- ]
AU BioOne DIGITAL LIBRARY

A NEW MEMBER OF THE GROWTH-PROMOTING
GLYCOPROTEINS FROM DIAPREPES ROOT WEEVIL
(COLEOPTERA: CURCULIONIDAE)

Authors: Huang, Zhipeng, Hunter, Wayne B., Cleland, Cathy A.,
Wolinsky, Murray, Lapointe, Stephen L., et al.

Source: Florida Entomologist, 89(2) : 223-232

Published By: Florida Entomological Society

URL: https://doi.org/10.1653/0015-
4040(2006)89[223:ANMOTG]2.0.CO;2

The BioOne Digital Library (https://bioone.org/) provides worldwide distribution for more than 580 journals
and eBooks from BioOne’s community of over 150 nonprofit societies, research institutions, and university
presses in the biological, ecological, and environmental sciences. The BioOne Digital Library encompasses
the flagship aggregation BioOne Complete (https://bioone.org/subscribe), the BioOne Complete Archive
(https://bioone.org/archive), and the BioOne eBooks program offerings ESA eBook Collection
(https://bioone.org/esa-ebooks) and CSIRO Publishing BioSelect Collection (https://bioone.org/csiro-
ebooks).

Your use of this PDF, the BioOne Digital Library, and all posted and associated content indicates your
acceptance of BioOne’s Terms of Use, available at www.bioone.org/terms-of-use.

Usage of BioOne Digital Library content is strictly limited to personal, educational, and non-commmercial
use. Commercial inquiries or rights and permissions requests should be directed to the individual publisher
as copyright holder.

BioOne is an innovative nonprofit that sees sustainable scholarly publishing as an inherently collaborative enterprise
connecting authors, nonprofit publishers, academic institutions, research libraries, and research funders in the common
goal of maximizing access to critical research.

Downloaded From: https://complete.bioone.org/journals/Florida-Entomologist on 14 Jul 2025
Terms of Use: https://complete.bioone.org/terms-of-use



Huang et al.: Imaginal Disc Growth Factor of D. abbreviatus 223

A NEW MEMBER OF THE GROWTH-PROMOTING GLYCOPROTEINS
FROM DIAPREPES ROOT WEEVIL (COLEOPTERA: CURCULIONIDAE)

ZHIPENG HUANG', WAYNE B. HUNTER?, CATHY A. CLELAND?, MURRAY WOLINSKY?,
STEPHEN L. LAPOINTE? AND CHARLES A. POWELL*
'Biotechnology Center, College of Life Science, Key Laboratory of Biopesticide and Chemical Biology
Fujian Agriculture & Forestry University, Fuzhou, Fujian 350002, P.R.China

*United States Department of Agriculture, Agricultural Research Service, U.S. Horticultural Research Laboratory
2001 South Rock Road, Fort Pierce, FL. 34945, USA

*Los Alamos National Laboratory, Bioscience Division, P.O. Box 1663, MS M888, Los Alamos, NM 87545, USA

“University of Florida, Indian River Research and Education Center
2199 South Rock Road, Fort Pierce, FL. 34945, USA

ABSTRACT

A new member belonging to the family of growth-promoting glycoproteins referred to as
imaginal disc growth factors, IDGF, was identified from the root weevil Diaprepes abbrevia-
tus (L.), (Coleoptera: Curculionidae). The imaginal disc growth factor full length cDNA tran-
script, designated as idgf-DRW, was cloned and identified from tissue of adult, teneral DRW
females. Sequencing and subsequent homology comparisons of the nucleotide sequence
(GenBank accession no. AY821658) indicated that the open reading frame (ORF) consisted
of 1329 bases and encoded a putative protein of 442 amino acid residues with a calculated
molecular weight of 49.5 kDa and a pI value of 6.68. BLASTX comparisons of the idg/~-DRW
c¢DNA sequence showed that the deduced amino acid sequence designated as IDGF-DRW
(AAV68692.1) had 43% to 51% similarity with IDGF1-5 and DS47 from Drosophila melano-
gaster, D. simulans, and D. yakuba, 51% similarity with IDGF in Pieris rapae, and 51% sim-
ilarity with an IDGF-like protein in Bombyx mori. Signal P analysis revealed that the
predicted IDGF-DRW contained a signal peptide of 23 amino acid residues located at the N-
terminus, similar to other known IDGF proteins. The structure of IDGF-DRW was predicted
based on the characterized IDGF2 from D. melanogaster as the model. The deduced amino
acid sequence for the IDGF-DRW protein had 48% similarity with Drosophila melanogaster
IDGF2. The predicted IDGF-DRW displays the characteristics found in Drosophila IDGFs,
the fold of family 18 glycosyl hydrolases, with an insertion (Gly304 to Phe392) in the beta
barrel between strand 7 and helix alpha-7 that forms an additional o+ domain similar to
that of Serratia marcescens chitinases A and B. An identified nucleotide change which re-
sults in an amino acid change within the active binding site in IDGF-DRW also was ob-
served. The significant similarities of IDGF-DRW to other members within the family of
IDGF's support its classification as a new member of the invertebrate growth factors and the
first IDGF to be identified from a coleopteran.

Key Words: AAV68692, AY821658, cDNA, Diaprepes abbreviatus, gene expression, IDGF

RESUMEN

Identificamos a un nuevo miembro de la familia de glicoproteinas que promueven el creci-
miento en invertebrados conocidas como factores de crecimiento de discos imaginales, IDGF
(siglas en ingles), del gorgojo Diaprepes abbreviatus (L.) (Coleoptera: Curculionidae). El
transcripto complete derivado del ADN del IDGF, identificado como idgf-DRW, fue clonado e
identificado apartir del tejido de hembras adultas tenerales de D. abbreviatus. El secuencia-
miento y subsecuente comparacién de la homologia a nivel de secuencia nucleotidica (acce-
sién AY821658 de GenBank) sefialaron que el marco abierto de la lectura (ORF) consiste de
1329 bases y codifica para una proteina de 442 aminodacidos con un peso molecular calculado
de 49.5 kDa y un valor pl de 6.68. Las comparaciones de BLASTP de la secuencia de cADN
del idgf-DRW mostraron que la secuencia deducida de la proteina identificada como IDGF-
DRW (AAV68692.1) tenia un 43% -51% de identidad con IDGF1-5 y DS47 de Drosophila mel-
anogaster, D. simulans y D. yakuba, 51% de identidad con IDGF de Pieris rapae, y 51% de
identidad con una proteina de Bombyx mori similar a IDGF. El analisis SignalP revel6 que

Abbreviations: EST, expressed sequence tag; DS47, chitinase-like protein precursor; CHIT, chitinase; IDGF, imaginal disc growth
factor protein; DRW, diaprepes root weevil; idgf, imaginal disc growth factor transcript.
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el IDGF-DRW predicho contiene un peptido de senal de 23 aminoacidos situados en el N-tér-
mino, similar a otras IDGF previamente caracterizadas. La estructura de IDGF-DRW fue
predicha usando el IDGF2 de D. melanogaster como modelo. E1 IDGF-DRW predicho pre-
senta el doblez caracteristico de las glycosyl hydrolasas de la familia 18, con una insercién
(Gly304 a Phe392) en el beta barrel entre la banda 7 y la hélice alpha-7 que forma un domi-
nio adicional o+f similar al de las chitinases A y B de Serratia marcescens. También fue va-
lidado el cambio de un nucleétido que da lugar a un cambio de un aminodcido dentro del sitio
activo de ligamiento de IDGF-DRW. Las significativas semejanzas de IDGF-DRW con otros
miembros dentro de la familia IDGF apoyan su clasificacion como un nuevo miembro de los
factores de crecimiento de invertebrados. Este es el primer IDGF identificado en coleépteros.

Translation provided by the authors.

Information about the action of insect growth-
regulating hormones is of interest for two rea-
sons. First, the functions and cellular actions of
invertebrate and vertebrate hormones have been
shown to be remarkably conserved; thus, what we
learn about insects may also enhance our under-
standing of hormonal regulatory processes in ver-
tebrates. Second, by understanding how insect
hormones function and interact in the regulation
of insect development, we may be able to devise
safe and specific agents to disrupt the insect life
cycle, thus increasing the efficiency of efforts to
manage agricultural pests and disease vectors.
The pest system herein is the combination of Di-
aprepes abbreviatus (L.), Diaprepes root weevil,
DRW, and Phytophthora which can cause severe
tree decline and destroy groves within a few years
(Graham et al. 1996, 2003). Diaprepes continues
to be a major concern of citrus growers in Florida
due to the difficulty of timely detection of larval
infestations in the soil, and the paucity of effec-
tive management options (Lapointe 2000). To
identify genes which regulate DRW development
we constructed a gene expression cDNA library
from DRW.

Little information on insect growth factors was
available until 1996 when an insect growth factor
was purified from the conditioned medium of an
embryonic cell line, NIH-Sape-4, of Sarcophaga
peregrine (flesh fly) (Homma et al. 1996). In 1999,
a new developmental gene family of growth-pro-
moting glycoproteins, referred to as the imaginal
disc growth factors (idgf), was identified in Droso-
phila melanogaster (Kawamura et al. 1999). The
IDGF proteins promote cell proliferation in the
imaginal discs and were the first polypeptide
growth factors to be reported from invertebrates.
Throughout all developmental stages in variable
patterns, IDGF proteins are expressed suggesting
that idgf is an important gene having multiple
functions during the entire life cycle (Kawamura
et al. 1999). Though little is known about their
precise mode of action, idgf genes appear to coop-
erate with insulin to stimulate the growth of
imaginal disc cells. IDGF proteins are structur-
ally related to chitinases from which they may
have evolved, rather than to known growth fac-
tors, but have no known catalytic activity. Several

nonenzymatic proteins with sequence homology
to chitinases have been described in vertebrates
indicating that the typical chitinase-like fold may
be present in proteins with a wider range of bio-
logical functions other than chitin degradation
(Hakala et al. 1993; Morrison & Leder 1994;
Shackelton et al. 1995; Hu et al. 1996; Owhashi
et al. 2000; Chang et al. 2001; Varela et al. 2002).
The current idgf gene family in Drosophila is com-
prised of six members (idgfI-5 and ds47) which
encode proteins sharing 40-50% similarity to one
another in amino acid sequence. Fortunately the
IDGF2 member has had the crystal structure de-
scribed from X-ray crystallography (Varela et al.
2002). Studies have shown that computational
predictions of protein structures to elucidate func-
tions and interactions have reached an acceptable
level of accuracy, especially when there are re-
lated proteins that have been well characterized
(Martelli et al. 2003; Aloy & Russell 2003; Bell &
Ben-Tal 2003; Valencia 2003). So far, IDGF pro-
teins have been reported from the lepidopterans
Bombyx mori (Tsuzuki et al. 2001) and Pieris rapae
(Asgari & Schmidt 2004), and the dipterans Droso-
phila melanogaster, D. simulans, and D. yakuba
(Zurovcova & Ayala 2002). Rigorous evaluations
of current hypotheses explaining growth promot-
ing activation by IDGFs are still awaiting evi-
dence from biochemical studies that will define
the specificity of the ligand binding of these novel
invertebrate growth factors; however, Varela et al.
(2002) has postulated that the observed stimula-
tion of imaginal disc cell proliferation by the coop-
eration of IDGFs and insulin may be a require-
ment to achieve optimal signaling of the insulin
receptor. Invertebrate imaginal discs express an
insulin receptor which is homologous to that of
vertebrates (Garofalo & Rosen 1988; Fernandez et
al. 1995; Ruan et al. 1995) and which is required
for normal growth (Chen et al. 1996). An in-depth
review is provided by Held (2002).

Herein we present the discovery of a co-
leopteran IDGF and its full length idgf transcript
which was isolated and cloned from the Diaprepes
root weevil, DRW. The genetic information from
DRW will aid our understanding of the develop-
mental and biological pathways important to the
survival of DRW, and supports the development of
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new management strategies against DRW by iden-
tifying genes critical in developmental pathways.

MATERIALS AND METHODS

Diaprepes Root Weevil Rearing and Collection

Larvae of DRW were obtained from a colony
maintained at the U.S. Horticultural Research
Laboratory (USHRL), Ft. Pierce, Florida. Individ-
uals were reared in cups containing artificial diet
at 26°C as described by Lapointe & Shapiro
(1999). Callow teneral adults recently emerged
from the pupal exuvium were selected and sepa-
rated by gender for processing.

Library Construction

Seventeen whole teneral female DRW were
used in the construction of an expression library.
The insects were ground in liquid nitrogen and
the total RNA extracted with guanidinium salt-
phenol-chloroform procedure as previously de-
scribed by Strommer et al. (1993). Poly(A)+RNA
was purified with Micropoly(A) Pure™ according
to the manufacturer’s instructions (Ambion, Aus-
tin, TX, USA). A directional ¢cDNA library was
constructed in the Lambda Uni-ZAP® XR vector
with Stratagene’s ZAP-cDNA Synthesis Kit
(Stratagene, CA, USA). The resulting DNA was
packaged into Lambda particles with Gigapack®
IIT Gold Packaging Extract (Stratagene, CA,
USA). An amplified library was generated with a
titer of 1.0 x 10° plaque-forming units per mL.
Mass excision of the amplified library was accom-
plished by Ex-Assist® helper phage (Stratagene,
CA, USA). An aliquot of the excised, amplified li-
brary was used for infecting XL.1-Blue MRF’ cells
with subsequent plating on LB agar containing
100 ng/mL ampicillin. Bacterial clones containing
excised pBluescript SK(+) phagemids were recov-
ered by random colony selection.

Sequencing of Clones and Computer Analysis

pBluescript SK(+) phagemids were grown
overnight at 37°C and 240 rpm in 96-well culture
plates containing 1.7 mL of LB broth/well, supple-
mented with 100 pg/mL ampicillin. Archived
stocks were prepared from the cell cultures with
75 uL of a LB-amp-glycerol mixture and 75 uL of
cells. These archived stocks are held at the
USHRL in an ultra low temperature freezer set at
-80°C. Plasmid DNA was extracted by using the
Qiagen 9600 liquid handling robot and the
QIAprep 96 Turbo miniprep kit according to the
recommended protocol (QIAGEN, Inc., Valencia,
CA, USA). Sequencing reactions were performed
with the ABI PRISM® BigDye™ Primer Cycle Se-
quencing Kit (Applied Biosystems, Foster City,
CA, USA) along with a universal T3 primer. Reac-
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tions were prepared in 96-well format with the
Biomek2000™ liquid handling robot (Beckman
Coulter, Inc., USA). Sequencing reaction products
were precipitated with 70% isopropanol, resus-
pended in 15 uL sterile water, and loaded onto an
ABI 3700 DNA Analyzer (Applied Biosystems,
Foster City, CA, USA).

Base confidence scores were calculated by
TraceTuner® (Paracel, Pasadena, CA, USA).
Low-quality bases (confidence score <20) were
trimmed from both ends of sequences. Quality
trimming, vector trimming, and sequence frag-
ment alignments were executed by Sequencher®
software (Gene Codes, Ann Arbor, MI, USA).
cDNA sequences arising from rRNA and mito-
chondrial DNA were identified with BLASTN and
were excluded from analysis along with se-
quences less than 200 nucleotides in length after
both vector and quality trimming. Additional
ESTs that corresponded to vector contaminants
were removed from the dataset. To estimate the
number of genes represented in the library and
the redundancy of specific genes, ESTs were as-
sembled into “contigs” by Sequencher®. Contig
assembly parameters were set with a minimum
overlap of 50 bases and 95% identity match.

Sequence Analysis and Structure Prediction

The idgf cDNA sequence was covered in eight
overlapping clones and then bi-directionally se-
quenced five more times for sequence validation.
The status of the gene sequence was determined
based on TBLASTX homology searches by the
National Center for Biotechnology Information
BLAST server (http:/www.ncbi.nlm.nih.gov) with
the protein sequence comparisons made to pro-
tein databases (BLASTP). CLUSTALX was used
for multiple alignments of amino acid sequences
of the homologous proteins (Thompson et al.
1994), and an unrooted phylogenetic tree was con-
structed from this alignment with PAUP 4.0 and
1,000 bootstraps (Swofford 2002). The theoretical
molecular weight and pl value of the predicted
protein was calculated by ExPASy (http:/au.ex-
pasy.org). SignalP 3.0 server (http:/www.cbs.dtu.
dk/services/SignalP) was used to analyze the
presence and location of potential signal peptide
cleavage sites in the amino acid sequence. Struc-
tural modeling of the IDGF protein was per-
formed with ROBETTA (http:/www.robetta.com).
ROBETTA is a full-chain protein structure pre-
diction server which also performs domain pars-
ing, 3-D modeling, fragment library generation,
and protein-protein interaction studies by using
an interface alanine scanning method. The pro-
grams utilize the Ginzu domain parsing and fold
detection method developed by Dylan Chivian,
David Kim, Lars Malmstrom, and David Baker,
and the ROSETTA fragment insertion method
(Simons et al. 1997). ROBETTA scans protein
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chains to identify homologs with PDB-BLAST,
FFASO03, 3D-Jury, and the Pfam-A protein family
databases and assigns z-scores by MAMMOTH, a
computer program that provides consistent pro-
tein model quality ranking by comparing modeled
structures and their experimental counterparts
(Ortiz et al. 2002). PSI-BLAST multiple sequence
alignment then assigns regions of increased like-
lihood of including an adjoining domain with se-
quence clusters (Bowers et al. 2000; Rohl & Baker
2002). Loop regions are assembled from frag-
ments and optimized to fit the aligned template
structure. Protein domain predictions were iden-
tified by using the full prediction protocol (Kim et
al. 2004). Graphic rendering of the predicted 3-D
structures were done by the PDB file created by
ROBETTA and Protein Explorer (http://www.
molvis.sdsc.edu/protexpl/ frntdoor.htm).

A phylogenetic tree was generated by boot-
strap neighbor joining, 1000x, PAUP 4.0, un-
rooted (Swofford 2002). Topology was similar
when analyzed by maximum parsimony (branch-
and-bound search method); data not shown. The
phylogenetic tree of amino acid sequences was
constructed with five members of Drosophila
IDGF, and a bacterial chitinase.

RESULTS
Isolation of IDGF-DRW

An initial 10,000 clones were sequenced from
the 5’ end. These sequences were trimmed of vec-
tor and low-quality sequence and filtered for min-
imum length (200 contiguous bp, Phred 20 qual-
ity score) producing the final set of 8,480 high-
quality ESTs. These ESTs were assembled by the
program Sequencher® (Gene Codes, Ann Arbor,
MI 48105) to produce 5,508 contiguous sequences
(contigs) with 1,240 ESTs remaining as singlets.
Of the assembled sequences analyzed, one contig
(representing eight ESTs) was similar to the
known IDGF protein sequences based on the
TBLASTX results. The nucleotide sequence of
this contig contained an intact ORF and was bi-
directionally sequenced for sequence validation,
providing an average 5x coverage for 90% of the
transcript sequence, which was registered in
GenBank (accession no. AY821658). The mRNA
transcript was designated as idgf~-DRW. A second
cDNA library produced from DRW adults caught
in the field also identified the idgf-DRW tran-
script (Hunter, data not shown).

Sequence Analysis of IDGF-DRW

Analysis of the nucleotide sequence revealed
an ORF in idgf-DRW, consisting of 1329 bases and
encoding a putative protein of 442 amino acid res-
idues (Fig. 1) with a predicted molecular weight of
49.5 kDa and a pI value of 6.68. TBLASTX com-
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parison and multiple sequence alignment of the
idgf-DRW cDNA sequence (Fig. 2) indicated that
the deduced amino acid sequence for the IDGF-
DRW protein (accession no. AAV68692) had 43%
similarity with Drosophila melanogaster IDGF1
(accession no. AAC99417), 48% with Drosophila
melanogaster IDGF2 (accession no. AAC99418),
43% with Drosophila melanogaster IDGF3 (acces-
sion no. AAC99419), 51% with Drosophila melan-
ogaster IDGF4 (accession no. AAC99420), 44%
with Drosophila melanogaster IDGF5 (accession
no. AAF57703), 51% with Drosophila melano-
gaster DS47 (accession no. AAC48306), 51% with
Pieris rapae IDGF (accession no. AAT36640), and
51% with Bombyx mori IDGF-like protein (acces-
sion no. BAB16695). SignalP analysis of the pre-
dicted IDGF-DRW showed the most likely signal
sequence cleavage site was between Ser,, and
Ala,, (Fig. 1, @), which will generate a signal pep-
tide of 23 amino acid residues and a predicted ma-
ture protein with a calculated molecular weight of
47.1 kDa and a pl value of 6.76. Presence of a sig-
nal peptide was common to all IDGF proteins de-
scribed to date although the length of the signal
peptide varied (Fig. 2; refs for variation in signal
sequence length: Chou 2002; Martoglio & Dobber-
stein 1998). Additionally, a single consensus motif
for N-linked glycosylation (Asn,,,), as previously
reported for DS47 (Asn,,), also was identified
(Fig. 1, @).

Phylogenetic Relationship Between IDGF-DRW and
Other Members of the IDGF Family

Analysis of the sequence and predicted protein
structure of IDGF-DRW strongly supports its
classification as a new member of the growth-pro-
moting glycoproteins IDGF family. The IDGF pro-
teins, encoded by members of the idgf gene family,
were the first soluble polypeptide growth factors
to be reported from invertebrates. These proteins
are structurally related to chitinases rather than
to known growth factors, and were shown to pos-
sess no catalytic activity (Kirkpatrick et al. 1995;
Kawamura et al. 1999). The tree topology revealed
that the Drosophila IDGF1, IDGF2, and IDGF3
members form a clade separate from the other in-
sect IDGF4, IDGF5, and chitinase (Zurovcova &
Ayala 2002) (Fig. 3). Herein, a phylogenetic tree of
the multiple amino acid sequence alignment of
IDGF-DRW, Drosophila IDGF, P. rapae IDGF, and
B. mori IDGF-like proteins is shown (Fig. 3). In
pairwise comparisons, these IDGF proteins
showed 38% to 79% similarity. The phylogenetic
tree showed that the three protein ortholog groups
(IDGF1, IDGF2, and IDGF3) were more similar to
each other than to the other six.

Structure was predicted by using ROBETTA,
which is a full-chain protein structure prediction
server (Fig. 4). The view of conserved residues (in
green space-fill) predicted to be essential to main-
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AATTCGGCACGAGGATTGACATGGAGTGTGTARAAATTGTCCTCTTGGCAATTTTTGCCTTGGCGAGTTTCACCG 756
M E ¢ v X I V L L A I F A L A 8 F T G 19

GCAAGACAGAATCAGCAACAGATAGCAAATTGGTGTGTTACTATGATAGCAGAGCATATAATAGACCAGGAMAATG 150
K T E s*A T D S K L VvV ¢ Y ¥ D S R A Y N R P G N G 44
GTRAATTCGACATTCCGTTCTTGGAACCCGCTTTGCAATTCTGCACTCACTTAATTTACGGATATGCAGGAATCA 225
K F D I P F L EPALUOQOVFOCTHULTIUYSGYAUGTIHR 69
GAGAGGACAATTTCAAAATATCACCATTGAACGAACCCCTGGACATCAACAARCAAAACTATAGACATATCACTG 300
E DN F K I &8 P L NEUPLDTINI KU OQNYRUHTITD 94
ATTTGAAGAGGAAATACCCTGGCTTGAGAGTTCTTCTTTCCGTTGGAGGAAATAATGATGTTACCGGAGAAGGCA 375
L K R K ¥ P G L RV L L S WV G GNNUDUWVTTGE G 8 119
GTGARAAGAATTTGARATATAGAACTTTGCTAGAATCTGTAGARAGCAGGTTAGCCTTCGTCAACTCTGCTCACG 450
E K N L K ¥ R TLL E SV E S RULAVFV NS A HD 144
ATTTAGTGAARAACTATGGCTTTGATGGACTTGATCTCTCTTGGGAATTCCCAGAAMATAANCCAAAGARARTCC 525
L v K N ¥ G F b G L DL S W EF P EUNI KP K K I R 169
GTAARCGCAGTTTCTTCATGGTTTTCCAAAATCARACATAARATTGTTGGTGAATCAGTAGTTGATGAAAARAGCCG 600
N A V 5§ 858 W F 8 K I KHI K I V G E § V vV DE K A E 194
AAGAACATAARGAACAATTTACTGCTTTAGTTCGAGAACTTAAGAACGTATTCAGACATGATGGACTTCTATTAA 675
E H K E Q F T ALV REULI KNV FERUHDGT LTULULT 219
CAGTCTCTGTATTACCAAATGTTAACAGTTCAGTATACTTTGACCCCCGTCAGCTTGCTCCAAATATTGATTTTG 750
vV 8 v L. P NV N3 § V Y F D PUROQULAUPNTIUDF A 244
CTACACTTGARAGCTTTTGACTACAGAACTCCTCAACGCAATCCTARAGAATTAGATTATGTCGCTCCACTTTACG B25
T L E A F D Y R TP Q RNUPIEKEULUDYV A PUL Y E 269
AACTTTTGGACAGAARAGTTGATGAAARTGCTGATTACCAAGTTAGATATTGGTTGGGAGGTGGTTTACCAGCCA 200
L L D R K VD EWDNA ADYQ WV RYWIULGGG G UL P AN 294
ATARAARCTTATCCTTGGCATTCCAACCTACGGTCGCGCCTGGAAACTTAATGATGACTCTGGACTGACTGGCGTTC 975
K L 1 L ¢ I P T Y GPRAWI KTULNUDDSGTUL TG V P 319
CACCGCTACTTACAGATGGGGCTGCAGATCCTGGCCCTTACAGCAATGAAGCTGGGCTATTAAGCTATCCAGARA 1050
P L L TDGAA AUDUPG?P Y S NZEWA®AGULULS Y P E I 344
TTTGCAGTARRATTGCCACTCCAAAGGAAATTCAAGCCGCGATATCTTGCGARAGTTAAGGAAAACTAATGATCCAL 1125
¢c s K I A TP KETIQHAGYL G KULURI KTDNUDPT 369
CAARAAGATATGGTTCATATGCATATCGTCTACCCGACAGTAATGGTGAAAATGGTATTTGGGTAGGATTTGAAG 1200
K R Y G 8 ¥ A Y RL P DS NGEWNGTIWUWV G F E D 394
ATCCTGACACCGTTGGARATAAAGCTGCATATTCCAAGGCTAAAGGACTTGCAGGTATTGCTATCGTTGACCTAA 1275
P DTV G N K AAVY S KA KGULGGTI ATIVDULT 419

CACTAGATGATTTTAGAGGAACATGTTCACAAGATCATTTCCCATTGTTAAGAGCTGCGAAGTTTAGATTATAAR 1350

L DD FRGTOCS QDHT FPILTULI RABALAAIKTFTZ RTIL * 442

TACCCCATTTCAATTTTTTTTATGTTARATGTTAATAATTTCATATTATATCA 1403

Fig. 1. Nucleotide and deduced amino acid sequences of cDNA encoding IDGF-DRW. The deduced amino acid se-
quence is shown below the nucleotide sequence and numbered accordingly. The protein sequence is numbered start-
ing from the first Met residue. The signal peptide cleavage site is indicated by @ after Ser,,. The signal peptide is
shown by underline. A single N-linked glycosylation site is indicated by ® at Asn,,,. The start codon is bolded and
encodes the residue Met. The termination codon is indicated in bold and asterisk in the nucleotide and protein se-
quence, respectively.

tain the barrel folding are shown. Residues are placed by Gln in other known IDGF proteins.
Gly, 0> Gly,,, ASp,,, Gly,, Leu,,, Asp,,, Lys,,, There are two disulfide bridges, Cys,-Cys,, and
Gly,,,, and Asp,,,. The residue at position 159 is Cys,,-Cys,,,, in the predicted IDGF-DRW struc-
Glu (in brown space-fill) which is commonly re- ture which are conserved in all known IDGF fam-
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P |, N tills BB PR B
DRW IDGF MECVEI - - - VLLALFALASFIGKT ESATDS KLV CY Y DSRAYNR PGNGKFDI FFLEPALOFCTHLIYGYAGIREDNFKISFLNEFLDINK--QN 85
D.=m, IDGF2 AN = = JWETFVA fuAG -~ - TH ¥DSSSYTREGLGKLINFDLEIALQFCEHLVY GYAGLAGENLOAY SMNENLDIYE - -HD 84
0.m. IDGF1 HRPQ===== LEWLLOL-LEVTS--1 ASHL ¥DSNSYLROGLAKMHTHELDLALQFCTHLVY GYACLYSGTLELFSLN- -VDLDM- - FY B2
D.s. IDGF1 MRPQ-----LEVILAL-1 1 LV CYYDETSYLROGLAKMHTHELDLALOFCTHLYY GYAGLESGTLELFSLE~-VDLDM- - FY 82
D.y. IDGF1 HRPGQ----- LOYLLGL - LS LAASHL ¥DSTSYLROGLAKMHTHELDLALOFCTHLVY GYAGLYAGTLELFSLE--VDLDM- - FY 82
D.m. IDGF3 HIGS- === LELELALSL FHL ¥DS0GESROGLAGFSMIDI ELALOFCTHLYY GYAGVRADNY EMQS INKRLDLED - -RH 87
D.s, IDGF3 MSGE- - - - - LNLS LALSLAVIAQF KVSARPNLY ISQOSQROGLAQFS I TDI ELALQPCTHLYY GYAGVNADNFENQS INKRLDLED - -RH 87
O.y. IDGF3 === LNLSLA VS AAPNLYCFYDSOGFQROG LAGFSHTDMELALOFCTHLVY GYAGVHADNY EMOS TNKRLDLED - -RH 87
0=, IDGF4 3 GELAIGOTSANGS- - HHLLCY YDGNSFVREGLS KL 1L TDLEPALOYCTHLVY GYAGT A\ KPOLOLGESL B8
D.=. IDGFS S FLAFFOSTY ARG - KLV FYDAOS FVREG PAGME LAEL EPALOPCNPLVY GYAG IDAVTYRIRSLDPELTHDR - -0H 31
D.m. DS47 SEVGAPQLPKYHLYCYYDSASFVEEGLG KLY IDELERPALOFCDYLVYGYAGT NOQLDLDLGKGL 92
P.r. IDGF - - L LT LAY LA LAY S TFT PACS KVVCY YOS KS Y VA ESOARMLPLOLDEALS FCTHLAY GYAG IQPDTYKMVPLNENLOVDRSHAN 86
B.m, IDGF-like - - - - LELALYGLLALACAL FAVTHS EVLCY YDSRSYVRESQARMLFLDLDPALSFCTHLLY GYAVIQPDTYKLVSLNENLDIDRTHDN 86
.
o2 - B3~ —oa— — a3 -~ —p4-
DRW IDGF YRHITDLERKY PGLRVLLEV:GHNDVTGEGS—- EKNLEYRTLLESVE - SRLAFVNSAHDLVENYGF DG LDLSWEF FENKPEEIRNAVSEWFSE 178

D.m. IDGF2 FEEVTSLERKYPHLEVLLS DHPNEY IDLLEGEKVROIGFIRSAYELVKTYGFUGLOLAYQFPENKFREVHGDLGLAWKS 171
D.=. IDGF1 YEDITALRQKFPOLKILLS AHPNEYVELLEANRTACONFIDESHI LLKRNGFUCLDLAFQLPRNEPREVHGELGEYWES 169
D.a. IDGF1 YKDITALRQKFPQLEKILLSWV -~AHPNEYVELLEANRTAQONFIDSSMILLKRNG LOLAFQLPRNEPREVHGSLGTYWES 169

D.y. IDGF1 YKEITALRQEFPQOLEKILLEW: AHPNEYVELLEANRTFOONFIDSSMI LVKRRGFUGLDLAFQLPRNEPREVHGSLGTYWES 169
D.m. IDGF3 LAQITSMEERYPHIKFLLSVGG ~EGRQYIELLESGQOGHRRFIESARDLVRRYNFUCLDLALQLPRNEPREVHGDVGSANKS 172
D.8. IDGF3 LAGVTSMEERY PHI KFLLSEV - BGNQY IKLL ESARDLVRRYNF U LDLALQL ¥ kS 172
D.y. IDGF3 LACGVEELEERYPHIKFLLSVGE -EGROYTRLL TESARDLVRRYNFOCLDLALQL ES 172
D.=. IDGF4 FROVTGLEREYPALEVLLEVGCDEDTVDPEN- < < - - REYLTLLESSNARIPFINSAH SLVETYGFUCLDLGWQFPENKPEKVHGSIGEFWEG 175
D.m. IDGFS YRHITALREKYPHVRFLLSVGGDROVNSEGY-- ADSDEYLRLLEQSE - HRESFOASVLAELNNNGF 0 IDLAWQFPENRPELOOGVFERVWGS 180
D.=m, D347 YRTVTRLERKYPNVKILLSVICDEDI ELDEKDAKELPNEYLELLES PT - GRTRFVNT VY SLVETYGF DO LDVAWQF PENEPEEVHSGIGHLWKG 1684
P.r. IDGF TRAITHFESKY POLEVLLEV === EEEQRYNLLLES PQ - ARTAFVHSGHLLABRGHGF OO IDLAWQFARTEFEEVRESTWGS INHG 171

B.m, IDGF-like  YRAITSLEAKYPGLTVLLSVGGDADT:====--EEPENYNLLLESQQ-ARTAFINSGVLLABEQYGFO IDLAWIFPRVEPERIRSTWGSLNHG 171
. sssaus ® o aes . W .
~ o4 — «p5- ob— a5+ P66
DRW  IDGF IKHKIVGESVVE TALVREL! LLLTVSVL P NVHSSVY FDPROLAPNI DFATLEAFDYRTPORNPKELDYVAPLYEL 270
D.m. IDGFZ IKKLPTGDFIVDPHAAL TALV RAD-GFLLSLTVLFNVNSTWYFDI PALNGLVDFVNLATFDFLTPARNPEEADYSAPIYHP 263
D.m. IDGFL FRELFTGDFVVDP( TOLVGNT HLMI HVNST KLHPQFDY INLARFOFLTPLRNPEEACFTAPIFFQ 261
D.s. IDGF1 FEELFTGDFVVDPLAEQHKSQFTDLVGN I ENAFRSA - NLMLSLTVL FHVNS TWY FDVPKLHPQFDY INLARFDFLTPLRNPEEADYTAPIFFQ 261
D.y. IDGFL FRELFTGDFVVDPLAEQHKSQFTDLVGNLENAFRSA - NLMLSLTVL P NVNS TWY FDVPKLHPOFEY INLARFDFLTPVRNPEEADFTAPIFFQ 261
D.m. IDGF3 FEEFFTGDFIVDTESETHRGOVTALI KDLSAALKON - DLLLSLTVLF-NVNSSWYYDAPS ITAPSLDF INLGTFDFLTPQRNPEEADFSAPTYEA 264
D.s. IDGF3 FEEFPTGDY IVDTESETHRGOVTALI KDLSAALKON - DLLLSLTVLFNVNSSHYYDAPS TAPSLOF INLGTFDFLTPQRNPEEADFSAPTYEA 264
D.y. IDGF3 FEEFFTGDF IVDTDSETHRGOVTALI KDLSAALKON - DLLLSLTVLENVNSSWYYDAPS TAPSLOF INLGTFOFLTPQRNPEEADFSAPTYEA 264
D.m. IDGF4 FEEIFSGDHL TALVREL GYILGLSVL P NVNSSLFFDVPAL INNLDY VNLHTYDFQTPERNNEVADFPAPIVEL 267
D.m. IDGFS LR-GWFS555VDEKSEEHREQFATLLEELGSDLRRG ~GOLL TVSHL FHVSAELF IDVPKVLSNVDFVNLGTYDFQTFERDPKVADLFTPLYAM 271
D.m. D847 FEKVPSGDS IVDERSEEHKEQFTALLADVENAFRPD - NLLLSTTVL FHVNSSLFYDI PAVVNYLDFVNLGTFDFFTPORNPEIADYAAPIYEL 276
P.r. IDGF IK- KTPGTTLVDEKEAEHREGY TALVRELEQAMTLE - QMOLS I SVLENVNSSTYYDVPAT INLVD I VNLHAYDY YTARRNPKEADYSAPTYKE 262
B.m. IDGF-like  IK-KTFGTTPVDEKESEHREGFTALVRELEQALTHKPEMQLGVTVLFNVNSTIYHDVEAL INLVDYVNVGAYDY VTR TAPIYTE 263
. . . . e . P . .
- o6 - — Bp7— —~pa— Pb—-ac—
DEW  IDGF LD- - - REVDENADYQVRYNL - - GOGLPANKLILG - - T PTYGRAWKLNDDSGLTGVEPLLTD-GAADPGEY 54 - EAGLLEYPEICEXIATE - KE 353
D.m. IDGFZ DGSKDRLAHLNADVOVEYHL— S0GF PSNE INLG— VATY GRAKKL TEDSGLEGVPVVRETSGPAPEGPOS) - KPGLLEYAEICGKLENPONG 351
B.m. IDGFL DE- ENRLPHLNVEFQINYNL—- ONHCPGONLNLG— TASYGRANKLS KGSGLEGAR I VHETOGVARGG IO I0SAEGLLEWPEICEXLECNASA 349
D.s. IDGFL DE-ONRLPHLEVEPOVNYHL— ONHC RGN LNLG— TASYGRAWKLS KESOLEGAP I VEETOGAARGG IO TQSAEGLLEWPEICSELSCNASA 349
D.y. IDGFL DE-ONRLPHLNVEFQVHY WL~ ONNC PGOHLNLG— IASYGRAWKLSKGSGLSGAPIVOETOGAAPGGIQ IQSADGLLSWPEICSKLSQNASA 349
D.m. IDGF3 VG- QNRLGHYNLNFOMEHNL~- LORVPANE INIG— IATYGREWKMS KDSGDSGHPVVRSTOGPARPAGPQSK -QEGLLNWAB ICSLMPNPSNT 351
D.s. IDGF3 VG- QHRLOHYNLHFOMEHNL—- LORVPANE INIG— IATYGRTHEMSKDSGDSCHPVVESTOGPAPAGPQSK - QEGLLIWAB ICSLMPNPENS 351
D.y. IDGF3 VG- OHRLOHYNLNFUTEHNL—- LORVPANK INIG- - IATYGRTWKMTKDSGDSC PET PAGPOSK - KEGLLNWAEICSL 351
D.m. IDGF4 NE- - - RHPEFHVNYOVEYWT— GNRAPAAL THVG— TATYGRAWKLTEDSGLTGLPPVARADGVARAGTUTY - L PGLLSWPEVCAKLPNPAND 352
D.m, IDGFS ¥0- - -ROPSHNVOYQVQYHMNQTS EISVHILHVG - - VTS Y GRAKNMTRNSG I TGY PRI PAANGAAPPGROTV - TPOLLIWPEICDLLG- - 00 355
D.m. D547 RNPEFNVAROVEYWL - - RNNCPASF INVG=-VATYGRPWEL TODSGDTGVPPVEDVEDEAPVGGNTO - VPG YSHPEVCALLPNONNA 361
P.r. IDGF - - RHELLNVDAATSYHL—- TGAAPSS K TVWG— TATYARTHELDSOSE ISGVPPLETD - GPGEAGPY TR -TEGLLSYPEVCAKLING - NH 344
B.m. IDGF-like - - REPLONADAAVTYWL- - TSGAPSQR TVLSXRLRASYLETGX - - -DSEIAGVP TVE-TEGLLS INP-NQ 344
. . B . . . e . . .o
—po- ~pd- —pe-. - a7 - BB ~ oB -
DRW  IDGF TOAGYLGKL TRRYGSYAVRL EOPDT A¥SKAKGLGS TATVDLTLODFRGTCS - QDHFPLLRAAKFRL- - 442
D.m. IDGFZ FLEGNES PLRRVSDPTERFGGIAY RPVDGO I TEG IWVSY DD PDSASHEAAY ARVINLG S VALFDLS YU DFROQCS -GORYPILRATEYRL- - 440
D.m. IDGFL QYRGELAPLREVTI MWLSFDL LKAV GOIALFDLSYUDFROLCT-GQRYPILRSIEYFMG- 439
D.8. IDGFL QYRGELAPLREVTI ¥ FODPRFAGT EAVY, JIALFDLSYCDFROLCT-GUKYPIVRSIEYFMG- 439
D.y. IDGFL QYRGEMAPLREVTDLTOKYGNYALRPADDNGDFGVWLSFDDPDFAGI KAAYAKGRGLGOVAIFOLS YN DFROLCT-GOKFPIVRSIKYFMG= 439
D.m. IDGF3 VDPTRRYGSYAF WISYDOPDSASSRAMY, SVALFDLTOUDFRGOCT-NDRFPMLRATEYRLL- 441
D.s. IDGF3 DPTERYGSYAF D SSEAMY SVALFDLTQUDFRGQCT-GORFPMLRATEYRLL- 441
D.y. IDGF3 HARGPSAPVKRVLDPTERYGSYAF HISY. SSEAMF. SVALFDLTQUDFRGOCT-NDRFPHLRATEYRLL- 441
D.m. IDGF4 HL JPTERFGSYAYPS. WY JPDTARI KAEYVEREGLGE IAVVDLSFLDFRGGCT-GHDKFPILROVESKL- 442
D.m. IDGFS PODREVPHLREVGDFTERFGIYAY RAADDOGENGLWYGYEDPLTAR] KAGFVHAQGLG 'VAFHDLSM DFRGOCA-GEKFPILRSIKFKL- - 444
D.m. BS47 YLEGANAPLT EVODEAKRPGSYAY RAADKEGENG IWVSFED PITAADEAGY VRTENLG SVALFDLS YU DPRGLOT - NERYPILRATRYRLTH 452
P.r. IDGF - QRGMRPHLREVTD RS KRPGTY AFRL PODNGD PGLWYSYEDPDTAGOKAS YVKSKNLGGVS IVDLEMO DFRGLCT - GOKY PILRARKYRL- - 433
B.m. IDGF-like -QKGMRPHLREVTDRSKRPGTYAFRLPODNGEGGIWVSYEDPOTAGOKAAYVESKNLG VAIVOLELODFRGLCT-GORY PILRAAKYRL- - 433

Fig. 2. Multiple sequence alignment of IDGF-DRW and all IDGF family members. Diaprepes abbreviatus. DRW,
Drosophila melanogaster, D.m., Drosophila simulans, D.s., Drosophila yakuba, D.y., Pieris rapae P.r., and Bombyx
mori, B.m. The signal peptide is underlined. The red characters show the conserved residues, * in bold are predicted
to be necessary for barrel formation in IDGF’s. The strictly conserved residues in all IDGF are shown by asterisk.
IDGF-DRW secondary structure elements are depicted on top as assigned IDGF2 after Varela et al. (2002).
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Pieris rapae IDGF (AAT36640)

Bombyx mori IDGF-like (BAB16695)
Diaprepes abbreviatus 1DGF

Drosophila melanogaster 1DGF5 (AAF57703)

Drosophila melanogaster 1DGF2 (AAC99418)

Drosophila melanogaster IDGF1 (AAMG69644)

Drosophila melanogaster IDGF1 (AAC99417)

Drosophila simulans 1DGF1 (AAM69643
Drosophila yakuba 1DGF3 (AAM69666)
Drosophila melanogaster 1DGF3 (AAC99419)

Drosophila simulans IDGF3 (AAMG69665)

Drosophila melanogaster 1DGF4 (AAC99420)

Drosophila melanogaster DS47 (Q23997)

Fig. 3 Phylogenetic tree of the IDGF family. The accession number for sequences is shown inside parentheses.
Phylogenetic tree was generated by bootstrap neighbor joining, 1000x, PAUP 4.0, unrooted (Swofford 2002). (Di-
aprepes abbreviatus, IDGF- DRW accession no. AAV68692.1).

ily members (Fig.2), in human chitotriosidase,
and in mammalian chitinase-like proteins with
no chitinase activity, but are not found in family
18 glycosyl hydrolases from plants or bacteria
(Varela et al. 2002). The putative binding site of
IDGF2 (Varela et al. 2002) is composed of the ten
residues, Tyr,,, Asp,,,, His,,, Gln,,, Phe,, Lys,,,
Asp,,,, Tyr,,,, Phe,,,, and Tyr,,,. These residues are
not strictly conserved in all known IDGF family
members, however, the predicted binding site of
IDGF-DRW contains a subset of these residues
(Tyr,;, Phe,,, Asp,,,, and Tyr,,,) and the remaining
residues are replaced by the same or complemen-
tary category of amino acids.

DiscussioN

Overall Structure of IDGF-DRW

The structure of IDGF-DRW was modeled
against Drosophila IDGF2 (Varela et al. 2002).
The formation of the clade of IDGF members from
Drosophila species separate from the other in-
sects, implies an evolutionary divergence of all
the Drosophila sequences after the evolutionary
divergence of the insects for which IDGF se-
quence data is presented. This would suggest a
very recent expansion of the IDGF gene family.
Further examination is needed before statements
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Fig. 4. Basic view of IDGF-DRW protein 3-D structure. The beta barrel motif shown in yellow in center. Struc-
ture was predicted with ROBETTA, a full-chain protein structure prediction server. View of conserved residues (in
green space-fill) are apparently essential to maintain the barrel folding as predicted by interface alanine scanning
(Van Scheltinga et al. 1996). Residues are Gly,,,, Gly,,0, ASPys55 Gl¥ 550 L€y, ASD,,,, Lys,,,, Gly,,,, and Asp,,,. The res-
idue at position 159 is Glu (in brown space-fill), which is replaced by Gln in other known IDGF proteins. Structure
key: alpha helix (pink), beta strand (yellow), turn (blue) and other (grey).

of evolutionary divergence within the remaining
insect species, DRW, P. rapae, and B. mori can be
ascertained.

The structure of IDGF-DRW displays the char-
acteristic fold of the family 18 glycosyl hydro-
lases. An insertion (Gly,, to Phe,,) in the beta
barrel motif between strand 3, and helix o, forms
an additional o+ domain similar to that of Ser-
ratia marcescens chitinases A and B (Perrakis et
al. 1994; Van Aalten et al. 2000). The feature is
common to other IDGF proteins and to most chiti-
nase-like proteins described to date, although the
insertion length varies (Varela et al. 2002). A few
conserved residues, present in family 18 glycosyl
hydrolases and other IDGF proteins, also were
found in IDGF-DRW and are apparently essential

to maintain the barrel folding residues shown in
red (Fig. 2). Characteristically in IDGF2, there
are three cis peptide bonds—Gly,,-Tyr,, Pro,-
Val,,,, and Phe,,-Asp,,.. The first and third are
conserved in all family 18 members and appear to
be necessary for correct folding of the barrel. The
second is located in the inserted o+ domain and
is not conserved in S. marcescens chitinase A or B
(Perrakis et al. 1994; Varela et al. 2002). The cor-
responding peptide bonds in IDGF-DRW are
Gly,,-Tyr, Pro,,-Pro,,, and Val,-Asp,,. A con-
served amino acid change in the third peptide
bond, Phe,,,—Val,,,, may preserve its function as
valine is an aliphatic-hydrophobic amino acid and
capable of binding substrate. Additionally, the ar-
omatic residues (Tyr,, and Phe,,,) involved in the
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two conserved cis peptide bonds have been re-
ported to be important for binding of substrates in
all glycosyl hydrolases with triosephosphate
isomerase barrel folds (Jabs et al. 1999). Thus the
changes in amino acids were predicted to not af-
fect the binding site structure.

The cooperation between IDGF's and insulin in
promoting cell proliferation makes these interac-
tions a possible genetic target for disruption, es-
pecially in a long-lived insect like DRW which has
a subterranean larval stage. Disruption of critical
developmental pathways, such as reduction of the
signaling of the insulin receptor, may provide a
means for the development of novel management
methods to reduce DRW growth and/or survival.

Our work has identified a new member of
growth-promoting glycoprotein IDGF protein
family, IDGF-DRW. The idgf-DRW sequence was
amplified from both cultured and field caught
adult DRW. Further investigations are needed to
examine the expression of these proteins during
development to identify when they are maximally
expressed, and their interactions with down-
stream effector signals in developmental path-
ways. Identification of the genes and proteins
functioning in developmental pathways increases
our understanding and aids the development of
essential tools to conduct future experiments on
the functions and interactions of growth-factor
like receptors in the DRW.
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