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Antibacterial activity was induced in the hemolymph of larvae of the coleopteran Tenebrio 
molitor by injection of Escherichia coli. An antibacterial protein, named tenecin 1, was 

purified to homogeneity from the larval hemolymph and characterized. A cDNA clone for 
tenecin 1 was isolated and its complete sequence was determined. This protein was found 
to inhibit the growth of Gram-positive bacteria and to consist of 43-amino acid residues 
including six cysteine residues. The disulfide structure of tenecin 1 was determined by 
sequencing cysteine containing peptides obtained by digesting tenecin 1 with endopep
tidase Lys-C, trypsin, and thermolysin. The amino acid sequence and its disulfide bonds 
were similar to those of sapecin and sapecin C, antibacterial proteins of Sarcophaga 
peregrina.

Key words: antibacterial protein, coleopteran insect, inducible protein, purification, 
molecular cloning.

Lepidopteran, dipteran, and hymenopteran insects have 
the ability to induce antibacterial proteins in response to 
injection of bacteria or body injury (1-5). One of these 
proteins, sapecin, was purified from the culture medium of 
NIH-Sape-4, an embryonic cell line of Sarcophaga pere
grina (flesh fly). It consists of 40-amino acid residues, 
including 6 cysteine residues which form 3 intramolecular 
disulfide bridges (6), and has been shown to have potent 
antibactericidal activity against Gram-positive bacteria, 
and also at higher concentrations against Gram-negative 
bacteria (7). Recently two sapecin homologues, sapecin B 
and sapecin C, were purified from the culture medium of 
NIH-Sape-4 (8). These homologues also contained six 
cysteine residues with exactly the same disulfide pairings 
as those in sapecin. Similar proteins have been isolated 
from two other dipteran insects, Phormia terranova (insect 
defensin) (9) and Apis mellifera (royalicin) (10). From 
coleopteran insect, two sapecin homologues, named peptide 
B and peptide C, were isolated from a large tenebrionid 
beetle, Zophobas atratus, and their primary structures 
were determined (11). They consists of 43-amino acids 
residues with 6 cysteine residues and show significant 
sequence similarity to sapecin.

For the antibacterial action of sapecin on Gram-positive 
bacteria, it was shown to have high affinity with cardiolipin, 
which is a major phospholipid in the bacterial membrane, 
and the susceptibility of bacteria to sapecin was found to 
depend on the content of cardiolipin in their plasma

 membrane (12).

We are now investigating inducible antibacterial proteins 

in another coleopteran Tenebrio molitor. This paper reports 

the purification of an inducible antibacterial protein named 

tenecin 1, which is a homologue of sapecin, and isolation of 

its cDNA. Tenecin 1 is a 43-residue peptide containing 6 

cysteine residues and has antibactericidal activity against 

Gram-positive bacteria. The positions of its intramolecular 

disulfide bridges are also reported.

MATERIALS AND METHODS

Insect and Hemolymph T. molitor larvae were reared 

on artificial diet in a plastic container with a small amount 

of water at 27•Ž. A volume of 5,u 1 of a 3 h culture of E. coli 

K12 was injected into larvae and 24 h later, their hemo

lymph was collected in ice-cold tubes containing a few 

crystal of 1 -phenyl -2 -thiourea to inhibit phenoloxidase 

activity. The hemolymph was centrifuged at 20,000 x g at 

4•Ž for 20 min to remove hemocytes, and the resulting 

clear supernatant was used promptly or stored at -70•Ž 

until use.

Assay of Antibacterial Activity-Antibacterial activity 

was assayed essentially as described before (8). Briefly, 

we monitored antibacterial activity with Staphylococcus 

aureus IFO 12732 as an indicator bacterium. Bacterial cells 

grown in antibiotic medium (Difco) were collected in the 

exponential phase of growth and suspended in 10mM 

sodium phosphate buffer (pH 6.0) containing 130mM NaCl 

(buffer A). The A650 of the cell suspension was adjusted to 

0.3. Test samples were diluted serially with buffer A 

containing 0.2% (w/v) bovine serum albumin (BSA), and 

portions (200,u 1) of diluted samples were incubated with 

antibacterial medium (190ƒÊl) and S. aureus suspension
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(10ƒÊl) at 37•Ž for 180 min. The mixture was then rapidly 

chilled, and its A650 was measured. For tests on bactericidal 

activity, samples were incubated with 107 S. aureus cells in 

0.2 ml of insect saline (130mM NaCl/5mM KCl/1mM 

CaCl2) for 60 min at 37•Ž. Then the mixtures were diluted 

20,000-fold with insect saline and samples of 50 pl of 

diluted mixture were spread on Difco nutrient-agar plates. 

The plates were incubated for 18 h at 37•Ž and then 

numbers of colonies in test and control plates were com

pared.

SDS-PAGE-Electrophoresis on SDS-polyacrylamide 

slab gels was carried out by the method of Laemmli (13). 

The stacking gel (3% acrylamide) was about 2 cm long and 

the separating gel (15% acrylamide) was about 7cm long. 

Proteins (about 2 p g/lane) was denatured by heating them 

in 1% SDS solution containing 2% (v/v) 2-mercaptoethanol 

for 20 min at 75•Ž. After electrophoresis, the gels were 

stained by the method of Fairbank et al. (14).

Purification of Antibacterial Protein-Step 1. Reverse 

phase (C,8) open column chromatography: About 25 ml of 

hemolymph prepared from 6,000 larvae was diluted with 

10 volumes of buffer A and heated for 15 min at 100•Ž to 

denature most of the proteins, and the clear supernatant 

was recovered by filtration. This solution was loaded onto a 

open column of ODS-A120 (1 cm•~15 cm, C18, YMC-Gel, 

Kyoto)) that hhad been equilibrated with 5% acetonitrile in 

0.05% trifluoroacetic acid (TF(TFTFA). Elution was performed 

with a linear gradient of 5-35% acetonitrile, and fractions 

of 5 ml were collected. The eluted fractions were dried in 

vacuo and used for assay of antibacterial activity.

Step 2. Reverse phase HPLC: The active fractions from 

the open column were combined and dried in vacuo and the 

residue was dissolved in water acidified with 0.05% TFA 

and subject to reverse phase HPLC on an ODS-120T (0.5 

cm•~25cm) column (Toso, Tokyo) and Synchropak RP-P 

(C,8) column (SynChrom, U.S.A.) connected to a Gilson 

HPLC system. Material was eluted with a linear gradient of 

5-45% solution B [0.05% (v/v) TFA in acetonitrile] in 

solution A [0.05% TFA in water] at a flow rate of 1 ml/min. 

The absorbances of the eluate at 220 and 280 nm were 

monitored. The eluted fractions were dried in vacuo and 

used for assay of antibacterial activity.

Construction and Screening of a cDNA Library-Total 

RNA was extracted from whole larvae injected with E. coli 

by CsCl discontinuous gradient centrifugation according to 

the method of Sambrook et al. (15). For isolation of 

poly(A)+RNA, total RNA was attached to Oligotex-dT30 

(Japan Roche) and washed sequentially with high salt and 

low salt buffer to remove ribosomal and transfer RNAs. 

Poly(A) +RNA was eluted with elution buffer according to 

manufacturer's instructions.

A eDNA library was prepared in Uni-ZAP XR vector 

with reagent from Stratagene (U.S.A.) according to the 

supplier's protocol, and packaged into lambda phase using 

Gigapack II gold packing extract (Stratagene). The cDNA 

library was screened with a mixture (1 : 1) of two 5•L-32P

labeled mixed probes, [GTIGA(A/G) GCIAA(A/G)GGIG

TIAA(A/G)TT(A/G)AA(T/C)GA(T/C)GC, GTIGA(A/G)

GCIAA(A/G)GGIGTIAA(A/G)CTIAA(T/C)GA(T/C)GC, 

where I=inosine] , which were based on the partial amino 

acid sequence, Val Glu-Ala Lys Gly-Val Lys Leu Asn

Asp-Ala, of tenecin 1. For cloning of tenecin 1cDNA, nylon 

membranes (NEF-978, Dupont, U.S.A.) were prehybrid

ized at 60°C for 5 h in 3•~SSC (1•~SSC=0.15M NaCl and 

0.015M sodium citrate)/1•~Denhardt's solution [1•~Den

hardt's solution= 0.02 (w/v) each of Ficoll-400, BSA, and 

polyvinylpyrrolidone-40]/50ƒÊg/ml sonicated denatured 

salmon sperm DNA. The 32P-labeled probes were added 

and the membranes were hybridized at 45•Ž for 12h in 4•~

SSC/1•~Denhardt's solution/25ƒÊg/ml sonicated denatur

ed salmon sperm DNA. The membranes were then washed 

three times for 5 min each time at 30•Ž and twice for 5 min 

each time at 45•Ž with 4•~SSC/1•~Denhardt's solution. 

Phages that hybridized with the DNA probes were purified, 

inserted into the pBluescript plasmid following the sup

plier's (Stratagene) protocol, and sequenced using a double 

stranded DNA sequencing system (Sequenase, version 2.0, 

USB, U.S.A.). Sequence analysis was performed on 

double-stranded templates initially using first flanking 

sequences and then internal sequences as primers. All 

sequences were determined in two independent experi

ments and on both strands. Primers were synthesized in an 

Applied Biosystems model 380 DNA synthesizer. Data 

analysis and sequence alignment were done with a GENE

TYX ver 7.0 program (SDC software, Tokyo).

Determination of Disulfide Pairs of Tenecin 1-Pyridyl

ethylation of cysteine residues in tenecin 1 was carried out 

essentially as described by Fullmer (16). Disulfide pairs of 

tenecin 1 were determined by exactly the same method as 

described for sapecin B (8) and sapecin (6). Its flow chart is 

shown in Fig. 3. For this, we first digested a sample of 25 p g 

of intact tenecin 1 with 2ƒÊg of endopeptidase Lys-C in 50 

pl of 25mM Tris/HCl buffer (pH 6.8) containing 1mM 

EDTA for 8 h at 35°C. As tenecin 1 contained six cysteine 

residues and three lysine residues, the digestion product 

gave a single peak on HPLC with a slightly different 

retention time from that of native tenecin 1. This product 

was digested further with 3 pg of L-1-tosylamide-2-phe

nylethylchloromethyl ketone -treated trypsin in 0.2M NH, 

HCO3 for 6 hat 30•Ž, and resulting digestion products were 

subjected to HPLC. Two peptides containing cysteine 

residues (Kl and K2 fragment, Fig. 3) were identified by 

this procedure. K2 fragment was digested further with 2,u g 

of thermolysin in 0.1M Tris/HCl buffer (pH 8) for 19 h at 

37•Ž, and resulting digestion products were subjected to 

HPLC. The amino acid sequences of the three peptides 

containing cysteine residues obtained in this way were 

determined, and the positions of disulfide pairs in tenecin 1 

were assigned from the results.

RESULTS

Antibacterial Activity in the Hemolymph of Immunized 

Larvae-When T. molitor larvae were immunized with E. 

coli, the original and fourfold diluted hemolymph showed 

bactericidal activity, but no appreciable bactericidal activ

ity was detectable in the hemolymph from untreated larvae 

(Table I). These results suggest that the hemolymph of 

immunized T. molitor larvae contains a bactericidal sub

stance(s). To characterize this antibacterial substance(s), 

then purified it.

Purification of Antibacterial Protein-On the first C,8 

reverse phase open column, a peak of antibacterial activity 

against S. aureus was detected overlapping several peaks 

with absorbance at 280 nm, as shown in Fig. la. We named 

the material with activity in this fraction tenecin 1. Tenecin
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Fig. 1. (a) First reverse-phase (C,6) 

open column chromatography of the 

heat-treated crude hemolymph solu

tion. A C,6 open column was packed with 

ODS-A120 (1.0•~15 cm, YMC-Gel, Ja

pan). Fractions of 5 ml were eluted with a 

linear gradient of 5-35% trifluoroacetic 

acid, and their antibacterial activities were 

tested using S. aureus. Antibacterial activ

ity was measured as inhibition of bacterial 

growth. -, absorbance at 280 nm; •\•œ•\, 

bacterial growth (A650). (b) Second re

verse-phase (C,6) open column chro

matography of material from the first 

reverse-phase column. The active frac

tion from the first open column was fractionated in an open column system 

with ODS-A120 (C,8, YMC-Gel). Material was eluted with a linear gradient 

of 5-35% acetonitrile. •\, absorbance at 280 nm; •\•œ•\, bacterial growth 

(A650). (c) SDS-polyacrylamide gel electrophoresis of purified tenecin 1. 

Electrophoresis was carried out on 2 u g of purified protein under denaturing 

conditions. The marker proteins at both sides are bovine serum albumin 

(66,200), egg albumin (42,700), a-chymotrypsinogen (25,600), cytochrome 

c (12,400), and aprotinin (6,500).

TABLE I. Antibacterial activities of hemolymph of T. molitor 
larvae immunized with E. coli.

'Assay without added material, bassay without bacteria.

1 was further fractionated on a second C18 reverse open 
column, which gave almost a single distinct peak of 
antibacterial activity against S. aureus coinciding with a 

peak of A280, as shown in Fig. 1b. For further purification, 
this material was subjected to reverse phase HPLC and 
active fractions were collected and lyophilized. On SDS
PAGE, this purified tenecin 1 gave a single band (Fig. 1c). 
From this result, we concluded that tenecin 1 has a 
molecular mass of about 4 kDa and was purified to near

TABLE II. Antibacterial specificities of tenecin 1. Antibacterial 
activities were measured as described in the text and are expressed as 
concentrations causing 50% inhibition of bacterial growth relative to 
control.

a Culture at 37•Ž for 12 h. 'Culture at 37`C for 20h.

homogeneity by this procedure.

Antibacterial Activities of Tenecin 1-We examined the 

antibacterial activities of the tenecin 1 against various 

bacteria. As shown in Table II, tenecin 1 inhibited the 

growth of various Gram-positive bacteria, but did not affect 

on the growths of Gram-negative bacteria at a concentra

tion of 30ƒÊg/ml. This spectrum of antibacterial activities 

is similar to those of sapecin family proteins.

Isolation and Characterization of a cDNA Clone for 

Tenecin 1-Using synthetic DNA probes, we isolated two 

hybridization-positive clones by screening about 50,000 

clones in a cDNA library. Both clones were found to contain 

inserts corresponding to full length cDNA for tenecin 1 

mRNA. Since they had the same mobility on agarose gel 

electrophoresis, we analyzed the nucleotide sequence of 

only one of them, T1A. This clone contained a cDNA insert 

of about 0.2 kilobase pairs (kb) including a poly(A) tail. Its 

nucleotide sequence is shown in Fig. 2 with the deduced 

amino acid sequence. This cDNA was that of tenecin 1, 

because it contained amino acid sequences of three frag
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Fig. 2. Nucleotide sequence of 
cloned cDNA encoding tenecin 1 
precursor protein and its predicted 
amino sequence. The numbers below 
the sequence show amino acid posi
tions. The numbers of nucleotides 
starting from the first letter of the first 
methionine codon are shown on the 
right of each line. The sequence of 
tenecin 1 is boxed. The potential 
Lys-Arg processing signal, and the 
putative poly(A) additional signal, 
AATAAA, are underlined. Asterisks 
show the termination codon.

Fig. 3. Flow chart for the determination of disulfide pairs of 
tenecin 1. Points cleaved by two proteinases are shown by arrows (F-, 
endopeptidase Lys-C; i, trypsin). Numbers indicate the positions of 
cysteine residues from the N-terminal amino acid residue.

ments of tenecin 1 and its amino terminal amino acid 
sequence. The sequence indicates that this insert contains 
an open reading frame of 192 nucleotides corresponding to

 84-amino acid residues, and that the amino acid sequence 

of tenecin 1, consisting of 43-amino acid residues, is the 

carboxy-terminal half of this precursor protein. The poly

(A) sequence starts 60 bases downstream from the termi

nation codon. A consensus sequence for the poly(A) addi

tion signal of AATAAA is located 15 bases upstream of the 

poly(A) addition site.

Disulfide Pairs of Tenecin 1•\We determined the disul

fide pairs in tenecin 1. The pairings of cysteine residues in 

tenecin 1 were the same as those in sapecin family proteins. 

Namely, the pairing of the six cysteine residues numbered 

from the N-terminus to the C-terminus were 1-4, 2-5, and 

3-6 (see Figs. 3 and 4).

DISCUSSION

This paper describes the purification and the molecular 

cloning of a cDNA for a new inducible antibacterial protein, 

named tenecin 1, consisting of 43-amino acid residues from 

larvae of the coleopteran T. molitor. Our results showed 

that this insect responds to bacterial challenge by secreting 

antibacterial proteins into hemolymph like dipteran and 

lepidopteran insects. Our finding corroborates previous 

results on another coleopteran insect (11, 17, 18).

Analysis of this cDNA showed that tenecin 1 is located in 

the carboxyl terminal half of an 84 residue precursor 

protein (pre-form). A common potential cleavage signal, 

Lys-Arg (19) is present at the junction of tenecin 1. 

Lys-Arg is a processing signal of precursor of various 

eukaryotic hormones, such as proinsulin (20), pro-opio

melanocortin (21), and proenkephalin (22). Moreover, as 

evident from the hydropathy plot shown in Fig. 5, a 

hydrophobic region thought to be a putative signal sequence 

was present in the amino-terminal region. Therefore, this 

precursor protein should be termed prepro-tenecin 1, and 

tenecin 1 may be produced by sequential liberation of the 

signal peptide and an unidentified peptide between the 

signal peptide and tenecin 1. This situation is the same as 

sapecin (23). At present, we do not know anything about
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Fig. 4. Amino acid se
quences of tenecin 1 and 
sapecin family proteins from 
various insects. (a) Disulfide 
bridges are indicated in tenecin 
1. (b) Identical amino acids are 
boxed. Gaps were introduced to 
obtain maximal sequence align
ment.

Fig. 5. Hydropathy profile of tenecin 1 precursor protein. The 
distributions of hydrophobic and hydrophilic domains were analyzed 
by the method of Kyte and Doolittle (26). Numbers of amino acid 
residues shown at the bottom are the same as those of deduced amino 
acid residues from cDNA (Fig. 2). The dotted line shows the putative 
signal peptide and pro-segment portion.

the endopeptidase involved in this process.
As shown in Fig. 4, tenecin 1 has 67.4% sequence 

similarity with peptide B and C, which have been purified 
from another coleopteran insect, Z. atratus (11). On search 
for sequence similarity in the Swiss data base library, we 
found that tenecin 1 has sequence similarity with five insect 
antibacterial proteins, sapecin (7, 23), insect defensin (9), 
royalisin (10), and peptides B, and C (11). Tenecin 1, 
peptide B and peptide C all have 43-amino acid residues. 
Sapecin and sapecin C have 40-amino acid residues. A 
structural difference between tenecin 1 and sapecin is that 
tenecin 1 has 16-amino acid residues between the first and 
second cysteine residues, whereas sapecin has 12. More
over, sapecin B, consisting of 34-amino acid residues, has 
only 6-amino acid residues between the first and second 
cysteine residues. These results suggest that this region

 varies in antibacterial proteins of different insects, and is 

probably not essential for their activities.
Mammalian defensins, isolated from macrophages and 

neutrophils (24, 25), are cationic peptides comprised of 29
34-amino acid residues. They all contain a characteristic 
motif of 6 cysteines that form three intramolecular disul
fide bridges. Disulfide bonds of sapecin are essential for its 
antibacterial activity (6). However, the spacings between 
the cysteine residues in tenecin 1 and mammalian defensins 
differ markedly, and the connections between the three 
disulfide bridges have also been shown to differ (24). These 
findings suggest some conformational differences between 
insect antibacterial proteins and mammalian antibacterial 

proteins.
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