMCP30 and BMCP18 were analyzed by chitin-affinity
chromatography as described in Materials and Methods. — Error bars represent standard error
(SE) of more than three experiments.  (B) Resistance of chitin-binding activity to urea.
BMCP30 or BMCPI8 was loaded onto a chitin column in the same way with other chitin-
alfinity chromatography, and proteins bound to chitin were eluted by indicated concentration
of urca.  The elution efficiency was represented as the ratio of protein amount eluted by cach

concentration of urea to that by 8 M urea elution, with SE of more than three experiments.
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Fig. 7. Chitin-binding assay of GST-fusion proteins.

(A) Experimental flow of chitin-binding assay utilizing GST activity of GST-fusion protein.
Two ng ol purified GST-fusion protein (GSTBMCP30) in 1 ml of the binding buffer (fraction
a) were incubated with 100 ul of chitin slurry equilibrated with the binding buffer (fraction b).
Alter incubation, the supernatant was removed and chitin was washed well with the binding
bulfer (fraction ¢).  (B) Each [raction shown in (A) was subjected to GST-assay described in
Materials and Methods.  The GST activities of GSTBMCP30 sample solution (@), non-
binding and binding protein to chitin (b), and only chitin binding protein (¢) were presented as

the mean = SE of three independent experiments.
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Fig. 8. Chitin-binding activities of GST-fused cuticle proteins.

(A) Schematic representation ol GST/cuticle protein fusion proteins.  All GST-fused cuticle
proteins were synthesized in E. coli BL21 cells, and purified by glutathione-alfinity
chromatography and FPLC with Mono Q column.  The conserved regions of cuticle proteins
are represented by solid boxes.  The RGD sequence and 10 amino acid repeat are indicated by
shadowed bar and boxes with vertical arrows, respectively.  GSTs are shown with hatched
hoxes.

(B) Chitin-binding activities of GST/cuticle protein fusion proteins.  Chitin-binding activities
ol GSTBMCP30, G30; GSTBMCP30CBD, G30C; GSTBMCP30ACBD, G30AC;
GSTBMCPI8, G18: GSTBMCPISCBD, G18C: and GST, G (as a negative control) were
analyzed using their GST activities as described in Materials and Methods.  Binding activities
were represented as the ratio of GST-activity in protein-bound chitin matrix to that in protein

sample solution with SE of three experiments.
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Fig. 9. Chitooligosaccharide competition in binding to chitin.

For chitooligosaccharide competition experiments, 0.2 ug of GSTBMCP30 was pre-incubated
in 100 ul of binding bulfer (20 mM NaPB, pH7.0, 0.1% Triton X-100) containing 1% ol
indicated sugar at room temperature for 15 min.  Then, protein solution was mixed with 10 ul
ol chitin slurry equilibrated with sugar-containing binding bulfer, and incubated for further 15
min.  After removal of supernatant, chitin was washed well with sugar-containing binding
buffer, and GST acuvity in chitin matrix was analyzed. The binding activities in presence of
indicated sugars were represented as relative activity to that in absence of sugars (-) with SE of

three experiments.  Asterisk indicates P < 0.05 compared with no sugar addition,

— 4] —



DISCUSSION

To analyze molecular property of cuticle proteins, I purified four major cuticle proteins,
BMCP30, 22, 18, and 17, in native form from larval cuticle of Bombyx mori.  Molecular
weight of each purified BMCP estimated by the mobility on SDS-PAGE is greater than that
calculated Irom deduced amino acid sequence. It is known that BMCPs characterized until
now do not receive any modification such as glycosylation.  Similar examples were observed
in cuticle proteins of other insect species (Andersen er al., 1995). | think that this is a marked
property ol insect cuticle proteins.

All purified cuticle proteins examined kept the chitin-binding activity. I analyzed
lundamental property underlying the formation of protein-chitin complex by use of BMCP30
as a model protein on behall of BMCPs,  BMCP30 showed the highest binding activity to
chitin at pH 6.4, which is the hemolymphal pH value of B. mori larva (Fig. 5).  The binding
was competed by the hexamer but not by monomer and trimer of GleNAc (Fig. 9), suggesting
BMCP30 recognizes 4-6 mer of GleNAc as a unit for binding.

The primary structures of BMCPs predicted from ¢cDNA sequences resemble (o each
other, possessing the R & R Consensus at C-terminal or central region.  Alignment of primary
structure of B. mori cuticle proteins revealed that the conserved region is extended to N-
termini beyond the R & R Consensus (Fig. 4).  BMCP22 und BMCPI17 possess other
conserved moul, Pro/Ala rich region at C-terminal end.  This moul occurs just after the R &
R Consensus in several cuticle proteins from different insect species including Manduca sexita
(Rebers and Riddilord, 1988), Drosophila melanogaster (Snyder et al., 1982), and Locusta
migratoria (Talbo et al., 1991). BMCP30 bears unique motils, the cell adhesive RGD
sequence at the middle of N-terminal domain and the repeat of ten amino acid residues roughly
located in the center of the primary structure (Fig. 3).  The molecular property of BMCP30)
which possesses both chitin-binding and cell-adhesive activities suggests that this protein
(unctions likely as a glue binding epidermal cells and chitin filaments and makes cuticle stable.

Actually, the B. mori cell line, Bm35, adhered to and prolilerated on a chitin sheet coated by
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BMCP30, but not with BSA in insect medium (Izumi, unpublished data).  In vertebrates,
collagen, which is an extracellular matrix protein, contributes greatly to the conservation of
morphology of individuals.  In the case of insect, proteins such as BMCP30 in B. mori appear
to lirmly bind the epidermal cells with chitin, forming a strong exoskeleton and hence
conserving the morphology of individuals.

The extended conserved region including the R & R Consensus has been mentioned
(Lampe and Willis, 1994: Andersen et al., 1995).  Iconomidou et al. (1999) predicted that this
region of cuticle proteins consists of several f-strands, and proposed this conformation is
essential for binding to chitin laments and delining cuticle's helicoidal architecture.  The
results of experiments using mutant proteins of BMCP30 and BMCPI8 strongly indicated that
the conserved region functions as primary chitin binding domain of cuticle proteins.  Fig. 10
shows alignment of the conserved region in cuticle proteins ol some species [tom different
orders.  Based on the alignment, I proposed the following new consensus sequence;

rXrxraOXNGIXXXxxG - linker sequence — GXrxrXxxaGXxXxhxrxADEXGrxxxxxxhP
where r, h, &, and o represent aromatic, hydrophobic, acidic residues, and residue with OH-
group, respectively, and X stands for any amino acid restdues.  In this consensus, aromatic
and glycine residues are highly conserved and found with correct spacing.  Chitin binding
domains were identified in plant chitin-binding lectins and chitinase (Chrispeels and Raikhel,
1991: Iseli et al., 1993), and chitinase from bacteria (Watanabe et al., 1994; Hashimolto ¢t al.,
2000).  Moreover, NMR experiments showed that conserved aromatic residues in the chitin
binding domain of plant lectins was involved directly in binding to the ligands (Martins ¢f al.,
1996; Weaver and Prestegard, 1998).  And the aromatic residues in the chitin binding domain
ol bacterial chitinases 1s also known to be important for binding to the substrate (Ikegami et al.,
2000).  The conserved region of cuticle proteins dilfers (o these chitin binding domains in
regard 1o the primary structure.  In the conserved region of cuticle protein, however, aromatic
residues were conserved well likely to plant and bacterial chitin binding domains.  Therefore,
in cuticle proteins, aromatic residues may also take an important role for binding to chitin,

On the other hand, tyrosine and phenylalanine residues in cuticle proteins contribute to
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quinone tanning in sclerotization of cuticle (Hackman, 1984).  The conserved aromatic
residues may also contribute to cross-linkage of cuticle proteins with chitin and/or other

proteins.
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Fig. 10.  Alignment of the conserved region of several cuticle proteins.

Deduced or sequenced amino acid sequences in the conserved region of BMCP30), 18, 17, and
22 from B. mori, HCCP12 (U0OK026) [rom Hyalophora cecropia, MsLLCP14 (X 13279) {rom
Manduca sexta, DMLCP65AL (U84752) and DmCPGART (X06286) {rom Drosophila
melanogaster, Lecutl (AF026265) (rom Lucilia cuprina, SgAbd-1 (pir:S78091) from
Schistocerca gregaria, LmABD-4A (swissprot:P21799) {rom Locusta migratoria, CPAM 1199
(swissprot:P81577) from Cancer pagurus, DDYA (AB031223) from Penacus japonicus, and
HaAMP4 (swissprot:P8138K) from Homarus americanus were aligned using the Clustal W
Multple Sequence Alignment Program (Thompson et al., 1994).  Gaps (-) were introduced to
obtain optimal alignment.  The identical residues were shown in inveried 1ype, and
functionally conserved residues were indicated with shadowed background.  Functional
classification of amino acid residues was according to Andersen et al. (1995), that is valine,
lcucine, and 1soleucine as the hydrophobic residues; tyrosine, phenylalanine, and tryptophan as
the aromatic residues; aspartic acid and glutamic acid as the acidic residues; lysine and
arginine as the basic residues; asparagine and glutamine as the amides: serine and threonine as
the residues with an OH-group.  The consensus sequence deduced by this alignment was
shown on the bottom. r, /i, a, and o represent aromatic, hydrophobic, acidic residues, and
residue with OH-group, respectively.  The conserved aromatic residues were indicated with

arrow heads.
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Section 11

Expression Control of Cuticle Protein Gene in
Bombyx mori



INTRODUCTION

Juvenile hormone (JH) is an insect sesquiterpenoid hormone, which has pleiotropic
actions including the two major roles, the regulation of metamorphosis and reproductive
maturation.  In post-embryonic development, JH modifies the effect of the molting hormone,
cedysone.  In the presence of JH, a rise of hemolymphal ecdysone titer leads to larval molt,
and epidermal cells synthesize larval cuticle.  In contrast, ecdysone without JH causes
metamorphosis.  Itis known that JH regulates expression of several genes involved in both
developmental and reproductive processes (Zhang e al., 1993 Nakato et al., 1994: Hirai ¢t al.,
1998; Comas ¢r al., 1999; Dubrovsky ef al., 2000).  As JH is a small lipophilic molecule, 1t is
thought to act with mediation of some nuclear receptors on gene expression like as vertebrate
steroid and thyroid hormones.  So far, however, the modes of JH action are still unknown in
contrast o ecdysone, nevertheless enormous efforts have been made o clarify them. 20-
hydroxyecdysone (20HE), the active metabolite of ecdysone, is a steroid hormone, and whose
nuclear receptor has been identilied and lower cascade has been revealed in detail (Koelle ef
al., 1991; Yao et al., 1992; Thummel, 1995; Lam ¢t al., 1997).  Although some nuclear
proteins which interact with JH were reported from different insect species (Palli er al., 1994;
Jones and Sharp, 1997), the lunctional JH receptor has not been identified yet.

BMCPI18 1s one ol the major cuticle proteins in larval cuticle of silkworm, Bombyx mori
Biosynthesis of this protein in epidermal cells is regulated in stage-dependent fashion at the
mRNA level (Shofuda er al., 1999). BMCP18 mRNA is abundant in epidermal cells of larvae
throughout feeding stage, and the mRNA level declines around four days alter the fourth molt
possibly correlated with JH disappearance from hemolymph. A topical application of JH
analog, methoprene, to the early stage of fifth instar larvae sustains the expression of BMCPI8
gene.  This indicates that expression of BMCP18 gene 1s up-regulated by JH, and the
regulation mechanisms of BMCPI8 gene expression provide a model system for investigation
of JH action mode.

In this section, I analyzed the structure of BMCPIS gene and compared with those of
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other lepidopteran cuticle proteins (MSCP14.6 [rom Manduca sexta and HCCPI12 (rom
Hyalophora cecropia) which are highly structurally related with BMCPI18. | showed that
these cuticle protein genes have a common 12-bp identical sequence at the 5 upstream region,
which matches to the recognition sequence of vertebrate transcription [actors, COUP-TF and
HNF-4. 1 also discuss the possible participation of Bmsvp, a Bomby.x homolog of vertebrate
COUP-TF and Drosophila Seven-up, in the expression control and JH responsiveness of

BMCPIS8 gene.
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MATERIALS AND METHODS

Animals
A commercial strain of the silkworm, Bombyx mori (Kinshi x Showa) was obtained
[rom Ueda Sanshu, Ueda.  Larvae were reared at 25°C on an artificial diet (Katakura Kogyo

Corp.).

Chemicals and biological materials
The BMCPI18 genomic clone, pPBMCPI8GIHdAI, was kindly supplied by Dr. Hiroshi
Nakato.

[(x-32P| dCTP (specific activity; 3 kCi/mmol) and I*{-33P| ATP (spectfic activity; 3
kCi/mmol) were purchased from the Hungarian Academy of Sciences. T4 polynucleotide
kinase was obtained from Nippon Gene Corp.  Rous associated virus 2 (RAV-2) reverse
transcriptase, restriction endonucleases, and other DNA modifying enzymes were from Takara
Shuzo Corp. and New England Biolabs, Inc.  Nylon membrane, oligo(dT) 2.8, and
poly(dl)poly(dC) were obtained from Amersham Pharmacia Biotech.  Synthetic
oligonucleotides were from Sawady Technology.

Other chemicals and enzymes were obtained from commercial sources.

DNA sequencing

Nucleotide sequences were determined by dideoxynucleotide chain termination method
(Sanger, 1981) using ABI PRISM BigDye Terminator Cycle Sequencing Kit and ABI PRISM
310 Genetic Analyzer (PE Biosystems).  To generate sequencing ladders of BMCPI18 gene
corresponding to the primer extension products, dideoxynucleotide chain termination
experiment was performed using BcaBEST Dideoxy Sequencing Kit (TaKaRa), BMCP18
genomic clone (pBMCP18G1Hd1) as a template, and the 25 base synthetic primer used in

primer extension analysis.
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Primer extension analysis

The transcription initiation site was determined by primer extension analysis with a 25
base synthetic primer (5'- CGATTTCATTTTGATTGATTGTTTG-3", nt position +71 to +47
ol the BMCPIS8 gene).  The primer was radiolabeled at the 57 end with T4 polynucleotide
Kinase and [*{-3213] ATP. The 5'-labeled primer was hybridized with 5 ug of total RNA
isolated from the integument of fifth instar day-2 larvae, and ¢cDNA was svnthesized by RAV-
2 reverse transceriptase (Ausubel er al., 1987).  The resultant cDNA was electrophoresed on

8% acrylamide / 7M urea gel and detected by autoradiography.

Southern blotting

For genomic Southern blot analysis, 20 ug of DNA isolated from silk glands was
digested with restriction enzymes and electrophoresed in 0.77% agarose gel.  To hydrolyze
high molecular weight DNAs, the gel was submerged in 0.25 N HCI. ~ Alter wash, the gel was
soaked in a denaturing solution (1.5 N NaOH, 0.5 M NaCl) for 30 min.  DNA [ragments were
transferred onto a nylon membrane with an alkaline solution (0.4 N NaOH) and hybridized
with a radiolabeled DNA probe at 65°C (Sambrook et al., 1989).  After hybridization, the

membrane was washed and subjected to autoradiography.

Total RNA isolation

The dorsal integument was dissected [rom larvae, and the fat body, tracheae,
Malpighian tubules, and muscle were carefully removed [rom the integument of the first
abdominal segment (A1) in cold PBS under microscopic observation, then the integument of
Al was cut off.  Several pieces of the integument were homogenized in 400 ul of solution D
(4 M guanidine thiocyanate, 25 mM sodium citrate, pH 7.0, 0.5% sarcosyl, and 0.1 M 2-
mercaptocthanol).  Subsequent procedures followed the method of Chomezynski and Sacchi
(1987). 1f total RNA was not prepared by this way, [ adopted the method for RNA extraction

from adults of fruit flies (Ashburner, 1989).
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RT-PCR analysis

Total RNA (0.5 ng) was reverse-transcribed by RA V-2 reverse transcriplase using an
oligo(dT) 2. 18 primer in 10 wl of reaction solution.  PCR experiments were performed using
0.5 pl aliquot of 1st stranded ¢cDNA solution (derived [tom 25 ng of total RNA) as a template,
and primer sets following: BmsvpES'FW-E (5'- GGCGAATTCTCGCTGCTACTGCGGGC-
37) and BmsvpE3'RV-E (5'- GGCGAATTCCAGCATGTCGCGGATTAG-3) [or Bmsvp
detection; BmHNF-4ES'FW-E (5'-GGCGAATTCAGCGACGCCGAAATAAACA-3") and
BmHNF-4E3'RV-E (5-GGCGAATTCCCCGCCGAGCAGCATCT-3") for BmHNF-4
detection; BMCPISRVO3-E (5'- GCCGAATTCGTCGGCCCTGATGCCGAC-3") and
BMCPI8FW414-X (5°- GCCCTCGAGACTTTTCAAATGAATGAG-3") [or BMCPI8

detection; 30kc65'FW-E (5'- GGCGAATTCACAGTGTTGTGACTGCTT-3") and

30ke63’'RV-E (5- GGCGAATTCTCGTTTTCAGCTTCAGCT-3") for detection ol one

isoform of 30K protein mRNAs (30Kc¢6, Sakai ¢t al., 1988).

In vitro transcription and translation

Bmsvp-a ¢cDNA, pBmsvpa, was Kindly provided by Dr. Yaginuma, Nagoya University.
The translation initiation consensus, AAAAATG (Cavener, 1987), was introduced at the
upstream region of Bmsvp ¢cDNA by PCR using pBmsvpa as a template and primers of
BmsvpATG-E (5-GCCGAATTCAAAAATGCGTCGCGCGTCTTCTCGC-3") and M13
[orward primer.  PCR products were digested by EcoRI, and inserted at the LcoRI site of the
pBluescript KS* under the control of T7 promoter.  The resulting plasmid was termed
pBmsvpATG.  BmHNF-4b ¢cDNA clone, subcloned in pBluescript SK*, was a gift from Dr.
latrou (Swevers and [atrou, 1998).  These constructs were expressed in vitro using the TNT®
T7 Quick Coupled Transeription/Translation System (Promega) according Lo the

manufacturer’s instruction.

Gel retardation assay

Gel retardation assay was conducted as described (Kapitskaya er al., 1998) with some
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alterations.  Two ul of in vitro translation reactions was added to 10 ul of reaction buffer (10
mM TrisHCI, pH 8.0, 50 mM NaCl, 1 mM MgCls, 4% glycerol, 0.5 mM DTT, 0.5 mM EDTA,
0.25 ng poly(dl)poly(dC)) and incubated at 25°C for 15 min.  Subsequently, 25 fmol ol 5'-
labeled DNA probe was added, and the reaction solution was incubated for 15 more min at
25°C.  For competition analysis, 2.5 pmol (100-fold molar excess) ol competitor DNA was
added to the reaction.  The reaction mixture was electrophoresed in 5% nondenaturing

acrylamide gel at room temperature, and the gel was subjected to autoradiography.
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RESULTS

Structure of the BMCP18 gene

Structure of the BMCP18 genomic clone, pPBMCPI8G IHd 1, bearing the 3.7 kb Hindl11
Iragment of genomic sequence was analyzed.  Figure | shows the restriction map and the
complete nucleotide sequence of pPBMCPISGIHAI together with the deduced amino acid
sequence of BMCPI8. A comparison ol the genomic sequence with ¢cDNA showed the
BMCPI8 gene to consist of three exons interspersed by two introns.

The transcription initiation site of the BMCPI8 gene was determined by primer
extension analysis. A 25 base synthetic primer complementary to the first exon ol the
BMCPI8 gene was hybridized with total epidermal RNA prepared [rom the integument of [ifth
instar day-2 larvae (V2), the primer was extended with reverse transcriptase, and the
synthesized DNA fragment was analyzed by gel electrophoresis.  Dideoxy-sequencing
ladders extended rom the same primer were electrophoresed in parallel with the synthesized
¢DNA.  Almost all primer DNA was elongated 46 nucleotides and terminated at the thymine
residue (Fig. 2, arrowhead), therefore I determined the corresponding adenine residue as the
transcription initiation site of the BMCPIS gene (+1 in Fig. 1B).  This is in agreement with
the report that cap sites ol most cukarvotic mRNAs are adenine (Busslinger e al., 1980). The
sequence ATCAGTC (underlining indicates the +1 site) in the BMCP18 mRNA maiches well
with the consensus sequence ATCAGITTC!T at the cap site of insect mRNAs (Hultmark et al.,
1986).

A typical TATA box (TATAAAA) occurs 30 bp upstream [rom the transcription
inttiation site (Fig. 1), Structures around splice sites agree with the consensus sequence [or
the general splice junction.  Sequences closely similar to the Bm1 element, a highly reiterated
retroposon-like element dispersed throughout the B. mori genome (Adams et al., 1986), exist
in the second intron and the 3’ downstream region in mutually inverted orientation.  In
addition, three truncated sequences of the Bm1 clement were also identified in the 5* upstream

region of the BMCPI18 gene.
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Fig. 1. BMCPIS8 gene structure.

(A) Restriction map of pPBMCPI8GIHAL.  Open bars with Roman numbers represent exons
Thin arrows under the restriction map indicate the extent and direction of sequencing.
Shadowed bold arrows show sequences homologous to the Bm1 element.  Symbols for
restriction enzyme cleavage sites: E, EcoRI; H, Hindlll; Kp, Kpnl;, Nc¢, Neol; Scl, Sacl; Scll,
Sacll: SI, Sall; Xb, Xbal; Xh, Xhol.  (B) Complete BMCP18 gene nucleotide sequence.
Nucleotides are numbered from the transcription initiation site (position +1).  Three exons arc
boxed.  The deduced amino acid sequence is shown under the nucleotide sequence.  The
TATA box 1s double-underlined, and the putative polyadenylation signal is underlined.
Arrows indicate Bml-like sequences.  The arrowhead shows the signal peptide cleavage sile.
The underline following arrowhead indicates N-terminal amino acid sequence of mature

BMCPI8 determined by automatic Edman degradation described in Section [.
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Fig. 2. BMCP18 gene transcription initiation site.

A synthetic 25 base single-stranded primer complementary to the 5° proximal region of
BMCP18 ¢cDNA was hybridized with epidermal RNA and elongated by reverse transcription.
Extended cDNA was analyzed by gel electrophoresis followed by autoradiography. The
amounts of loaded reaction were 1/10 (lanel) and 1/5 (lane2) of the total primer extension
reaction. A, G, T, and C at the top indicate dideoxynucleotides added to sequencing reaction
of the BMCP18 genomic clone. The genomic sequence corresponding to sequencing ladders

is shown on the right. The arrowhead indicates the putative transcription initiation site.
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Copy number of LCP18 gene

Genomic Southern blot analysis was conducted 1o analyze the genomic organization ol
the BMCPIS8 gene (Fig. 3).  Each 20 ug of genomic DNA digested with HindIIl (H), Kpnl
(K), Xbal (X), and Ps11 (P) was clectrophoresed and transferred onto a nylon membranc. The
membrane was subjected to Southern blot analysis using BMCP18 ¢DNA as a probe.  As
expected from the restriction map (Fig. 1A), HindIII excised a 3.7 kb fragment and Kpnl a 2.6
kb fragment.  Both Xbal and Psil digestions provided a single fragment, suggesting that the

BMCPIS8 gene is a single copy gene in B. mori.

Comparison of the §” upstream sequence of the BMCPI18 gene with those of two other
lepidopteran cuticle protein genes

The primary structure of BMCPI8 is similar to those of cuticle proteins from different
mmsect species (Shofuda er al., 1999).  This protein especially resembles MSCP14.6 of
Manduca sexta (Rebers et al., 1997) and HCCP12 of Hyalophora cecropia (Binger and Willis,
1994) (Fig.4A).  Asshownin Fig. 4B, exon/intron structures of genes encoding these three
proteins are also similar to each other.  Moreover, the mode of codon-interruption at
exon/intron boundary is identical in all three genes (Fig.4A).  The nucleotide sequences of the
5" untranslated region of mRNAs coding these three proteins are also similar (Fig. 4C).
Alignment ol the upstream sequence of BMCPI8 with those of MSCP14.6 and HCCP12
revealed a conserved sequence of 12 bp (5-GTTCAAATGTCA-3"), located at nt position —80
of the BMCPIS8 gene (Fig. 4C).  The structure around the 12-bp sequence greatly resembles
the consensus sequence (A/’GA;’GGTlgTCAAIGAfC,GngTCA) for the binding of vertebrate
transcription factors COUP-TF and HNF-4 (Kimura e al., 1993).  Some sequences
resembling the recognition sequences for the Broad-Complex (BR-C) (von Kalm er al., 1994),
which is a group of transcription factors mediating ecdysone signals (Karim and Thummel,
1992), were also found in the 5 upstream region of each gene at =155 of the BMCPI8 gene
(or BR-C Z4, at —278 and -222 ol the MSCP14.6 gene for BR-C Z4 and Z1, respectively, and

at =317 of the HCCP12 gene for BR-C Z3 (Fig. 4C).
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Fig. 3. Southern blot analysis for B. mori genomic DNA.

Each 20 ug of B. mori genomic DNA was digested with Hindlll (H), Kpnl (K), Xbal (X), and
Pstl (P). DNA fragments were electrophoresed, hydrolyzed with HCI, and transferred onto a
nylon membrane. The membrane was washed and hybridized with 32P-labeled BMCP18

cDNA. The numbers at left are size markers.
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Fig. 4. Comparison of BMCPI18, MSCP14.6, and HCCP12.

(A) Comparison of primary structure.  The deduced amino acid sequences of BMCPI8,
MSCP14.6 (Rebers et al., 1997), and HCCPI12 (Binger and Willis, 1994) are aligned using the
Clustal W Multiple Sequence Alignment Program (Thompson ¢r al., 1994).  The identical
residues are shown in inverted 1ype, and functionally conserved residues are indicated with
shadowed background.  Amino acid sequence coded by each three exon was showed with bow.
(B) Exon/intron structures.  Boxes and bars represent exons and introns, respectively.  The
ninmbers below the boxes indicate nucleotide numbers contained cach exon.  (C) Comparison
of 5 upstream sequences of the genes.  Nucleotide sequences of the promoter region and the
first exon of three cuticle protein genes are aligned using the ClustalW.  Gaps (-) are
introduced to obtain optimal alignment.  Asterisks show identical nucleotides.  The [irst
exons of three genes are boxed, and transcription initiation sites (+1) are shown.  Translation
initiation codons (ATG) are dotted.  The conserved 12-bp sequence and putative TATA box
are shown in inverted type.  Arrows indicate sequences similar 1o Broad-Complex recognition

sequences.
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Bombyx homologs of COUP-TF and HNF-4 in larval epidermis

I'focused on analyzing transcription lactors that recognize the 12-bp sequence because
this sequence is highly conserved among three similar cuticle protein genes of different species
and may function as a transcriptional cis-clement.

[tis known that Seven-up (Svp), a Drosophila transcription factor, is a homolog ol
COUP-TF (Mlodzik et al., 1990), and a Bombyx homolog of Svp, Bmsvp, were identilied
recently (Yaginuma, personal communication).  Swevers and latrou (1998) reported that
BmHNF-4, a Bombyx homolog of vertebrate HNF-4, recognizes the above consensus sequence.
To determine whether Bmsyp and BmHNF-4 are expressed in larval epidermal cells, |1
conducted an RT-PCR experiment using total epidermal RNA.  Preliminary experiments
showed that Bmsvp and BmHNF-4 mRNA are abundant in the fat body (Fig. 5A, lane FB), so
fat body cells were carelully removed from the larval integument. I examined the
contamination of fat body cells in the integument preparation by RT-PCR using primers
specific for a 30K protein mRNA (Sakai ef al., 1988), expressed only in [at body cells.

Bmsvp and BmHNF-4 mRNAs existed in the RNA [raction isolated from integument cells of
[ifth instar day-1 larvae, but mRNA coding [or a 30K protein was hardly detected (Fig. 5A,
lane Epi). 1 have already confirmed that these RT-PCR products were not derived from
genomic sequences by negative control experiment in which RT-PCR was performed without
reverse transcriptase (data not shown).  These results clearly indicated that Bmsvp and
BmHNF-4 are expressed in epidermal cells at this stage (Fig. 5A).

Subsequently, T analyzed developmental changes of mRNA levels coding for Bmsvp
and BmHNF-4 in epidermal cells (Fig. 5B).  Preceding it, I verified the correlation between
amounts of Bmsvp mRNA and PCR products.  As shown in Fig. 5C, it 1s clear that the
products resulted from RT-PCR reflect relative amounts of Bmsvp mRNA sequences.
Developmental changes of mRNA levels for Bmsvp and BmHNF-4 are shown in Fig. 5B.
Bmsvp was expressed almost evenly throughout fourth larval stages and feeding stages of [ifth
instar larvae.  In contrast, the expression of BmHNF-4 increased greatly after day-2 of the

fil'th instar.
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Fig. 5. RT-PCR to detect Bmsvp and BmHNF-4 expression in epidermal cells.

(A) Total RNA was isolated from the integument (£pi) and the fat body (/7B) of larvac one day
after the fourth molt (V1).  Total cDNA was synthesized using a RAV-2 reverse transcriptase
and oligo(dT) primer.  Bmsvp ¢cDNA, BmHNF-4 ¢cDNA, BMCPI8 ¢cDNA (lor a positive
control), and an isoform of ¢cDNA for 30K protein (30Kc6, Sakai er al., 1988) were amplilied
by PCR using the primers described in Materials and Methods.  (B) Developmental profiles
of Bmsvp and BmHNF-4 mRNA in the epidermis.  Total RNA was prepared [tom the
integument during larval development and Bmsvp and BmHNF-4 ¢cDNAs were detected by
RT-PCR. Developmental stages are /V0, the day of the third molt, and V0, the day of the
[ourth molt.  Numbers indicate days after each molt.  (C) RT-PCR for Bmsvp mRNA was
carried out using various amounts of reverse transcripts from the VI epidermal RNA 1o
confirm quantitative amplification. Relative amounts of templates used were indicated at the
top. The same amount of reverse transcripts as in the reaction labeled lane / was used for

other RT-PCR experiments shown in (A) and (B).



Specific interaction of Bmsvp with the 5” upstream sequence of the BMCP18 gene in vitro
I'analyzed the binding activity of Bmsvp and BmHNF-4 o the 12-bp sequence
upstream of the BMCPI18 gene by gel retardation assay, using Bmsvp and BmHNF-4
expressed in vitro. Production of Bmsvp and BmHNF-4 in vitro was confirmed by 39S
methionine incorporation followed by SDS-PAGE (data not shown).  The 32P-labeled 5°
upstream sequence of the BMCPIS gene containing the 12-bp conserved sequence was used as
a probe (Fig. 6A).  Unlabeled DNA bearing the sequence identical 1o the probe was used as a
specific competitor, and the 5* upstream sequence of the B. mori SP1 gene (5'-
CGAGAGCTGATAATGGTTGGATAGT-3", Sakurai ef al., 1988) was used as a nonspectlic
competitor. A complex was detected when Bmsvp was incubated with the probe DNA (Fig.
6B).  The formation of the complex was competed by a specilic, but not by a nonspecific,
competitor.  No binding activity of BmHNF-4 to the probe was observed.  These results
indicated that Bmsyp binds specifically to the sequence in vitro.  The presence of Bmsvp
mMRNA in the epidermis and the binding activity of Bmsvp to the 5* upstream sequence of the

BMCPI8 gene suggest the involvement of Bmsvp in BMCPI8 gene expression control.
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Fig. 6. Gel retardation assay of Bmsvp and BmHNF-4.

(A) The 5" upstream sequence of BMCPI8 gene used as a probe in the gel retardation assay.
Arrows indicate the degenerate direct repeat of the nuclear hormone receptor recognition half-
site, AGGTCA, separated by one nucleotide.  (B) Bmsvp and BmHNF-4b nuclear receptors
were synthesized in vitro using a TNT system.  Competitor DNA was added at a 100-fold
molar excess 1o the labeled probe.  An unlabeled probe was used as a specific competitor (sc),
and the 57 upstream sequence of the storage protein SP1 gene was used as a nonspecific

competitor (n¢).  Shifted bands are indicated by arrowhead.



DISCUSSION

To obtain the fundamental information for analyzing the regulation mechanisms of
BMCPI8 gene expression, structure of genomic clone coding for BMCPI18 was analyzed. A
comparison of the genomic sequence with that of ¢cDNA showed that the BMCP18 gene
consists of three exons separated by two introns.  Sequences homologous to the Bm1 element,
a repetitive sequence dispersed throughout the B. mori genome, were observed in the 5°
upstream region, the second intron, and downstream of the third exon.  Transposons and other
repetitive sequences have been implicated in gene duplication during evolution of multigene
clusters in many species (Maeda and Smithies, 1986).  Moreover, Bm I-mediated gene
duplication has been suggested in B. mori (Rodakis er al., 1984; Mori et al., 1991). It has
been proposed that gene clusters of several insect cuticle proteins have arisen due to gene
duplication (Snyder et al., 1982; Charles et al., 1997: Rondot et al., 1998).  The primary
structure ol BMCPI8 resembles closely those of other cuticle proteins of B. mori, BMCP17,
BMCP22, and BMCP30 as described in Section I Although there are no data showing that B.
mori cuticle protein genes are clustered near one another on the chromosome, the distribution
ol multiple copies ol the Bm1 element around the BMCPI18 gene suggests that Bm 1-mediated
gene duplication may have occurred as these genes evolved.

A group ol insect cuticle proteins is structurally related o one another, possessing a
conserved region termed the R&R Consensus (Andersen er al., 1995; [conomidou ef al., 1999).
BMCPI18 is a member of this group, exhibiting homology ol other cuticle proteins. BMCP18
shows a striking similarity to MSCP14.6 and HCCP12 from other lepidopteran species
(Shofuda et al., 1999). A comparison of genes for these three proteins showed that primary
structures and exon/intron structures were conserved.  Expression patterns ol genes for
BMCP1&, MSCP14.6, and HCCP12 are also comparable.  The BMCPIS8 gene is expressed in
larval epidermal cells until the mid-fifth instar and disappears before the spinning stage. A
temporal rise of BMCP18 mRNA in the epidermis is seen on the day of pupation and at the

pharate adult stage (Shofuda et al., 1999). The expression of MSCP14.6 mRNA also occurs



throughout larval feeding stages and disappears before the wandering stage.  In pharate pupac
and pharate adults, MSCP14.6 mRNA is detectable again at restricted regions of the
integument (Riddiford et al., 1986: Rebers et al., 1997). HCCP12 accumulates in the flexible
cuticle from the larval to adult stages.  In contrast, the abdominal rigid region of the
integument at larval and adult, but not pupal, stages synthesizes HCCP12 (Binger and Willis,
1990).  In summary, genes for BMCP18, MSCP14.6, and HCCP12 appear to be expressed
throughout the larval epidermis at feeding stages, and the expression is spatially and
temporally restricted at pupal and adult stages, although the spatial distribution of BMCP18
mRNA at later stages remains unclear.  Similarity in developmental patterns suggests that the
expression of these cuticle protein genes is controlled by conserved mechanisms.

[n many studies, to identify potential cis-acting clements, 5* upstream sequences of
orthologous genes have been compared among different species (Fujioka er al., 1996; Lessing
and Nusse, 1998) based on the assumption that functionally important sequences have been
conserved during evolution.  Following this strategy, I compared the 5° upstream sequences
ol the three lepidopteran cuticle protein genes.  Rebers ¢f al. (1997) reported a striking
similarity between 5’ upstream sequences of MSCP14.6 and HCCP12 genes. A sequence
highly homologous to the HCCP12 gene (27/29 bp identical) occurs at -118 from the
transcription initiation site of the MSCP14.6 gene.  This sequence, however, was not
identified in the 5" upstream of the BMCPI18 gene. Instead, a comparison of the upstream
sequences of these three genes showed an additional conserved sequence of 12-bp (5°-
GTTCAAATGTCA-3") near the core promoter region (Fig. 4C).  The 13-bp region including
the above sequence (5-AGTTCAAATGTCA-3" in the BMCPIS gene) consists ol an
incomplete direct repeat of the nuclear hormone receptor recognition half-site, AGGTCA, with
separation by one nucleotide.  The sequence matches the recognition sequence of vertebrate
nuclear receptors COUP-TF and HNF-4 (Kimura et al., 1993).  Occurrence of the identical
sequence in comparable regions of the three cuticle protein genes implies that the sequence is
responsible for temporal and/or spatial activation of these genes with intermediation of

transcription factors such as COUP-TF and HNF-4.
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Svp is a Drosophila homolog of COUP-TF that was first identified as a gene required
for normal eye development.  The svp mutant shows transformation ol photoreceptor cells,
the R3/R4 pair and the R1/R6 pair toward R7 cell fate (Mlodzik et al., 1990).  Ubiquitous
expression ol svp causes some disorders of cell fate determination in ommatidia including
transformation ol non-neuronal cone cells 10 R7 cells.  These results suggest that svp controls
decisions among photoreceptor subtypes as well as between neuronal and non-neuronal [ates
(Hiromi er al., 1993).  Svpis also involved in cell proliferation of the Malpighian tubules
under EGF receptor signals (Kerber er al., 1998).  Biochemical studies on cedysone signaling
pathways showed that Svp can heterodimerize with EcR, a subunit of a functional ecdysone
receptor, and inhibit ecdysone signals (Zelhof er al., 1995).  Itis stll unclear, however, what
factors actually interact with Svp in developing tissues, including eye ommatidia and the
Malpighian tubules.  Furthermore, a ligand for Svp is also unknown.

I showed that mRNA Tor Bmsvp, the B. mori homolog of Svp, existed in larval
cpidermal cells where the BMCPI8 gene 1s expressed (Fig. 5). - The Bmsvp expression
pattern during the fifth instar, however, is inconsistent with that of BMCPI8.  Although
BMCPI18 expression declines about four days after the fourth molt (Sholuda et al., 1999),
Bmsvp mRNA remains high for six days in the final larval stage (Fig. 5B).  Since Bmsvpisa
member of the ligand-dependent nuclear receptor superfamily, the capacity of Bmsvp to
aclivate transeription may also be ligand-dependent. I clearly showed that Bmsvp expressed
in vitro recognized the conserved 12-bp sequence in a sequence-specific manner (Fig. 6).

This suggests the possible participation of Bmsvp in the regulation of BMCPIS gene
expression and supports the idea that the conserved 12-bp sequence is involved in a common
regulatory mechanism of cuticle protein gene expression in the lepidopteran species.

It is also possible that Bmsvp contributes to JH responsiveness of BMCPIS gene.

Since Bmsvp is a member of nuclear receptor superfamily, it may act as a JH receptor.
Another possibility is that Bmsvp functions as a mediator of JH signals. JH signaling
possibly involves the primary and the secondary responses, such as those ol steroids and

thyroid hormones.  Developmental pattern of Bmsvp in larval epidermal cells 1s inconsistent
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to hemolymphal JH titer, which declines rapidly one day after the fourth molt (Fig. 5B).
Therelore, Bmsvp is not expectable as a primary response product of JH signal.  Many
nuclear hormone receptors usually act as homo- or heterodimer, so heterodimeric partner ol

Bmsvp may be produced at the primary response and mediate JH signaling with Bmsvp.
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