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The pro-phenoloxidase of coleopteran insect, Tenebrio molitor, larvae was
activated during cell clump/cell adhesion of insect cellular defense
reactions
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Abstract To characterize the proteins involved in cell clump/cell
adhesion of insect cellular defense reactions, we induced the cell
clump/cell adhesion reaction in vitro with the hemolymph of
larvae of the coleopteran insect, Tenebrio molitor. The 72 kDa
protein was specifically enriched in the residues of cell clump/cell
adhesion and was purified to homogeneity. A cDNA clone for the
72 kDa protein was isolated. We found that the 72 kDa protein
was an activated phenoloxidase from Tenehrio pro-phenolox-
idase. We suggest that activated phenoloxidase is involved in the
cell clump/cell adhesion reaction as well as in the synthesis of
melanin.
© 1999 Federation of European Biochemical Societies.
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1. Introduction

The endogenous defense of insects is based on cellular and
humoral immune responses. The latter include the synthesis of
a broad spectrum of potent antimicrobial proteins and the
activation of the pro-phenoloxidase (pro-PO) cascade. Previ-
ously, we examined the humoral responses of larvae of the
coleopteran insects, Tenebrio molitor and Holotrichia diompha-
lia and reported the primary structures of antimicrobial pro-
teins in their hemolymph [1-5]. Recently, we have isolated a
cDNA clone for a pro-PO-activating factor (PPAF-I) and
determined the complete amino acid sequence of PPAF-I
[6,7]. PPAF-I is highly homologous to Drosophila easter serine
protease (42.9% identity), an essential serine protease zymo-
gen for pattern formation in normal embryonic development.

The cellular defense reactions in the presence of foreign
substances in insects are cell clump/cell adhesion and encap-
sulation. Recently, the component that interferes with cellular
encapsulation was purified and characterized [8]. Cell clump/
cell adhesion has been reported to occur in insects in response
to a variety of foreign substances including bacteria, insert
materials, and foreign tissue implants [9]. The development
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The nucleotide sequence data reported in this paper will appear in the
DDBJ, EMBL and GenBank Nucleotide Sequence Databases with
accession number AB020738.

of the clumps/cell adhesion is always preceded by the initial
attachment of hemocytes to the foreign material [10]. The first
stage of recognition is followed by the adherence of hemo-
cytes. However, the biochemical processes of cell clump/cell
adhesion in insects are still obscure at the molecular level.

This paper presents evidence that activated phenoloxidase
(PO) from pro-PO is engaged in the cell clump/cell adhesion
reaction.

2. Materials and methods

2.1. Animals and in vitro cell clumplcell adhesion

T. molitor larvae (mealworm) were maintained on a laboratory
bench in terraria containing wheat bran. Vegetables were placed on
top of the bran to provide water. Hemolymph and hemocyte were
collected as previously described [1]. To induce cell clump/cell adhe-
sion in vitro, 80 ul of 7. molitor hemolymph was suspended in 100 pl
of insect saline (130 mM NaCl, 5 mM KClI, 1 mM CaCl,, pH 6.0) in a
petri dish and incubated for 20 min at room temperature. After in-
cubation, the supernatant was carefully withdrawn with a micropi-
pette and the morphology of cell clump/cell adhesion was observed
at 400 X magnification under phase contrast optics with a light micro-
scope (Zeiss Axiovert). As a control, 80 pl of hemolymph was sus-
pended in a decoagulation buffer (30 mM trisodium citrate, 26 mM
citric acid, 15 mM sodium chloride, 20 mM EDTA, pH 4.6) under the
conditions described above. The clumped materials on the surface of
the petri dish were regained by 6 M urea in 50 mM Tris-HCI (pH 6.5)
containing 2% SDS and 5 mM dithiothreitol (DTT). The proteins
were precipitated with trichloroacetic acid (TCA) and analyzed on
12% SDS-PAGE under reducing conditions. The protein concentra-
tions were determined by the method of Lowry et al. [11] using bovine
serum albumin as the standard.

2.2. Purification and molecular cloning of 72 kDa cell clumplcell
adhesion related protein

The 72 kDa protein was purified to homogeneity from polyacryl-
amide gel using the Micro-Electroeluter (Centrilutor, Amicon) accord-
ing to the manufacturer’s instructions. The purified 72 kDa protein
was reduced and S-pyridylated according to a previously published
method [6]. The S-pyridylated 72 kDa protein was digested with tryp-
sin, and the resulting peptides were separated by HPLC on a Cig
reverse phase column (Gilson). To determine the amino-terminal se-
quences of the 72 kDa protein, the purified 72 kDa protein was sub-
jected to SDS-PAGE under reducing conditions. The bands of the 72
kDa protein were blotted onto a polyvinylidene difluoride filter
(PVDF filter, Millipore), cut out from the filter, and subjected to
automated amino acid sequence analysis [12]. A cDNA library of T.
molitor larvae was constructed by a previously published method [1].
To screen the 72 kDa protein cDNA clones, we performed immuno-
screening using an affinity-purified antibody against the 72 kDa pro-
tein. Following isopropyl-B-p-thiogalactoside (IPTG) induction,
5%x10* plaques were screened with an affinity-purified antibody
against the purified 72 kDa protein. The secondary antibody (alkaline
phosphatase-conjugated anti-rabbit IgG, Bio-Rad) was used at a di-
lution of 1:1000. Phage DNA was isolated from phage lysates by
using the lambda DNA preparation kit according to the manufactur-
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er’s instructions. We analyzed all of the plaques showing positive
signals on immunoscreening. We sequenced the clones by the dideoxy
chain-termination method of Sanger et al. [13]. The amino acid se-
quences of the 72 kDa protein were compared with the protein se-
quence database of the National Cancer for Biotechnology Informa-
tion (NCBI) using the Genetyx system (Software Development Co.,
Ltd., Tokyo).

2.3. Antibody and immunoblotting

Antibody against the 72 kDa protein was raised by injecting 20 pg
of the purified protein into a male albino rabbit with complete
Freund’s adjuvant and giving a booster injection of the same amount
of protein 14 days later [14]. The resulting antibody was affinity-pu-
rified as described before [7]. For immunoblotting, the proteins sepa-
rated on the gel by electrophoresis were transferred electrophoretically
to a PVDF filter and the filters were immersed in 5% skim milk
solution containing 1% horse serum for 12 h, transferred to rinse
solution I (20 mM Tris-HCI, pH 7.5, containing 150 mM NaCl,
0.1% Tween 20 and 2.5% skim milk) containing the affinity-purified
antibody against 72 kDa (50 ng/ml), and kept at 4°C for 2 h. The
bound antibodies were detected using the ECL Western blotting re-
agent kit (Amersham Life Science).

3. Results

3.1. Identification and purification of 72 kDa protein

To isolate the protein involved in the cell clump/cell adhe-
sion reaction, we first examined the morphology of induced
cell clump/cell adhesion with the hemolymph of T. molitor
larvae. As shown in Fig. 1A, T. molitor hemocytes clumped
in the presence of insect saline on the surface of the petri dish
after 20 min incubation. However, hemocytes were not
clumped in the presence of the decoagulation buffer as shown
in Fig. 1B. To examine the difference between clumped cells
and non-clumped cells, we recovered proteins from the cell-
clumped residues on the surface of the petri dish. As shown in
Fig. 2, one band (72 kDa band shown by the arrow) was
specifically enriched from the cell-clumped residues (lane 2
in Fig. 2). This band was not detected in the supernatant
(lane 3), the residues of hemolymph incubated with decoagu-
lation buffer (lane 4), and its supernatant (lane 5). These re-
sults suggest that the 72 kDa protein is related to cell clump/
cell adhesion of T. molitor hemocytes. To characterize this
72 kDa protein, we first purified 72 kDa protein to homoge-
neity from cell-clumped residues (lane 6 in Fig. 2). Then, we
determined the amino-terminal sequence of the 72 kDa pro-
tein from the blotted filter as FGEDADERIDVKKIS. We
also determined three partial amino acid sequences as follows:
EQATVVPEGS, YTENQLNFPGVTVS and PQGGEE-
LAQFNF.

Fig. 1. Morphology of in vitro induced cell clump/cell adhesion
with the hemolymph of 7. molitor larvae. Photographs of 7. molitor
hemocytes in the presence of insect saline (A) and decoagulation
buffer (B). A: Cell clump/cell adhesion was induced at room tem-
perature for 20 min. B: Cell clump/cell adhesion was not observed
in the decoagulation buffer at the same conditions. Bar =10 um.
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Fig. 2. 12% SDS-PAGE analysis of cell clump/cell adhesion related
protein. The proteins were retrieved as described in Section 2. The
arrow indicates the 72 kDa protein. Lane 1, fresh hemolymph
(10 pg) of T. molitor larvae was immediately precipitated with TCA
and loaded on the gel. The retrieved proteins (10 ug) from the cell-
clumped residues were incubated in the presence of insect saline
(lane 2), supernatant solution (10 ug) in the presence of insect saline
(lane 3), hemocyte residues (10 pg) incubated in the presence of de-
coagulation buffer (lane 4), supernatant solution (20 pg) in the pres-
ence of decoagulation buffer (lane 5). The purified 72 kDa protein
(2 ug) was loaded on lane 6. Molecular mass markers from the top:
114, 66.2 and 42.7 kDa.

3.2. ¢cDNA cloning of 72 kDa protein

To determine the whole amino acid sequence of the 72 kDa
protein, we screened the cDNA library of 7. molitor larvae
with an affinity-purified antibody against 72 kDa protein by
an immunoscreening method. We obtained 10 positive clones
for 72 kDa protein. The nucleotide sequence and the deduced
amino acid sequence of one of these clones, named clump-2,
are shown in Fig. 3A. This cDNA contained an open reading
frame of 2052 nucleotides corresponding to 684 amino acid
residues. The chemically determined 15 amino acid residues of
the amino-terminus of the 72 kDa protein were present in this
sequence starting from Phe at position 51 (indicated by the
triangle in Fig. 3A). Moreover, three chemically determined
partial amino acid sequences of 72 kDa protein coincided with
the deduced amino acid sequences in this open reading frame
(indicated by underlines). Therefore, we concluded that this is
a cDNA for the 72 kDa protein. There were six potential
N-glycosylation sites (Asn-Xaa-Set/Thr), indicated by filled
diamonds. We searched the sequence homology between the
sequence of the 72 kDa protein and those in the NCBI data-
base and found that the deduced amino acid sequence of the
72 kDa protein coincided well with known pro-POs. As
shown in Fig. 3B, the 72 kDa protein was found to contain
copper binding sites with significant similarity to the known
pro-POs, suggesting that the 72 kDa protein is a pro-PO, but
lacking the amino-terminal 50 amino acid residues which are
assumed to be a pro-sequence of Tenebrio pro-PO. We and
other groups have suggested that pro-PO was activated by
pro-PO-activating serine proteinase with a limited proteolysis
at the sequence motif Asn-Arg-Phe-Gly [6,16]. The amino-
terminal two residues of the 72 kDa protein were Phe and
Gly, whereas the carboxy-terminal two residues of the pro-
segment were Asn and Arg. These results clearly indicate that
the serine proteinase cleaves Tenebrio pro-PO between Arg
and Phe in Asn-Arg-Phe-Gly, resulting in its activation.
Thus, the 72 kDa is an activated PO from Tenebrio pro-PO.
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-58 GGCACGAGCTGGAATTGTGTTCGTGTGTGGTTTTTTCGTAGTTCTTGCAGGGAGCAGC
ATGGCCAGCAAGAAGAACATCCTCCTGTTGTTCGACCGGCCGCGAGAGCCGGTCTTCATCGCGAAGGGCTCCAAG
M A S K K NI L L L F DRUPUREPV F I A K G S K
AAAGCCGTTTTCTCGGTGCCCAACGAGTACCTCGCCGACAAGTACAAACCCCTCGGCGTGGCCCTCACCAACCGC
K AV F S v PN E Y L A DK Y K P L GV A L T N R
TTCGGCGAAGACGCCGACGAGCGCATTGACGTGAAAAAAATCTCGATTCCGCCTTTCGGCGAGATCCTCGAACTG
AF_G_E_ D A D E R I D V K K I S I P PF GETITLEL
AGCCGCGACGAAAACTTCTCGCTCTTCATCCCCAAGCACCGACGCATCGCGGGTCGCCTGATCGACATCTTCCTC
S R D ENVF S L F I P K HRI RTIMAGIT RTULTIUDTIVF L

GGCATGCGCAACGTGGACGACCTCGTCTCCGTGGCGGTGTACGCGCGCGACCGCGTCAACCCCTACCTCTTCAAC
G M RNVDDILV SV AV Y ARDI RV NPYTL F N
TACGCCCTCTCCGTGGCGATCCTGCACCGGCCCGACACCCAGGACGTGGACCTCCCCTCGTTCATCGAGTCCTTC
Y AL S VvV AIULHWRZ®PDTIGQDVDULUPSF I E S F
CCCGACAAGTACGTCGATGCCAAGGTGTTCGCGCAAGCGCGCGAACAGGCTACGGTGGTACCGGAGGGCTCGCGC
P DK Y VDA AI KV F A QA ARE QAT V V P E G SR
GCCCCGATCGAGATCCCCAARAGACTACACCGCGTCCGACTTGGAAGAGGAGCACCGGTTGGCCTACTTCAGGGAG
A P I E I P KDY T A S DULEEEUHI RTULAYF R E
GACCTGGGGATCAACCTCCACCACTGGCACTGGCACTTGGTGTACCCGTTCGAGGCGGCGAGGGAGGTCGTCGCC
D L G I NL HHWUHWHILV Y P F EA AW ARE V V A
AAGAACAGGAGAGGCGAGTTGTTCTACTACATGCACCAGCAGATCATCGCCAGGTACAATTTCGAGAGGCTGTGC
K NR R GEUL F Y Y MHOQQ I I A RYNVFETRTIULC
AACAAGCTGAAGAGGGCCACCAGGTTCAACGACTTCAAACAGGCGATCCAAGAGGCGTATTTCCCCAAGTTGGAC
N K L KX RATWRVFNDVFKQATIQEAYF P KL D
AGCCTGGTCGCCAGCAGGTCTTGGCCCGCCAGGGTGGGCAACCAGAGGTTGAAGGACCTGAACAGAGAGGTGGAC
S L VA S R S W PARV G NOQRTULI KUDTILNURE V D
CAGATCAAGCAAGATGTTGACGATCTGAAGAGGTGGAGTGACAGGATCTACGCCGCCATCCACCAAGGAAGCGCC
Q I K Q b Vv DDULI KU RWSDURTIUYM AA ATIUHU QG S A
ACCGACGAGCGGGGTCGCAARATTGAGCTGACCGAGAACGAAGGAATCGACATCTTGGGCAACATGATCGAGTCC
T D ERGIRIKTIETLTENUETGTIU DTITULGNMTIE S
AGCATCCTCTCGCCGAACCGCACCTTCTACGGGGACATGCACAACATGGGGCACGTCTTTATCTCGTACGTGCAC
S I L S P g R T F Y G DMHNMGHV F I S Y V H

GACCCCGACCACCGCCACTTGGAGTCTTTCGGCGTGATGGGCGACTCCGCCACGGCGATGCGCGACCCCATCTTC
D P DHRUHLESV FGVMGD S AT AMZP RTDUPIF
TACCGCTGGCACTCCTATATCGACGACATCTTCCAGGAGTACAAGGCCACGCTGCCTCGCTACACCGAGAACCAG
Y R WH S Y I DDTIF Q E Y KATULUPIRY TE N Q
TTGAATTTCCCCGGGGTCACGGTCTCCAAGGTGGAGGTCCAGGTGCAGGGCGGTTCCGCCAACACTTTGAACACG
L N F P GV TV S KV EV QV QGG S ANTTULNT
TTCTGGCAGCAGTCCGACGTGGACATGTCCCGCGGCATGGACTTCCAACCCCGAGGCTCGGTCTTCGTCCGCTTC
F WQ Q S DVDMSU RGMDUFQPIRG S V F V R F
ACCCACCTCCAGCACCAACCCTTCACCTACAAGATCACCGTCAAGAATTCGAGCAACGGGAACAGGAAAGGCACT
T HL Q H Q P F T Y K I T V K g S S N G N R K G T

TGTCGCATCTTCATTGCGCCCAAATTGGACGAGAGGGGCAATCCGTGGTTGTACCGCGACCAGAAGAACATGTTC
C R I F I A P KULUDEUZRUGNUPWILYRDOQIKNMF
GTGGAGTTGGACAAGTTCACCGTCAACTTGAAGCAGGGTCAAAACAACATCACCCGCGCCTCGAGTCAGTCCTCG
V E L D K F T V N L K Q G Q N § I T R A S S Q S s

GTGACCATCCCCTTCGAGAGGACCTTCCGCAACCTGGACCTGAACCGGCCCCAAGGAGGAGAGGAGTTGGCTCAG
v T I P F ERTFRNULUDTLNU RUP Q G G E E L A Q
TTCAACTTCTGCGGGTGCGGCTGGACCCAACACATGCTCATTCCAAAGGGAACTCCCGAGGGAATGCCGTGTCAG
F N F CGCGWTQHMTZLTIU®PI KGTUPETG GMZPCQ
CTGTTTGTCATGATTTCTAACTACGAAGATGACAAGGTGAATCAATCGACGGAAGGGGTGTGCAACGATGCCGGA
L F vV M I S N Y E D D K V g Q §S T E G V C N D A G

AGTTACTGCGGAATCAAGGACAAGTTGTATCCGGATCGTCGCTCGATGGGTTATCCTTTCGACAGGATGCCGAGG
S YcGIXDZEKTELTYTPDIRTERSMGTYTPTFUDTRMTPR
AATGGGGTGGACACTCTTCAACAGTTCTTGACCTCTAATATGCGCGTTCAGGATGTCACCATCARGTTCACCAAC
NGVDTLQQFLTSNMRYOQODVTTIKTFTHJY
AGAACGGTCAGGCCGAAATCACGTAATTAGGATGTTTTCAATGTAGTCGAGCTGAGGAATTATAACGCTTTTTAA
R T VRUPIKSR N *
ATGCHRATARATTATTACAGCAGCARAAAAARAAARAAAAAAACTCGAG 2149
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Fig. 3. Nucleotide and deduced amino acid sequence of cloned cDNA encoding the 72 kDa protein (A) and comparison of putative copper
binding sites in Tenebrio pro-PO with those of other known pro-POs (B). A: Numbers of nucleotides starting from the first base at the 5’ end
are shown on the left of each line; the deduced amino acid sequence is numbered from the initiating Met residue on the right of each line. The
chemically determined amino-terminal sequence of the 72 kDa protein is dot-lined. The chemically determined partial amino acid sequences of
the 72 kDa protein are underlined. The potential attachment sites for the N-linked carbohydrate chain is indicated by filled diamonds. The pu-
tative cleavage site of pro-PO is shown by the triangle. A poly(A) additional signal is boxed. B: Numbers at the left of each lane represent the
amino acid residues of proteins. Gaps (-) are introduced to optimize alignment. Solid lines enclose the highly conservative amino acid residues.
Asterisks show the suggested positions of histidine residues that are identified as ligands for copper atoms in arthropod hemocyanin. TMpro-
PO, Tenebrio molitor pro-PO; BMproPOI1, Bombyx mori pro-PO1 [15]; MSproPO, Manduca sexta pro-PO [19]; DMproPO, Drosophila mela-
nogaster pro-PO [20]; PLproPO, Pacifastacus leniusculus (crayfish) pro-PO [17].

This is the first time that PO has been shown to be involved in
cell clump/cell adhesion in insects.

3.3. Immunoblotting analysis
To prove that the purified 72 kDa protein was a component

of cell clump/adhesion, we performed immunoblotting experi-
ments. As is evident from Fig. 4, the recovered solution from

cell-clumped proteins on the surface of the petri dish was

found to contain the 72 kDa protein (shown by the arrow,
lane 2 in Fig. 4). The position of this signal coincided with
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Cu(A) site
TMproPO 196 [AYFREDLGINLEHWHWHLVYPHEAR- - RE
BMproPO-P1 197 [AYFREDIGINLHHWHWHLVYPFDAADRAI
MSproPO 203 AYWREDIGINLHHWHWHLVYPFSASDEKT
DMproPO 200 - TTGPTEV
PLproPO 205 IEMN- - - -|
Cu(B) site * %
TMproPO 344 [LGNMIESS-ILSPNR
BMproPO-P1 346 [LG S -qﬂ
MSproPO 348 [LG -V
DMproPO 346 [LGNMIEASPV]
PLproPO 356 A AQ
*

TMproPO 386 [FGVMGDSATAMRDPIFYRWHSYIDDIH
BMproPO-P1 388 [FGVMGDSATAMRDPCFYRWHAYIDDIF
MSproPO 390 FGV@%’I@MRD FIFYRVHA! IEF
DMproPO 389 |[FGVMGDVTTAMRDPIFYRWHGHIDT
PLProPO 399 IGVMGDSATALRDH rxqux;annxp

Fig. 3 (continued).

that of the purified 72 kDa protein. The residues and super-
natant incubated with decoagulation buffer did not contain
the 72 kDa protein (lane 4 and 5, respectively). However, 76
kDa bands of pro-PO (shown by the arrowhead) were shown
in both the decoagulation-treated solution and the superna-
tant of the insect saline-treated solution (lanes 3 and 4, re-
spectively).

4. Discussion

PO in arthropods catalyzes the oxidation of phenols to
quinones, which are then polymerized non-enzymatically to
melanin. It has long been recognized that defense reactions
in many insects are often accompanied by melanization; the

kDa 12 345
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Fig. 4. Immunoblotting of 72 kDa protein antibody against the re-
trieved cell clump/cell adhesion proteins. Lane 1, fresh hemolymph
(2 pg) of T. molitor larvae was immediately precipitated with TCA
and loaded on the gel. The retrieved proteins (2 pg) from the cell
clump/cell adhesion residues were incubated in the presence of insect
saline (lane 2), supernatant solution (2 ug) in the presence of insect
saline (lane 3), the residues (2 ug) incubated in the presence of de-
coagulation buffer (lane 4), supernatant solution (2 pg) in the pres-
ence of decoagulation buffer (lane 5). The arrowhead and arrow in-
dicate 76 kDa pro-PO and 72 kDa activated PO, respectively.

synthesized melanin encapsulates invading foreign organisms
and immobilizes them. In vitro studies have shown that PO
exists as an inactive precursor, pro-PO, which is activated by a
stepwise process involving serine proteases activated by micro-
bial cell wall components, such as 1,3-B-glucan, peptidoglycan
or lipopolysaccharide [15,16]. Recently, pro-POs from several
invertebrate species have been cloned and sequenced as pro-
PO [15,17-22]. There is as yet no report about the molecular
structure of the activated PO from arthropods. It was sug-
gested that it was difficult to purify the activated PO to ho-
mogeneity from insect hemolymph because of its stickiness
and non-specific crosslinking properties with hemolymph pro-
teins [23].

In view of the biological functions of activated PO in insect
defense reactions, it has been proposed that PO will have a
positive correlation between non-self-recognition and a subse-
quent stimulation of cellular responses, such as cell adhesion,
degranulation, and hemocyte locomotion, in vitro or in vivo
[24]. However, the biochemical evidence concerning the role of
such a correlation response has not yet been determined, and
little is known about the cell adhesion mechanism at the mo-
lecular level. Here, we have provided evidence that activated
PO is localized in cell clump/cell adhesion.
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