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Abstract: Peritrophic membranes (PMs) are composed of chitin and protein. Chitin and
protein play important roles in the structural formation and function of the PM. A new type
I PM protein, HoOCBP76, was identified from the Holotrichia oblita. HoOCBP76 was shown
as a 62.3 kDa protein by SDS-PAGE analysis and appeard to be associated with the PM
throughout its entire length. In H. oblita larvae, the midgut is the only tissue where
HoCBP76 could be detected during the feeding period of the larvae. The predicted amino
acid sequence indicates that it contains seven tandem chitin binding domains belonging to
the peritrophin-A family. HoCBP76 has chitin binding activity and is strongly associated
with the PM. The HoCBP76 was not a mucin-like glycoprotein, and the consensus of
conserved cysteines appeared to be CXj3 17CXsCXoCX,CX7C. Western blot analysis
showed that the abundance of HOCBP76 in the anterior, middle and posterior regions of
the midgut was similar, indicating that HoCBP76 was secreted by the whole midgut
epithelium, and confirmed the H. oblita PM belonged to the Type I PM.
Immunolocalization analysis showed that HoOCBP76 was mainly localized in the PM. The
HoCBP76 is the first PM protein found in the H. oblita; however, its biochemical and
physiological functions require further investigation.
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1. Introduction

At one or more stages of the life cycle in most insects, peritrophic membranes (PMs) surround the
food bolus in the digestive tract, facilitate food digestion and provide protection for midgut epithelial
cells from invasion by viruses, bacteria and other pathogens. PMs are primarily composed of chitin and
proteins. Peritrophins, the most abundant PM proteins, are strongly bound to the PM, and can be
solubilized by strong denaturants such as 6 M urea or 6 M guanidine HCI [1-3]. Many peritrophin
proteins analyzed to date contain the peritrophin-A domains, which contain one or more putative
chitin-binding domains (CBDs) consisting of a register of six cysteine residues, whereas the
peritrophin-B and peritrophin-C domains contain 8 and 10 cysteine residues, respectively. The
peritrophin-A domains are mainly present in peritrophins from the Diptera and Lepidoptera [2,4], but
have also been found in some insect mucins [5].

Based on the PMs synthesis site, insect PMs are generally characterized into two types. Type | PM
is secreted by the whole midgut epithelium [2,6]. This type of PM is studied mainly in the laval
Lepidoptera and adult hematophagous Diptera, it has also been found in Coleoptera, Dictyoptera,
Ephemeroptera, Hymenoptera, Odonata, Orthoptera and Phasmida [3,7-9]. There have been
descriptions of the structure and formation of Coleoptera larval PM at the microscopic level [10]. For
the Coleoptera larval Gibbium psylloides, its posterior midgut can extrude a PM-like material which
spins a cocoon [11]. Type II PM is formed by the cardia, which is the specialized tissue at the entrance
of the midgut. It has been found in Dermaptera, Isoptera, Embiodea, some Lepidoptera, and the larvae
of Diptera [3,12]. Despite the different modes by which type I and type II PM are synthesized, their
protein components are similar. Estimates of the number of PM proteins vary widely, from a few to
many dozen. Tellam proposed four classes of PM proteins based on the ease with which they can be
removed from the PM [2]. Much research has been directed toward a group of integral Class III PM
proteins collectively known as peritrophins.

Both of the two types of PM are composed of chitin, prtoteins and proteoglycans. Chitin contributes
only a small proportion of PM, but is considered to be a significant structural component. Chemical
analysis showed that chitin contents of insect PMs ranged from 3.7% to 12.9% [13,14]. Chitin
microfibrils are believed to form a strong and elastic mesh-like network for PM assembly. Analysis of
numerous insect species reveals that PM proteins always have multiple chitin-binding domains, which
are proposed to be involved in maintaining the network structure of PM chitin fibrils. The invertebrate
CBDs are believed to evolve from a common ancestor, and are predicted not to have any secondary
structure. The conserved cysteine-mediated disulfide bonds are suggested to stabilize the folding, and
the conserved aromatic residues are thought to be involved in saccharide binding [15]. The invertebrate
CBD was first characterized in the peritrophic membrane protein peritrophin-44 from Lucilia cuprina,
which was confirmed to bind to chitin within the PM [16]. It has been described how the removal of
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the CBD from some chitin-binding proteins could decrease the affinity for chitin, while addition of one
or more domains could increase the affinity for chitin [17,18].

To date, about 20 PM proteins have been identified and characterized from different insects [7].
In spite of the reviewed studies on different insect PMs, there is no data on the Holotrichia oblita
(Coleoptera: Melolonthidae) PM. In this paper, we report the identification of a new type I peritrophic
membrane protein, HOCBP76, from the H. oblita. HOCBP76 possesses severn six-cysteine-containing
chitin-binding domains related to the peritrophin A domain and exhibits a strong chitin-binding activity,
so it belongs to the PM protin Class III.

2. Results and Discussion
2.1. Identification of the cDNA Coding for a New H. oblita PM Protein, HoCBP76

By immunoscreening of the H. oblita midgut cDNA expression library with antibodies against
a collection of Helicoverpa armigera midgut PM proteins, 254 positive ¢cDNA clones were
obtained and sequenced. A full-length ¢cDNA clone was identified and designated as HoCBP76
(GenBank Accession No. HM596340). The cDNA is 2019 bp in length, containing an ORF of
1725 bp, including a 5' untranslated region of 78 bp and a 3' untranslated region of 216 bp, and a
putative polyadenylation signal (AATAAA) located at 11 bp upstream of the polyA tail (Figure 1).
The deduced protein sequence showed that HOCBP76 was synthesized as a preprotein of 575 amino
acid residues with the predicted molecular weight of 62.3 kDa, pI of 3.51 and a 19-amino acid signal
peptide predicted by the software SignalP [19]. The secreted HoCBP76 contains one potential
O-glycosylation site at Thr*** indicating that the HOCBP76 was not a mucin-type PM protein and one
putative N-glycosylation site based on the presence of the sequence pattern Asn—Xaa—Thr/Ser located
at amino acid residues from 417 to 419 [20,21]. HoCBP76 contains seven tandem putative chitin
binding domains which belonged to the peritrophin-A domains.

PMs are present in most insects, except for Hemiptera and Thysanoptera, which have perimicrovillar
membranes in their midgut cells [6]. The most studied PM proteins were identified from Lepidoptera
insects, and fewer PM proteins were characterized from Colepotera insects. In this study, we identified
a novel PM chitin binding protein HoCBP76 from H. oblita (Coleoptera: Melolonthidae) larvae.
Alignment of the peritrophin-A domains from the HoOCBP76 was shown in Figure 2, the result showed
that the six cysteine residues within the domains were well conserved from 1 to 6 CBD. The consensus
of conserved cysteines appeared to be CX;317CXsCX9CX,CX7C (where X is any amino acid
except cysteine), which are similar to the predicted chitin binding sequences from PM proteins of
Tribolium castaneum and other species [22]. Conserved aromatic amino acids were located between
Cys2 and Cys3, Cys5 and Cys6, which was thought to be involved in the binding of sugars because
other sugar-binding motifs called hevein domains also contained conserved aromatic residues [23,24].
The seventh CBD of HoCBP76 had only four cysteines, which is similar to the peritrophic
membrane protein PMP14 (GeneBank accession number GU128106) from Tribolium castaneum
(Coleoptera: Tenebrionidae).
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Figure 1. Nucleotide sequence of the cDNA for HOCBP76 and its deduced amino acid
sequence (GenBank™ accession number: HM596340). The translation initiation codon
ATG and stop codon TAA are double underlined. The predicted signal peptide cleavage
site is indicated by a vertical arrow. The potential polyadenylation signal sequence is marked
in a box. Eight chitin binding domains are underlined from N- to C-terminus of the protein.

1 GTCAAAGTGTTTTTTTTTCTATCTATTTTTGTGATAACAGTGATATTATATAAACTATAAAGGCATAGGCATAAG
76 ACAATGAAGGCATTCCTTTTCGTGTCTTCGGTGCTGCTTGCAGTACACCTTGGGCAGACTGATCCTGTCGGCGTT
1 MXAFLTFVS SV LLAVHLTGG aTDPVGV
151 TGTCCGTCAAATAATGGAGCTTCTGATGTCCTCTTAGCGGATACAGATAACTGTGCTATATACTATCAGTGCGAC
25 CPSNNOGASDVILLADTDNC CATIYYOQQCTD
226  TGGGGTAAATACGTCGTGAAAAACTGTCCCGCAACTCTTTACTTCAACACTGAGAATTCTCAGTGTGATTACCTT
50 ¥ G K Y VYV ENCPATTLYFNTENSQQCDYTL
301 CGAAATGTAAATTGTGATCGTAGTTCACTTGTCGGAAGCGACGAAGAAGGTGAAGTAGAGGAAAGTACGGAAGAA
75 RNVNCDZRSSLY GSDEETGEVEESTEE
376  ATAGAAGTAGGTGAACCAATTGGTGAATGTCCTAACCAAAACCCTGAAGATGAAGAAGTCCTACTCGCGGACTCC
0 I EV GEP I GECPNGGNPETDTETEVTILTLATDS
451 TTGAACTGCGGAGTGTTCTATAAATGCGACTGGGGCGAACCAGTTCTTCAAGAGTGTCCTGGTGATTTACTCTTC
1256 L N C G VF YK CDWGE&®PVILEAQETCPGDTLTLEFE
526 AATGCTGTAAAAAATGTTTGTGATTGGGCAGAGAATGTTGACTGTGATCGCAGTAACATTGGTGAAGAGAGCACT
150 N A VENVYV CDWAENVDCDRSNTIGETES ST
601 GAAGACAGCAGTGAACCTGAATCAGAACCTCTCTTCGCTTGTCCAGACAGCGACTCATTATATATCCCAGACAAA
/s EDSSEPESEPLTFACPDSDSLYTITPDEK
676 ATCGATTGTAGCAAATATTACGTTTGCATCTACGGCAAACCCGTTGAATCCACTTGTCCAGAAGGTCTCCACTAC
200 I D CS K Y Y VY CTIT Y G KPVEGSTT CEPEGTLHY
751 GACGGAACACGTTGGATATGTGACTATCCGGAGAAAGTGACATGCGGAGTATATGGACCACAAGAATGTGCGGGA
225 D G TR WI CDYPEEKVTCGYVYGPQET CATEG
826 AATAATGGAAATGATGGCGAGGAACCAGCTGAACCAGGTGCTGGAGCAATTGGAACGTGTCCTGCTGTAAATGGT
250 N NGNDGEEUPAEPGAGATIGTLCPAVNGEG
901 GAGGTAGACGTACTTCTTCCCGATGCTGAAAATTGCGCTATCTTCTACAAATGCGACAATGGTGTACCTGTCGTT
275 E VD VY LLPDAENTC CATT FYEKCDUNGVYEPVYV
976 CAAGATTGCCCTGATGGTCTACTCTTCAATGCAAAGCTTGACGTGTGCGACTGGCCCGAAAATGTAAACTGTGAC
300 D ¢ PDGILLTFNAEKTLDVY CDWPENVNTCTOD
1051 CGTAGTAGTGATGGTGAAGATGGAGAAAGCGAAGAAGAAGAAGAAGAAGAAGTTGAAACACCTGCTCCAGGAGCT
325 RS SDGEDGESETETETETETETEVETTPATPGA
1126 GGTGCAATTGGATCATGTCCTGCTGTCAACGGTCTGGTAGATGTTCTCCTTCCCGATGCAGAAAACTGTGCTATT
330 6 A I GS CPAVNGLVYVDYVYLLPDAENTC CATI
1201 TTCTATAAATGTGACAATGGTGTACCGGTCGTTCAAGATTGTCCTGATGGTCTACTCTTTAATGCAGACCTTGAC
375 F YK CDNGVPVYQ@DCPDGLILFNATDTLTED
1276 ATTTGCGACTGGCCCGAAAACGTAAACTGCGATCGTAGTAGTAGTGGTGGTAACAACAGCAATGAAGATGGCAGC
400 I C D WPFENVNCDUZRSSSGGNNSNETDGS
1351 ATTAGCGGAGAAGTTCCAGGCACCGATGGTGATGCTACAGGTCCTCTTATTGAATGCCCAGCAGAAGACGGCTTA
425 I S G E VP GTDGDATOG?PULTIELCPAEDGTL
1426 TATGCCACATACATCCCGGATAAAACCGACTGCACCAAATTTTACGTCTGCGTACACGGCACCCCAGTCATAAAC
450 Y A T Y T P DETDCTEXKTFYVCVHGTEPVTIN
1501 TCTTGCCCTGAAGGCCTTTACTATGACGGAACCATCTGGGCTTGTACCTATGAGGAATACGCACAATGTGGAGTA
475 S C P E G L Y YD GTTWATCTTYETEVYAQ@CGV
1576 TATCGACCAATTGAAGGGGACGCTTTTGAAAGTGAAGAAGAAGGTCAGCCTGGAGGTTTTGAAAATCCATGGGTT
500 Y R P I EGDAFESEEESGQPGGFENPWV
1651 GGAGAATGTCCAGTAGCATCAGAAGTAGATGTCTTCTTACCCAGCAGAGATGATCCACACAAGTTCTATATTTGC
525 6 ECP V A SEV DV FLPUSRDDPHETFYTITC
1726 GTCGGAACAACACCCGTTGAACTGGAATGCCCATCAAATCTTGTATTTGACTTCGAACTACAACGTTGTGAATAT
550 V 6 T TPV ELETCPSNLVFDFELGGRTC CEY
1801 GCTTAAGAATAATACGTAGAAACATAAAGACATTTGTTAACCTCTTTTTGTAATTTTTCTTTTTGGTGCGTGTGT
575 A

1876 GATATTCTTACAAAATTTATAATAAATAGTAAATAAATATACAATGAGGGATTGTTGTTAAATATGTTATTGTAG
1951 TTGTTATTTATIC GTACTGCTTTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 2019

6834
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Figure 2. Alignment of the predicted chitin binding domain sequences from HoCBP76 protein.
The conserved amino acids are shaded. The consensus sequence is shown at the bottom.

HoCBP76-1 VGV@ZSNN . GASDVLLADTDNCA I YMO@DWGKY]
HoCBP76-2 IGE@ENONPEDEEVLLADSLNCGV DWGEP
HoCBP76-3 LFA@EDSD.SLY. . .IPDKIDCSK IYGKP
HoCBP76-4 IGT@®ZAVN . GEVDVLLPDAENCAT DNGVP
HoCBP76-5 IGS@EAVN . GLVDVLLPDAENCAT DNGVP
HoCBP76-6 LIE@EAED . GLYATYIPDKTDCTK VHGTP
HoCBP76-7 VGE@®EVAS . .EVDVFLPSRDDPHKFMI@VGTTE
Consensus cp y C

YENTENSQ@DYLRNVNCD 59
LENAVKNV@DWAENVDCD 60
HYDGTRWI@DYPEKVTCG 56
LENAKLDV@DWPENVNCD 59
LENADLDI@DWPENVNCD 59
YYDGTIWAGTYEEYAQCG 59
FDFELOROEYA. ... .. 52
C

2.2. Identification of HoCBP76 from the H. oblita PM

Antibodies reacting to HOCBP76 recognized an identical molecular weight protein from the H. oblita
midgut proteins by Western blot analysis (Figure 3). The result showed that the abundance of HoCBP76
in the anterior, middle and posterior regions of the midgut was similar, indicating that HoCBP76 was
secreted by the whole midgut epithelium, but was not by the cells at the entrance of the midgut
(cardia). Western blot analysis confirmed that secreted the H. oblita PM belonged to the Type 1 PM,
which was similar to the observations made in other Coleoptera insects, the Diabrotica undecimpunctata
(Coleoptera: Chrysomelidae), which PM was synthesized along the length of the midgut epithelium,
and secreted into the interstices between the microvilli of the brush border [11].

Figure 3. Identification of HoOCBP76from H. oblita larval midgut proteins by western blot
analysis with antibodies specific to HoOCBP76. Proteins were from the anterior, middle,
posterior regions of the H. oblita midgut epithelium and the whole midgut epithelium.

H.oblita midgut
| |
(4]
& & &
mv & & & &
kDa) ¥ ¥ <% &
200 —
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2.3. Localization of HoOCBP76 in H. oblita Larvae

Western blot analysis of proteins from various tissues isolated from third instar H. oblita larvae
showed that in addition to the PM, HoCBP76 was detected in midgut tissue but was not detectable
from the larvalintegument, digestive fluid, Malpighian tubules, fat body and exuvia. In proteins from
the PM, a main band and a number of minor bands with lower molecular weights were detected by
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Western blot ananlysis. The minor bands could be degradation products of HoOCBP76. The expression
showed some similar with that of TnPM-P42 protein, another PM protein without peritrophin domains
in Trichoplusia ni. The TnPM-P42 protein was only expressed in the PM of midgut, not in
hemolymph, Malpighian tubules, salivary glands, fat body, or integument [25].

2.4. Binding of Recombinant HoCBP76 to Chitin

HoCBP76 was expressed successfully in insect cells (Tn-5B1-4) with the recombinant baculoviruses.
The recombinant protein, which was secreted into the cell culture medium, exhibited its activity to
bind chitin (Figure 4A). The apparent molecular weight for recombinant HoOCBP76 was more than
100 kDa, significantly higher than its predicted molecular weights of 62.3 kDa. This phenomenon was
similar to PM proteins identified from other species [2,5,26]. The reason is probably because that
O-Glycosylation of serine and threonine residues which is believed to increase the length of the
polypeptide, making the structure of the glycosylated region rod-like by restricting the flexibility of the
peptide backbone. This phenomenon was similar to PM proteins identified from other species, such as
C. bezziana, Trichoplusia ni, and so on [2,5,26]. Subsequent chitin binding assay demonstrated that the
recombinant HoOCBP76 had chitin binding affinity (Figure 4B). The HoCBP76 tightly bounded to
chitin and did not dissociate from the chitin following treatment with PBS, and 1 M NaCl. The protein
was only partially dissociated with 2% SDS in the presence of 5% p-mercaptoethanol and 2% SDS.
However, it was solubilized from the bound chitin by 6 M urea or by 1% Calcofluor.

Figure 4. SDS-PAGE analysis of chitin binding activity of recombinant HoCBP76.
(A) Silver staining analysis of recombinant HoCBP76 expressed in insect cells using
recombinant baculovirus. Lane 1: culture media from HighFive cells infected with
vHoCBP76, showing that the recombinant HoOCBP76 was secreted into the medium. Lane 2:
protein marker. Lane 3: chitin bound protein from the media of vHoCBP76 infected
HighFive cells; (B) Silver staining analysis of recombinant HoOCBP76 dissociated from the
HoCBP76/regenerated chitin complex by different treatment. Lane 1: culture media from
HighFive cells infected with vHoCBP76. Lane 2: protein marker. Lane 3—-8: HoCBP76/
regenerated chitin complex by incubation with 1% Calcoflour, 6 M Urea, 2% SDS + 5%
B-ME, 2% SDS, PBS and 1 M NaCl, respectively.
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The PM acts as a barrier against bacterial pathogens, but ingestion of insecticidal lectins, the
insecticidal toxin from Xenorhabdus nematophila, plant cysteine proteases, the baculovirus
metalloprotease enhancing and Cry toxins can destroy the PM [27,28]. To date, PM proteins identified
from different insect species are all chitin binding proteins with or without mucin domains and may
contain up to six putative chitin binding domains [29-31]. In this study, the vitro chitin-binding assays
experimentally confirmed the strong chitin-binding affinity of HoCBP76 (Figure 4). The HoCBP76
had seven tandem putative chitin binding domains belonging to the peritrophin-A family, and was
mainly localized in PM (Figure 5), which has been suggested to be a mechanism for PM formation [32].

Figure 5. Detection of HoOCBP76 in various H. oblita tissue and structure samples by
western blot analysis.

3. Experimental Section
3.1. Insect Larvae and Collection of Larval Tissues

All the adults Holotrichia oblita were collected from Baoding, China. Larvae of H. oblita was
reared in the laboratory condition at room temperature, soil humidity 18%. The third instar larvae were
used for dissection to isolate the PMs and various tissues for analyses.

3.2. Construction and Immunoscreening of a cDNA Expression Library

Midgut total RNA was isolated from fresh midgut epithelial tissues of 3rd instar H. oblita larvae
using the RNeasy mini kit from QIAGEN (Valencia, CA, USA), and poly(A)" RNA was prepared with
the Oligotex mRNA kit (Qiagen, Valencia, CA, USA). The cDNA expression library was constructed
using ZAP cDNA synthesis and GigapackIII gold cloning kit (Stratagene, La Jolla, CA, USA). Starting
with about 5 pg of poly(A)" RNA, and the first-strand cDNA synthesis was performed using an
oligo(dT) primer with an internal Xkol site and 5-methyl dCTP, after the second-strand cDNA synthesis,
the cDNA was ligated to EcoRI adaptor and digested with X#%ol, and then the size-fractionated cDNA
was cloned directionally into the bacteriophage expression Uni-ZAP XR vector, packaged into phage
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particles and used to transfect Escherichia coli, resulting in 5 x 10° recombinant plaques per pg of
vector in the library. The screening procedure was according to the picoBlue™ immunoscreening kit
manufacture’s specifications. The antibody used for screening was antiserum that was raised in rabbits
against a purified PM proteins from Helicoverpa armigera (Lepidoptera: Noctuidae). The secondary
antibody (goat anti-rabbit immunoglobulin, Sigma, St. Louis, MO, USA) was used at a dilution of
1:30,000. Finally the reactive cDNA clones were processed to rescue the pBluescript SK(—) phagemids
by in vivo excision following the manufacture above described.

3.3. Recombinant HoCBP76 Expression

To express HOCBP76 in insect cells, a recombinant baculovirus was constructed, using the Bac-to-Bac
baculovirus expression system (Invitrogen, Carlsbad, CA, USA). The cDNA for HoCBP76 was
excised from the cDNA clone in pBluescript by digestion with EcoRI and X#%ol, and cloned into the
transfer plasmid vector pFASTBacl. The recombinant baculovirus with the cDNA for HoOCBP76 was
generated by transfection of bacmid DNA into BTI-Tn-5B1-4 insect cells and maintained in TNM-FH
medium supplemented with 10% fetal bovine serum. The cell culture medium containing the secreted
recombinant HOCBP76 was collected at 72 h post-infection.

3.4. Regenerated Chitin Preparation and Chitin-Binding Assay

Regenerated chitin for the chitin-binding assay was prepared from chitosan (Sigma Corporation,
St. Louis, MO, USA) by the method of Molano et al. [33]. One gram of chitosan is ground in a mortar
while adding slowly and in small portions 20 mL of 10% acetic acid, and is allowed to stand overnight
at room temperature. The next day, 90 mL of methanol are added slowly with mixing and the cloudy
solution is filtered. The filtrate is placed in a beaker on a magnetic stirrer and 1.5 mL of acetic
anhydride were added. After about 1 min, the mixture gels. The gel is allowed to stand for about
30 min and then is cut up into small pieces with a spatula. After covering with methanol the suspension
is homogenized for 1 min at maximum speed. The finely dispersed chitin is filtered with a medium
porosity sintered-glass funnel and is washed with water to neutrality. The chitin is resuspended in
0.02% sodium azide to a concentration of about 15 mg/mL.

The binding assay mixture contained 40 mg regenerated chitin and 1 mL HoCBP76 containing cell
culture medium, and allowed HoCBP76 protein to bind to chitin at 4 °C in suspension for overnight in
the presence of | mM EDTA and 1 mM phenylmethylsulfonyl fluoride. The regenerated chitin bound
with HoCBP76 was washed three times with PBS, followed by centrifugations. Aliquots of the
resulting chitin bound with HoOCBP76 were incubated with 1% Calcoflour, 6 M urea, 2% SDS + 5%
B-mercaptoethanol, PBS, 2% SDS and 1 M NaCl, respectively. After 1 h incubation, the supernatants
containing the HoCBP76 protein released from the chitin were collected and analyzed by silver-stained
SDS-PAGE analysis.

3.5. Preparation of Antibodies Reacting to HoCBP76

A cDNA clone for HOCBP76 in pBluescript pHoCBP76 was used to produce the chitin-binding
protein in the E. coli strain XL1-Blue (Strategene, La Jolla, CA, USA). To immobilize the solubilized
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proteins in the E. coli lysate, a piece of supported nitrocellulose membrane, Optitran BA-S85
(Schleicher and Schuell, Keene, NH, USA), was placed into the lysate in a Petri dish and incubated at
room temperature for 1 h, followed by extensive washing five times with PBS and incubation in 3%
BSA for 3 h. The nitrocellulose membrane then was incubated with a 100-fold dilution of the
antiserum in PBS with 3% BSA at room temperature for 3 h to allow anti-HoCBP76 antibodies in the
antiserum to bind to the blotted membrane. The membrane subsequently was washed five times with
PBS, and finally the bound antibodies were eluted from the membrane by incubation in 5 mL of 0.1 M
glycine buffer (pH 2.5) at room temperature for 10 min. The eluted antibody solution was collected,
neutralized with 0.5 mL 1 M Tris-HCI buffer (pH 8.0).

3.6. Immunolocalization of HoOCBP76 in H. oblita Larvae

All protein samples were analyzed by SDS-PAGE and electrophoretically transferred to
nitrocellulose as described [25]. Tissues were dissected from mid-third instar larvae, exuviae from the
larvae molting from second instar to third instar and fecal pellets from third instar larvae were also
collected. Midgut digestive fluid was collected from mid-third instar larvae by stimulating the larval
mouth parts in a test tube to induce regurgitation of the midgut fluid. Equal amounts of proteins from
each tissue sample were mixed with 6x SDS-PAGE sample buffer (0.375 M Tris pH 6.8, 12% SDS,
60% glycerol, 0.6 M DTT, 0.06% bromophenol blue), boiled for 5 min, protein concentrations in the
supernatants were estimated using the Bradford protein assay. One microgram of protein from each
tissue extract, except for the PM extract, for which 0.04 mg of protein was used, was loaded onto the
10% SDS-polyacrylamide gel. Following electrophoresis, proteins were blotted onto Immobilon-P
membranes (Millipore, Bedford, MA, USA), and then probed with antibodies reacting to HoCBP76
after treatment of the membrane with 3% BSA in PBS to block non-specific bindings, and bound
antibodies were detected colorimetrically with alkaline phosphatase-conjugated goat anti-rabbit IgG
and the bromochloroindolyl phosphate-nitro blue tetrazolium system.

4. Conclusions

A novel midgut peritrophic membrane (PM) protein HoOCBP76 was identified from the Holotrichia oblita
(Coleoptera: Melolonthidae). The presented results showed that HoOCBP76 appeared to be associated
with the PM throughout its entire length. HoOCBP76 had chitin-binding activity and was strongly
associated with the PM, which was similar to the currently known peritrophin type PM proteins. The
identification of HoOCBP76 in this study has provided the foundation for further investigation on the
biochemical and physiological function of this new protein in the PM formation mechanism in
Coleoptera insects.

Acknowledgments

This work was supported in part by the the earmarked fund for Modern Agro-industry Technology
Research System, National Natural Science Foundation of China Project 30971910 and National Key
Basic Research Program of China (“973” program) 2009CB118902.



Int. J. Mol. Sci. 2014, 15 6840

Author Contributions

Conceived and designed the experiments: WG. Performed the experiments: XML, JL, DZ, XNL.
Analyzed the data: XML, RJL. Wrote the paper: XML, WG.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Peters, W. Peritrophic Membranes; Springer-Verlag: Berlin/Heidelberg, Germany, 1992.

2. Tellam, R.L.; Wijffels, G.; Willadsen, P. Peritrophic matrix proteins. Insect Biochem. Mol. Biol.
1999, 29, 87-101.

3. Hegedus, D.; Erlandson, M.; Gillott, C.; Toprak, U. New insights into peritrophic matrix synthesis,
architecture, and function. Annu. Rev. Entomol. 2009, 54, 285-302.

4. Shi, X.; Chamankhah, M.; Visal-Shah, S.; Hemmingsen, S.M.; Erlandson, M.; Braun, L.;
Alting-Mees, M.; Khachatourians, G.G.; O’Grady, M.; Hegedus, D.D. Modeling the structure of
the Type I peritrophic matrix: Characterization of a Mamestra configurata intestinal mucin and a
novel peritrophin containing 19 chitin binding domains. Insect Biochem. Mol. Biol. 2004, 34,
1101-1115.

5. Wang, P.; Granados, R.R. Molecular cloning and sequencing of a novel invertebrate intestinal
mucin cDNA. J. Biol. Chem. 1997, 272, 16663—16669.

6. Terra, W.R. The origin and functions of the insect peritrophic membrane and peritrophic gel.
Arch. Insect Biochem. Physiol. 2001, 47, 47-61.

7. Yin, J.; Wei, Z.-J.; Li, K.-B.; Cao, Y.-Z.; Guo, W. Identification and molecular characterization of
a new member of the peritrophic membrane proteins from the meadow moth, loxostege sticticalis.
Int. J. Biol. Sci. 2010, 6, 491-498.

8. Shao, L.; Devenport, M.; Jacobs-Lorena, M. The peritrophic matrix of hematophagous insects.
Arch. Insect Biochem. Physiol. 2001, 47, 119-125.

9. Devenport, M.; Fujioka, H.; Donnelly-Doman, M.; Shen, Z.; Jacobs-Lorena, M. Storage and
secretion of Ag-Aperl4, a novel peritrophic matrix protein, and Ag-Mucl from the mosquito
Anopheles gambiae. Cell Tissue Res. 2005, 320, 175-185.

10. Ryerse, J.; Purcell, J.; Sammons, R. Structure and formation of the peritrophic membrane in the
larva of the southern corn rootworm, Diabrotica undecimpunctata. Tissue Cell 1994, 26, 431-437.

11. Tristram, J.N. Normal and cocoon-forming peritrophic membrane in larvaec of the beetle
Gibbium psylloides. J. Insect Physiol. 1977, 23, 79-87.

12. Wijftels, G.; Eisemann, C.; Riding, G.; Pearson, R.; Jones, A.; Willadsen, P.; Tellam, R. A novel
family of chitin-binding proteins from insect type 2 peritrophic matrix. J. Biol. Chem. 2001, 276,
15527-15536.

13. Lehane, M. Peritrophic matrix structure and function. Annu. Rev. Entomol. 1997, 42, 525-550.

14. Tellam, R.L.; Eisemann, C. Chitin is only a minor component of the peritrophic matrix from
larvae of Lucilia cuprina. Insect Biochem. Mol. Biol. 2000, 30, 1189-1201.



Int. J. Mol. Sci. 2014, 15 6841

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Shen, Z.; Jacobs-Lorena, M. Evolution of chitin-binding proteins in invertebrates. J. Mol. Evol.
1999, 48, 341-347.

Elvin, C.M.; Vuocolo, T.; Pearson, R.D.; East, L.J.; Riding, G.A.; Eisemann, C.H.; Tellam, R.L.
Characterization of a major peritrophic membrane protein, peritrophin-44, from the larvae of
Lucilia cuprina. J. Biol. Chem. 1996, 271, 8925-8935.

Zhu, X.; Zhang, H.; Fukamizo, T.; Muthukrishnan, S.; Kramer, K.J. Properties of Manduca sexta
chitinase and its C-terminal deletions. Insect Biochem. Mol. Biol. 2001, 31, 1221-1230.

Arakane, Y.; Zhu, Q.; Matsumiya, M.; Muthukrishnan, S.; Kramer, K.J. Properties of catalytic,
linker and chitin-binding domains of insect chitinase. /nsect Biochem. Mol. Biol. 2003, 33, 631-648.
Dyrlev Bendtsen, J.; Nielsen, H.; von Heijne, G.; Brunak, S. Improved prediction of signal peptides:
SignalP 3.0. J. Mol. Biol. 2004, 340, 783—795.

Hansen, J.E.; Lund, O.; Tolstrup, N.; Gooley, A.A.; Williams, K.L.; Brunak, S. NetOglyc:
Prediction of mucin type O-glycosylation sites based on sequence context and surface accessibility.
Glycoconj. J. 1998, 15, 115-130.

Blom, N.; Sicheritz-Pontén, T.; Gupta, R.; Gammeltoft, S.; Brunak, S. Prediction of post-translational
glycosylation and phosphorylation of proteins from the amino acid sequence. Proteomics 2004, 4,
1633-1649.

Jasrapuria, S.; Arakane, Y.; Osman, G.; Kramer, K.J.; Beeman, R.W.; Muthukrishnan, S. Genes
encoding proteins with peritrophin A-type chitin-binding domains in 7ribolium castaneum are
grouped into three distinct families based on phylogeny, expression and function. Insect Biochem.
Mol. Biol. 2010, 40, 214-227.

Gaines, P.J.; Walmsley, S.J.; Wisnewski, N. Cloning and characterization of five cDNAs
encoding peritrophin-A domains from the cat flea, Ctenocephalides felis. Insect Biochem. Mol. Biol.
2003, 33, 1061-1073.

Suetake, T.; Tsuda, S.; Kawabata, S.-I.; Miura, K.; Iwanaga, S.; Hikichi, K.; Nitta, K.; Kawano, K.
Chitin-binding proteins in invertebrates and plants comprise a common chitin-binding structural motif.
J. Biol. Chem. 2000, 275, 17929—-17932.

Guo, W.; Li, G.; Pang, Y.; Wang, P. A novel chitin-binding protein identified from the peritrophic
membrane of the cabbage looper, Trichoplusia ni. Insect Biochem. Mol. Biol. 2005, 35, 1224—1234.
Wang, P.; Li, G.; Granados, R.R. Identification of two new peritrophic membrane proteins from
larval Trichoplusia ni: Structural characteristics and their functions in the protease rich insect gut.
Insect Biochem. Mol. Biol. 2004, 34, 215-227.

Sousa, M.E.C.; Santos, F.A.; Wanderley-Teixeira, V.; Teixeira, A.A.; de Siqueira, HA.A;
Alves, L.C.; Torres, J.B. Histopathology and ultrastructure of midgut of Alabama argillacea
(Hiibner) (Lepidoptera: Noctuidae) fed Bt-cotton. J. Insect Physiol. 2010, 56, 1913-1919.
Michiels, K.; van Damme, E.J.; Smagghe, G. Plant-insect interactions: What can we learn from
plant lectins? Arch. Insect Biochem. Physiol. 2010, 73, 193-212.

Yang, H.J.; Zhou, F.; Malik, F.A.; Bhaskar, R.; Li, X.H.; Hu, J.B.; Sun, C.G.; Miao, Y.G.
Identification and characterization of two chitin-binding proteins from the peritrophic membrane
of the silkworm, Bombyx mori L. Arch. Insect Biochem. Physiol. 2010, 75, 221-230.



Int. J. Mol. Sci. 2014, 15 6842

30. Dinglasan, R.; Devenport, M.; Florens, L.; Johnson, J.; McHugh, C.; Donnelly-Doman, M.;
Carucci, D.; Yates, J.; Jacobs-Lorena, M. The Anopheles gambiae adult midgut peritrophic
matrix proteome. Insect Biochem. Mol. Biol. 2009, 39, 125-134.

31. Shao, L.; Devenport, M.; Fujioka, H.; Ghosh, A.; Jacobs-Lorena, M. Identification and
characterization of a novel peritrophic matrix protein, Ae-Aper50, and the microvillar membrane
protein, AEG12, from the mosquito, Aedes aegypti. Insect Biochem. Mol. Biol. 2005, 35, 947-959.

32. Wang, P.; Granados, R.R. Molecular structure of the peritrophic membrane (PM): Identification
of potential PM target sites for insect control. Arch. Insect Biochem. Physiol. 2001, 47, 110-118.

33. Molano, J.; Duran, A.; Cabib, E. A rapid and sensitive assay for chitinase using tritiated chitin.
Anal. Biochem. 1977, 83, 648—656.

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).



