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Abstract

Haemolymph associated phenol oxidase is a critical component of invertebrate immune reaction and cuticle sclerotization. Phenol
oxidase catalyses the conversion of mono-phenols to diphenols and quinones which finally leads to melanin formation. We have cloned
the c-DNA encoding phenol oxidase from the haemocytes of Spodoptera litura and expressed it in Escherichia coli. The encoding gene is
2452 bp with an open reading frame of 2091 bp translating into a 697 amino acid protein. Multiple alignment analysis of the predicted
protein sequence shows close homology to other lepidopeteran PPOII type genes. The transcription of the gene is induced upon microbial
challenge of 6th instar larvae with E. coli and is unresponsive to injury. Cloning of the ORF of SLPPO in-frame in the E. coli expression
vector pQE30 resulted in its expression. Enzymatic analysis of the recombinant protein reveals that the recombinant protein is catalyt-
ically active on 4-methyl pyrocatechol upon activation by cetyl pyridinium chloride.
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Insects are the most abundant and diversified group of
organisms, which have acclimatized and colonized practical-
ly all ecological niches. They have a robust immune system
permitting them to occupy diverse habitats. Insect’s immune
response is primarily innate consisting of humoral and cellu-
lar factors. Besides structural barriers, the various mecha-
nisms by which the insects protect themselves against
microbial challenge include among others antibacterial pep-
tides and proteins like cecropins, attacins, defensins, etc.,
and cellular immune responses like phagocytosis, melanotic
encapsulation, coagulation, and nodule formation [1].

A typical response of insects to invading microorganisms
is encapsulation wherein cellular layer of haemocytes is
deposited around the microbe and is subsequently rendered
ineffective by melanization [2,3]. Melanin deposition is initi-
ated by the action of phenol oxidase on mono-phenols and
o-diphenols which are converted to quinones and finally
into melanin. The central enzyme in melanin biosynthesis
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pathway is phenol oxidase [4], which is normally present
in the haemolymph as an inactive precursor, and is activated
by proteases in a specific and regulated process [5]. It has
been reported for several insects that the level of phenol oxi-
dase activity increases following challenge of insects with
bacteria, parasites or bacterial cell wall components [1].
The initial recognizing molecules activate the PPO-activat-
ing cascade, resulting in the rapid increase in transcripts
of the prophenol oxidase activating enzyme (PPAE) [6].
The increased expression of PPAE leads to activation of
PPO resulting in higher phenol oxidase activity.
Considering the central role of phenol oxidase in the
immune response of insects, a lot of studies have been con-
ducted towards its molecular characterization and regimen
of its induction. Various components of the immune
cascade pathway have been identified and their temporal
regulation studied. Accordingly, two isozymes of prophe-
nol oxidases PPO I and PPO II have been isolated from
a number of different insects including Manduca sexta,
Bombyx mori, Sarcophaga bullata, Lymantria dipar,
Hyphantria cunea, and many species of Anopheles.
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To understand the immune mechanism in the insect Spo-
doptera litura, one of the most important polyphagous
agricultural pests of the developing world, we have cloned
the cDNA of a prophenol oxidase. We have studied the
activation of this gene at the transcript level following
microbial challenge of the insect. Further, we have ex-
pressed it in a catalytically active state in a bacterial expres-
sion vector. One of the major limitations of searching for
inhibitors against most of the critical proteins of insect im-
mune response has been non-availability of phenol oxidase
in a catalytically active state. Thus, for the first time we
have been able to express phenol oxidase which could be
catalytically activated in vitro.

Materials and methods

Insect rearing. Spodoptera litura larvae were reared from eggs in our
laboratory on fresh Castor leaves (Ricinus communis) under a photoperiod
of 14:10 (light:dark), 70% relative humidity, and 27 °C. Sixth instar Ist day
larvae were used in our experiments.

Haemolymph collection and haemocyte separation. S. litura larvae (sixth
instar, second day) were pierced in their prolegs with a sterile needle and
the haemolymph collected into pre-chilled anticoagulant buffer. The hae-
molymph was resuspended in the anticoagulant buffer and spun at 700g
for 5 min at 4 °C. The supernatant was discarded and the pellet containing
the haemocytes was resuspended in Trizol reagent and processed for RNA
extraction, according to the manufacturers protocol (Invitrogen, USA).
Alternatively, the haemocytes were snap-frozen in liquid nitrogen and
stored at —70 °C until further use.

Cloning of'S. litura prophenol oxidase. The cDNA was synthesized using
a poly(dT) primer with 4 pg of total RNA and reverse transcriptase
(Superscript II, Invitrogen) according to the manufacturer’s instruction.
Clustal alignment of prophenol oxidases of different insects revealed regions
of extensive homology. Degenerate oligonucleotide primers were designed
from two conserved regions in insect prophenol oxidases coding for the
following conserved amino acids HHWHWH and DPVFTR. Polymerase
chain reaction was performed using degenerate primers and cDNA prepared
from total RNA of haemocytes as template. A 600 bp fragment was
amplified and cloned into pPGEMT-easy vector (Promega) and sequenced by
the dideoxy chain termination method of Sanger et al. Sequence similarity
searches were carried out using the program BLAST (www.ncbi.nlm.gov./
BLAST/). On the basis of the sequence of the cloned insert, gene specific
primers were designed in the reverse direction for 5" RACE (rapid amplifi-
cation of cDNA ends) and in the forward direction for 3’ RACE. The 3’ and
5" ends of the gene were amplified following the protocol described in RACE
kit manuals (Invitrogen). The PCR-amplified fragments were cloned into
pGEMT easy vector and sequenced as described before.

On the basis of the sequence of 5’ and 3’ RACE products, gene specific
end primers corresponding to the 5’ and 3’ end of the ORF were syn-
thesized. These primers were used in a PCR using single stranded cDNA
as template to yield a 2.1 kb fragment of the target gene (S. litura
prophenol oxidase II). This PCR product was cloned into pPGEMT-easy
vector and sequenced by primer walking method. Ten independent clones
of the gene slppo were sequenced to yield identical sequencing thus con-
firming the fidelity of PCRs.

Expression of S. litura PPO in Escherichia coli. S. litura prophenol
oxidase gene (PPO) was cloned in pQE30 with a N terminal 6x His-tag as
a BamHI and Kpnl fragment. E. coli M 15 cells were transformed with this
recombinant plasmid. Freshly inoculated cultures were grown until Agg
reached an OD of 0.5, following which it was induced with 1 mM IPTG
and allowed to grow further for 3 h. The cells were pelleted, resuspended
in 50 mM sodium phosphate buffer (pH 7.5) containing 8 M urea, and
mixed completely in a nutator at 28 °C (room temperature-RT) for 1 h.
This was then centrifuged at 12,000 rpm for 15min at RT and the
supernatant fraction contained the solubilized protein was recovered. The

protein was purified by binding the supernatant to Nickel-NTA in a
nutator for 1 h. The slurry was loaded on a Bio-Rad column and exten-
sively washed with buffer (50 mM sodium phosphate, pH 7.5). The protein
was eluted in buffer containing 250 mM imidazole and the salt was re-
moved by dialysing with 50 mM sodium phosphate, pH 7.5, with three
changes.

Phenol oxidase assay. To examine whether the E. coli expressed protein
was catalytically active, it was subjected to a phenol oxidase assay as de-
scribed in [7], with minor modifications. 1 ml of reaction mixture containing
0.5, 1, 1.5, and 2 pg protein with 0.02% CPC (cetylperidinium chloride), in
buffer incubated at RT for 10 min and finally 2 mM substrate (4-methyl
pyrocatechol) was added and the increase in OD at 528 nm was read. A
blank without protein served as a control. PPO inhibition assay was per-
formed using the specific inhibitor phenyl thio-urea (PTU) at 5 mM con-
centration in the reaction mixture containing 1 pg of the enzyme protein. All
the experiments were carried out at RT. Specific activity of PPO was cal-
culated using extinction coefficient of the substrate at 528 nm as
4230 M~ em™! [8].

Northern blot analysis. S. litura 6th instar, 1st day larvae were injected
with 1x10° E. coli K-12 cells suspended in Ringer’s solution, using a
microinjector (KPS 210, KD scientific, Newhope, PA, USA). Mock injury
on insects was done by injecting Ringer’s solution alone. Haemolymph
was collected from the experimental insects at 2, 4, 10, 12, and 24 h post-
infection and haemocyte was separated. Total RNA was extracted from
the haemocyte as mentioned earlier. Equal amounts of RNA for each
treatment were separated by denaturing electrophoresis in 1% agarose-
formaldehyde gel with Mops buffer and then transferred to nylon mem-
brane. The blot was stained with methylene blue to quantify the amount of
RNA loaded in each treatment. After washing of the methylene blue, the
blot was then hybridized with random-primed *?P sippol gene in pre-hy-
bridization solution. The blot was then washed with 1x SSC and 0.1% SDS
and exposed to auto-radiographic film at —70 °C for 5 days.

Real time analysis. E. coli K-12 cells were subcultured from overnight
stock and were grown for 4 h. These cells were pelleted and resuspended in
sterile Ringer’s solution to a concentration of 2 x 10° cells/ml. Sixth instar
second day larvae were injected with this inoculum (5 pl/insect) by piercing
through the proleg using a microinjector (KPS 210, KD scientific, New-
hope, PA, USA) with Hamilton syringe. Five microliter plain Ringer’s
solution was injected in saline control insects. Haemo lymph from different
stages of insect larvae, saline injected, and E. coli injected larvae after 6
and 18 h was collected in pre-chilled anticoagulant buffer and spun at 700g
for Smin at 4 °C. The haemocytes were stored at —70 °C, if not used
immediately. The haemocyte pellet was homogenized in Trizol and RNA
was isolated according to the manufacturer’s instructions (Invitrogen,
USA). Contaminating genomic DNA was removed by treating with RQ1
DNase (Promega, USA) at 37 °C.

Real time analysis was done using Quantitect SYBR Green RT-PCR
kit (Qiagen, Germany) in the iCycler iQ system (Bio-Rad). The sequences
of the primer pair used for amplifying B-actin gene are forward: 5'-CAG
ATC ATG TTT GAG ACC TTC AAC -3’ and reverse: 5-GA/C/TC
CAT CTC C/TTG CTC GAA A/GTC-3'. The primer pair for amplifying
PPO gene is forward: 5'-AAC CAA CTG AGT TGC GTT GA-3’ and
reverse: 5'-AAC TGC TGA TGG TGG GTT TCT A-3'. Each 20 ul
reaction contained 2 ul RNA template (100-500 ng), 10 pl of 2x Quanti-
Tect SYBR Green RT-PCR Master Mix, 10 picomoles of each appro-
priate primer, 0.2 pl of QuantiTect RT Enzyme Mix, and DEPC treated
water to make up the volume. Real time cycler conditions used were as
follows: preliminary reverse transcription at 48 °C for 30 min, an initial
activation step at 95 °C for 15 min and 40 cycles of denaturation at 95 °C,
annealing at 52 °C, and extension at 72 °C for 30s each followed by
gradual temperature increase from 50 °C to 94 °C at the rate of 1 °C/10 s
to enable melt-curve data acquisition. A non-template control was run
with every real time PCR experiment. Each experiment was carried out in
duplicate. The threshold cycles (Cr) were obtained for PPO and B-actin
transcripts from each experiment. Difference between Cr of the reference
gene, B-actin, and the gene of interest, PPO (ACt) was determined and the
relative abundance of the transcript was calculated following comparative
Cr method using the formula 27247 [9],
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Results
Molecular cloning of slppo cDNA

Based on the CLUSTAL alignment of reported sequenc-
es of prophenol oxidase genes from different insect orders,
degenerate primers were designed to identify the conserved
region of prophenol oxidase encoding gene. Amplification
using degenerate primers and haemocyte cDNA as tem-
plate yielded a 600 bp fragment, which was cloned in
pGEMT-easy and sequenced. Homology search of the se-
quence through NCBI BLAST revealed similarity with
other insect prophenol oxidase. Specific primers were de-
signed, and the 5" and 3’ ends of the gene were amplified
by following the RACE protocol.

The deduced amino acid sequence in the ORF (Fig. 1) of
the gene starts from the 82nd nucleotide and is 2091 bp
long encoding a 697 amino acid long protein. The 3’
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untranslated region extends from 2174th nucleotide and
is 239 nucleotides long containing a putative polyadenyla-
tion sequence. The calculated molecular weight of the de-
duced protein is 79,865 Da. The gene sequence has been
deposited in the genBank and has the Accession No.
AY703825.

Comparison of the amino acid sequence of slppo with that of
other insect PPO

Using Clustal W alignment program (MacVector, ver-
sion 7), the deduced amino acid sequence of S. litura
PPO 1 (slppol) was aligned with that of other insect proph-
enol oxidase. The alignment was carried out with the fol-
lowing parameters. Similarity matrix-blosum, open gap
penalty of 10.0 and extended gap penalty of 0.1. The pair-
wise alignment showed that SLPPOI1 exhibits 80% homol-
ogy to PPO II of B. mori and M. sexta. while it shows only

ATTCCACTTCACAGTTTCTGTGAAGTGAGTGACTCCAATTATTAATATATTTAATTGT TAATTTTAATCCCTAACCGTCGACATGTCGGATATGTCGGGG 100
M S DM S G
GATGTCGTAGAACACCCTAAGTTGCTGTTCGATCGGCCARACGAACCCT TGAT TACTCCCAAGGGTGACAACAAGGCCGTCTTTCAGCTGTCCGARAAGC 200
DVVESHT PZ XKTLLTFDRTEPNET PTLTITT®PZKSGTDNTZEKHAYVT EFOQLSE K
TTGTGCCTCCGGAATACGCARACAATGGCGTCGAATTARACGACCGTTTCGGTGACGACGCCACTGAGARAATCCCCCTCAAGACCTTGGACTCTTACCC 300
LV PPEYANNSGVTETLN|DRY|]GDDATETZKTIT?P?PLZEKTTLTDS Y P>
TGCGTTCACARAGGCATCACAAT TGCCCAGTGATGCAGACT TCTCACTCT TGCTGCCAAAACACCAGGAGATGGCCACTGAAGTCATTGATGCATTCATG 400
A FTKASOQLZPSDADTFSTLTLTLZPZEKUHO QEMATTETVTITDATF M
AATGTACCTCTGAATCAGCTGCAAGATTTCCTATCAACATGTGTTTACGCAAGAGCAAACCTCAATCCACAGCTCT TCAACTACTGCTACTCAGTAGCAC 500
NVPLNO QLG QDTFTLSTTCVYARANTLNTEPQOQLTFENTYCYS SV A
TGATGCACCGTGATGACACCAAGAATGTGCCAATCCAGAACTTTGCAGAGACT TTCCCTTCCARGT TCATGGACTCCCAAGTGTTCCAGAGAGCCCGTGA 600
LMHRDTDTI KNYVTEPIOQNTFAETT FETP?PSZKTFMDSOQVFQRATR E
GGTGACCGCTGTGTTGCCGCAGAATGTGCCGCGTATCCCGATCATCATCCCAAGGGACTACACCGCCACGGAT TTGGAAGAAGAACATCGCCTGGCGTAC 700
VTAVLPQNVZPEPRTI®PIITIPRDYTA AT DTLETETEHTZRTLAY
TGGCGTGAAGACATTGGTGTCAACT TACATCACTGGCAT TGGCATCT TGTATACCCGT TCACTGCATCACAGAGATCTATTGTTGCTARAGATCGTCGTG 800
WR E DI GV NTLHHWHWIHTILVYVYPFTAS QRS STIVATZKTDR R
GAGAGCTCTTCTTCCACATGCATCAACAACTCATTGCTCGTTACAACTGTGAACGTCTCAATCACTCTCTGAAGAGAGTARAGARATTCAGCAACTGGAG 900
G E L F F HMHOQOLTIARTYNT CERTILNIHSTILIE KT RYVZKTEKTFESNTW R
GGAGCCAATCCCGGAGGCTTACT TCCCGAAGCTGGACAGTCTTACAT CAGCGCGTGGT TGGCCACCACGGCAAGCCAACATGTACTGGCARGACTTGAAC 1000
EPI PEAYTFZPKTLODSTILTSARTG®WZ®P?PPRI QANMYTWOQDL N>
CGTCCCGTCGACGGACTTAACAT CACCATCAATGACATGGAGAGAT GGAGGAGAAACGT TGAGGAGGCAAT CTCCACTGGTAGGGTGACGARAGCGGACG 1100
R PV DGILNTITTINIDMETRTUE®WIRTERRNVYVETE- ATILISTGRV T KA D
GTTCTTCAGCTGAGTTGGATATCGACACTCTGGGTAACATGCTGGAGGCCAGCATCCTGTCCCCTAACAGGGAGCTGTACGGAAGCATTCACAACAACGG 1200
G s SsSAEULDTIDTTLGNMTLEH ASTI LS PNZRETLYGSTIHNN G
ACACAGCTTCGCCGCCTACATGCACGACCCTACTCACCGTTACCTCGAARGT TTTGGTGTCATTGCTGATGARGCGACTACTATGCGTGATCCCTTCTTC 1300
H S FAAYMHDE®PTHRYTLESTFGV I ADEH-ATTMRTDEPE E>
TACCGCTGGCACGCGTGGATTGACGACACCTGCCAGAGGCACAAGGAGTCTGCGTACGTGCGCCCCTACACTCGCTCAGAGCTTGAGAACCCCGGTGTCC 1400
Y RWHAWTIDODTCQRUHEKTES®AYTVRE2YTRSETLTENTEPG VW
AAGTGACATCAGTATCAGI AGAGACTGCTGGTGGCCAGCCCAACACACTCAACACATTCTGGATGTCGAGTGATGTGGACCT TTCTAAAGGTTTGGACTT 1500
Q VTSV SVETA AGGE QPNTTLNTTFETWMSSDYVDTLSZKTGTL D F
CTCCGACCGTGGTGCCGTATACGCCCGTTTCACT TATCT TAACAACAGACCCTTCCGT TATGT TATTAACAT TAACAACACTGGCAGTGCTCGTAGGACA 1600
S DR GAV YARTETVYTZLNNZ REPEPTFRYVTINTINNTGSATRR T
ACTGTTCGTATCTTTATGGCGCCCAAATTTGATGAACGTAACTTGGTTTGGTCTCTCGCCGATCAACGCAAGATGTTCATTGAAATGGACCGATTTGTGC 1700
T VR I FMAPEKTETDETRNTLVWSTILADT QRTI KIMTFTITEMTDTRF V>
AACCATTGAATGCTGGTCAAAACACCATTACCCGCAATTCCACGGATTCTTCAGTGACGATCCCATTCGAGCAGACCTTCCGTGACCTCTCGCCACAAGG 1800
Q PLNAGG QNTTITI RNSTHDSSVTTIZPEFETET QTTETRTDTILSZPQ G
TAGCGACCCTCGCCGCACCAGTCTTGCAGAGTTCAACTTCTGCGGTTGTGGATGGCCTCAGCACATGCTCGTCCCCAAGGGCACTGAAGCTGGCGCTGCC 1900
§s DPRRTSLAETFENTFETC®GG CGWZP?QHMLVYVZPZKTGTEA AG A A
TACCAACTCTTCGTTATGCTTTCTAACTACGACCTAGACAGCGTGGATCAACCTGGCGGTAACCAACTGAGT TGCGTTGAAGCATCCAGCTTCTGTGGCT 2000
Y QL FVMILSNYDTLDSVDOQEPGSGN QLSGCVEH- ASSTFEC G
TGARGGACAAGAAGTACCCTGACCGCCGTTCCATGGGCT TCCCCTTCGACAGACCATCARGCAT TGCTACCAACATCGAAGACT TCATCCTACCGAATAT 2100
L KDKZKYZPDRRSM®GETFEFT?P?FUDRTP2SSIATNTIETDTFETITLENMW
GGCACTGCAAGATATTACCATCCGCTTGTCTAATGTTGTAGAACAARATCCTAGAAACCCACCATCAGCAGT TTAACTATTGTCCGTCATTAGCAAGGAT 2200
ALQDTITTIRTLILSNYVET QNTPRNTPZPSAV *
CACAATGATTGAAATATARACTGCATAGT TTTAGTAGGCACATAGCAACARARARTARAAGGCTGAT TTTAAGT TAAGAGAACCAAGTGTARATACTGTA 2300

AATAAAATTAATAATTATTTAGATCTACTTATAGACCCGTGTACTATATAGAATTATTAGATAGGATTACAA TAAATGAATAGTAAAAGAAAAAAAAAAA 24

AAAAAAAAAAAAAAA

Fig. 1. Nucleotide and deduced amino acid sequence of S. litura prophenol oxidase cDNA. Amino acids are represented by one letter abbreviations.
Copper binding sites I and II are underlined and the potential cleavage site for the activation to PO is boxed and shown with arrow. The potential poly-

adenylation signal (AATAAA) is indicated in bold in the 3’ region.
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40% similarity with PPO 1. Analysis of the protein se-
quence show thats there is no signal sequence at the N ter-
minus, while it predicted a proteolytic cleavage site between
amino acid position 55 and 56 represented by arginine (R)
and phenylalanine (F), respectively (Fig. 2). The predicted
protein also contains the two conserved copper binding
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motifs characteristic of arthropod phenol oxidase. The N
terminal sequence of SLPPOI is different from that of
other reported insect PPO by having a sequence
MSDMSGDVVEH (from amino acid 1 to 11). The initial
amino acid sequence of MSD is a characteristic of PPOI
type of prophenol oxidase. While SLPPO1 shows this
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Fig. 2. Comparison of published lepidopteran prophenol oxidase amino acid sequences. The sequences compared are B. mori PPO I and PPO 11, M. sexta
PPO I and II, H. cunea PPO I and 11, G. mellonella PPO, and S. litura PPO. Highly conserved copper binding motifs are underlined.
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characteristic, the rest of its sequence aligns with PPO II
type prophenol oxidase from insects (Fig. 2).

Presence of slppol gene in different growth stages

Haemolymph could be collected only from the fourth
larval instar of the insect. QRT-PCR of the haemocytes
for the sippol gene transcript, on all days from the fourth
through the sixth instar of S. /itura shows that it is highly
abundant on the fifth instar. While the transcript levels re-
duce on the 6th instar 1st day, it becomes significant on the
next day while on the following two days it tapers off
(Fig. 3). Thus, we find that the level of slppol varies at dif-
ferent larval stages and is maximum during the active feed-
ing period.

Induction of slppol upon microbial challenge of S. litura

Spodoptera litura 6th instar 1st day larvae were chal-
lenged with actively growing E. coli K-12 and analysed
for the induction of slppol. A positive control of challeng-
ing insects only with Ringer’s solution and a negative con-
trol of no challenge/injury showed almost equal amount of
slppol transcript, while E. coli challenged insects showed a
significant increase in the slppol transcript level. The tran-
script level increased within 2 h of bacterial challenge and
remained at the elevated level upto 16 and 24 h post-chal-
lenge (Fig. 4A). This establishes that slppol gene is induced
immediately upon microbial challenge. The Real Time
PCR data also supported the inducibility of slppol tran-
script. The abundance of the slppol transcript was com-
pared in bacteria injected and saline injected larvae with
naive larvae after the amount of RNA in all the three sam-
ples was normalized with internal B-actin control. Six
hours after injection the slppol transcript increased up to
2.6-fold as compared to saline control and after 18 h it in-
creased up to 10.19-fold (Fig. 4B).

Level of PPO transcript
wn

V-1 Iv-2 V-1 V-2 VI-1 VI-2 VI-3 Vi-4
Larval stages of insect 4'" to 6"

Fig. 3. Transcript abundance of slppol in different larval stages of S.
litura. Haemocytes were collected from each day from 4th instar until the
last day of 6th instar and total RNA extracted. The levels of slppol
transcript in different insect larvae were analysed by real time PCR using
the SYBR green fluorescent probe.
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Fig. 4. Induction of S. litura PPO gene following microbial challenge. (A)
Northern blot analysis of total RNA extracted from control haemocytes
C, following infection with E. coli after 2h (1), 16 h (2), and 24 h (3) and
following mock infection with Ringer’s solution alone (4). Fifty micro-
gram of RNA was loaded in each lane, separated and transferred to nylon
membrane, and probed with a P*? labelled S. litura PPO ¢cDNA. The blot
was stained with methylene blue (0.04%) before probe hybridization and
shows an equal amount of total RNA loaded in each well. (B) Real time
quantitative analysis of sippol transcript after infection with E. coli at
different time periods.

Expression of sippol in E. coli and its enzymatic activity

The slppol was cloned in-frame into pQE 30 vector.
Induction of the recombinant clone with IPTG resulted
in strong accumulation of the protein corresponding to
the calculated molecular mass of 79 kDa. Fractionation
of cells revealed its presence in the inclusion bodies only.
Inclusion bodies were solubilized in 8 M urea and purified
to near homogeneity. Western analysis with anti-PPO anti-
bodies (raised against M. sexta PPO) revealed the presence
of protein at expected size (Fig. 5).

To evaluate whether the purified protein was in a catalyt-
ically activatable state, it was activated by the routinely em-
ployed PPO activation detergent, CPC. Activation of the
expressed protein with 0.02% CPC and its incubation with
2 mM 4-methyl pyrocatechol in 50 mM sodium phosphate
buffer resulted in an increase in absorbance at 528 nm. The
absorbance increased linearly with time and protein concen-
tration. The negative control of not activating the protein
with CPC and without protein did not result in significant in-
crease in absorbance. The expressed enzyme was catalytical-
ly active and metabolized 4-methyl pyrocatechol (specific
activity 296 um/min/mg protein). The hydrolysis of 4-meth-
yl pyrocatechol was completely inhibited by the phenol oxi-
dase inhibitor phenyl thio-urea (PTU).
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Fig. 5. Heterologous expression and purification of SLPPO. (A) sippol
was cloned in E. coli expression vector pQE 30 and was induced with
IPTG and resolved into inclusion bodies (lane 1) and supernatant
fractions (lane 2). Similarly, the vector alone without any insert was
grown and processed into inclusion bodies (lane 3) and supernatant (lane
4). (B) The IB were solubilized and the protein partially purified. Lane 1,
Comassie staining of the purified protein; lane 2, the protein detected with
anti-PPO antibodies.

Discussion

Melanotic encapsulation is one of the most important
defence responses by invertebrate organisms to protect
themselves from microbial challenge, and the key enzyme
involved in melanization is prophenol oxidase [10]. It is a
metalloenzyme (monophenol, L-dopa: oxidoreductase;
EC1.14.18.1) that catalyses the hydroxylation of tyrosine
to dopa and the oxidation of phenols to quinoes [11]. Insect
PPO are proenzymes, are devoid of a N terminal signal se-
quence, and have two copper binding sites in the active site
of the enzyme. There is an increase in the transcript level of
this enzyme following parasitic invasion and insects having
impaired machinery to produce this enzyme show reduced
ability to suppress pathogen attack by melanizing and
encapsulating them [12].

Lepidoptera is an order of insect, which contains some
of the most important and successful animals, and the
underlying basis is speculated to be a robust immune sys-
tem. Prophenol oxidase cDNA has been isolated and ana-
lysed from Galleria mellonella [13], B. mori [14], M. sexta
[7,15], and H. cunea [16] from the order Lepidoptera. We
have cloned the cDNA for prophenol oxidase from the
common cutworm S. /itura which is one of the most impor-
tant polyphagous agricultural pests of the developing
world. The cDNA is 2400 bp long and encodes an ORF
from nucleotide position 83 to 2174 which gets translated
into an 697 amino acid long protein. The deduced amino
acid sequence has characteristic of insect prophenol oxi-
dases in having two copper binding motifs with a calculat-
ed molecular mass of 79 kDa. The deduced protein
sequence of SLPPO is very similar to that of other lepidop-
teran PPO 11, from B. mori, H. cunea, and M. sexta. The
SLPPO is unique among lepidopteran insects in containing
the characteristic amino acid sequence of PPO I in the N
terminus, while the rest of the protein displays homology
to lepidopteran PPO II.

When the insect recognizes a microbial challenge, the
cascade of immune events begins immediately leading
to simultaneous secretion of antimicrobial peptides as
well as cellular responses like phagocytosis, encapsula-
tion, and melanization. Upregulation of PPAE (prophe-
nol oxidase activating enzyme) gene is one of the
responses of immune challenge. This enzyme cleaves the
pro-region of the PPO, which is already present in the
haemolymph as a inactive zymogen, leading to its activa-
tion. Our results on analysing the transcript profile of
SLPPO following inoculation with E. coli K-12 reveal
that the gene is upregulated within 2 h of infection. Such
an increase in PPO transcript is not encountered when S.
litura larvae are injected with the buffer alone. Hence, the
increase in PPO transcript is a result of microbial pres-
ence only. Interestingly, none of the earlier reports of Le-
pidopteran PPO indicate that the PPO gene can be
induced after microbial infection. Conversely, in M. sexta
there is an increase in the transcript levels of prophenol
oxidase—activating proteinase (PAP) following microbial
challenge [17]. It is hypothesized that PPO in the haemol-
ymph is released by cell burst from the cytoplasm of the
haemocytes and exists in the haemolymph as an inactive
zymogen. It is converted into its active form by cleavage
of its pro-region by specific PAP, which in turn are reg-
ulated by other factors in the PPO-activating cascade.
Also, anti-PPO II antibodies of M. sexta locate the
PPO production cells as oenocytoids [15] while in Galle-
ria they get located in granular cells [13]. Other reports
have also suggested the increase in PPO transcripts in
mosquito species following blood meal or infection [18].
Further, silencing of the isoform of haemolymph PPO
in Armigeres sublabatus almost completely inhibited the
melanization of Dirofilaria immitis microfilariae [12].
Thus, the role of PPO in insect’s immune response and
development is vital.
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We have been able to express this enzyme in the E. coli
expression vector pQE30. The recombinant protein is cata-
lytically activatable with the detergent CPC. Consistent
with the earlier reports from native PPO purified from in-
sect haemolymph, the recombinantly expressed PPO catal-
ysed 4-methyl pyrocatechol [7]. This is the first report of the
expression of an insect PPO in an E. coli expression system,
which is catalytically activatable. Availability of recombi-
nantly expressed PPO in E. coli offers opportunity to
understand the activation mechanism of a molecule critical
for insect immunity. It also offers a system to screen for na-
tive and alien molecules, which interfere with the catalytic
potential of PPO and lead to compromise in insect
immunity.
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