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We previously identified a serine type protease
inhibitor (serpin) cDNA, using peR-based differential
display, in the fall webworm which was up-regulated
following a bacterial challenge (Shin et al., 1998). The
serpin cDNA was inserted into an expression vector and
the serpin protein was expressed in Escherichia coli. In
order to investigate the action of serpin in vivo, we
examined the concentration of serpin protein in the
larvae of Hyphantria cunea by Western blot analysis
using a polyclonal antibody raised in a rabbit injected
with recombinant serpin. H. cunea serpin was found
mainly in the plasma with a molecular mass of 56.6 kDa
on SDS-PAGE followed by Western blot analysis. The
concentration of serpin in the plasma was slightly
increased following bacterial challenge. A new 50.5 kDa
(approx.) band was detected post E. coli and distilled
water injection. Both E. coli and distilled water
injection induced increased phenoloxidase (PO) activity
in the plasma, although E. coli injection produced a
larger increase in activity. Hyphantria serpin probably
participates in negative regulation of the
prophenoloxidase (proPO) cascade. Recombinant
serpin inhibits PO activity in the hemocyte lysate
fraction activated by LPS. There is a similarity between
the P2-P2' region (NKFG) of the serpin reactive site
loop and the S2-S2' region (NRFG) of the insect proPO
maturation site. This indicates a form of competitive
inhibition of serpin against a protease involved in the
activation of proPO. A tyrosine residue in the P u region
of serpin, which is conserved in the Su regions of all
known proPOs maturation sites, provides further
support for this hypothesis.
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Introduction
Injury and sub sequent bacterial infection in insec ts
stimulates a complex battery of defense reaction s,
including humoral and ce llul ar responses. The former
in vo lves new or inc reased sy nth esis of several antimi crobi al peptides and proteins (Faye and Hultm ark,
1993). The latter includes phagocytosis, nodule formation ,
and encapsul ation . These cellul ar responses are often
accompanied by activation of the proPO cascade, resulting
in melanin synthesis and deposition on or around in vading
microorgani sms (Ash ida and Brey, 1997). It is beli eved
th at more than two kinds of serine type protease are
involved in the proPO activation cascade, some of which
have already been purified and cloned in the larvae of B.
mori (Dohke, 1973 ; Satoh et ai., 1999), D. melanogaster
(Chosa et ai. , 1997), M. sexta (Jiang and Kanost, 1998),
and H. diomphalia (Lee et ai. , 1998a; 1998b). In vitro
studi es have shown that the purified prophenoloxidase
activatin g enzyme (PPAE) converts proPO to PO by
proteolytic digestion of the NH 2 -terminal amino acid
sequence (Kawabata et al., 1995; Kwon et al., 1997 ).
Activated PO produces quinones through oxidation of
phenols, which are toxic to insect cells, invading microorganisms , and parasites (Nappi and Va ss, 1993 ).
Confinement and regulation of PO activity within the
cuti cle or he mocoel is therefore essential for se lfprotection and for maintaining homeostasis. To achieve
these goals, insects have developed several strategies,

Abbreviations: NKFG, PZ-P2 ' region; NRFG ,
phenol oxidase; proPO, prophenoloxidase.
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in c ludin g (a) maintainin g e nzy mes in th eir in act ive
p rec u rso r fo rm , ( b) co mp artm e n ta li zin g di ffe re nt
components, and (c) secreting inhibitors (Sugumaran and
Kanost, 1993) . Several kinds of proteinaceous protease
inhibitor, which show inhibitory acti vity against proPO
acti vati on in vitro, have been re ported . These include
relati vely small molecul ar weight pep tides (Boigegrain et
al., 1992; Brehelin et al. , 199 1), and a serpin (Ashida and
Sasaki, 1994). Recently, Jiang et af. (1996) fo und a serpin
gene-l from Manduca sex ta whi ch e ncodes , throu gh
alternative exon usage, 12 reacti ve site variants. Following
ex pression of the 12 serpin-l vari ants in E. coli, some
showed inhibitory acti vity again st trypsin, chymotrypsin,
a nd elastase. Th e vari a nt serpin-lJ inhibi ted proPO
activation (J iang and Kanost, 1997).
We recently cloned and characterized 11 inducible genes
from the fa ll web worm Hyphantria cunea fo ll owin g
inj ecti on of bacteria into the hemocoel using PCR-based
di ffe rential display and subtractive cloning (Shin et ai. ,
1998). Clone Hdd3 revealed a significant homology with
various kinds of serpin . Thi s is the first report regarding
up-regulation of serpin in insects due to E. coli injection.
We report herein the ex pression of serpin in E. coli, the
immunological detection of serpin in the hemolymph , and
serpin inhibition of PO acti vation.

Materials and Methods
Insects Larvae (sixth instar larvae, day 1) of the fall webwo rm
H. cun ea we re used . T hese la rvae a re no t affected by
developmental turbulence that can affect experimental results.
Construction of expression plasmid and expression and
affinity purification of recombinant serpin An EcoRI and a
Sail site were created in H. cunea serpin cDNA using PCR to
co nstruct an expression pl as mid. The PCR product was di gested
a nd s ub c lo ned int o th e pET- 2 1a( +) ex press io n pl as mid
(Novagen, Madison). Plasmids containing the correct inserts were
transformed in E. coli strain BL 2 1 (DE3)pLysS (Novagen). A
colony carrying the expression pl as mid was inocul ated into 3 ml
of LA medium (Luria-Bertani medium + 50 Ilg/ml ampicillin)
and grown for 5 h at 37°C. After maintaining the bacterial culture
at 4°C overnight, the cells were inocul ated into 50 ml of LA
medium . Protein expression was induced with 0.1 mM IPTG after
the 00 600 value reached 0.6 . The culture was then allowed to
grow fo r 2 h at 37°C. Cells were harvested by centrifugation for
10 min at 4°C, res uspended in 10 ml of E. coli lys is buffer
(50 mM Tri s·HCI, 150 mM NaCI , 0.05 % (w/v) NaN 3 , 10 mM
EDTA , 0 . 1% tw ee n- 20 , pH 7 .5), and ly sed by so ni cati o n
(3 X I mi n). The pellet, after centrifugation at 12,000 X g fo r
15 min, contained the recombinant product. After washing, the
pellet was dissolved by gentle shaking on ice in bind/wash buffer
[I X PBS , 0.1% (v/v) tween-20, 0.05 % (w/v) NaN3 , pH 7.3]
containing 6 M urea. Undissolved particulates were removed by
centrifugation at 30,000 X g and the supern atant was diluted to
2 M urea with I X noTag bi nd/wash buffer (Novagen). After
centrifugation at 15,000 X g for 10 min, the resulting supernatant
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was applied to a T70Tag agarose affinity column whi ch had been
previously equilib rated with the bind/wash buffer (2 M urea). The
res in was washed with the bind/wash buffer, then elu ted using an
elution buffer (0.1 M citri c acid, 2 M urea, pH 2.2) into plastic
tubes containing a neutrali zation buffe r (2 M Tris base, pH 10.4).
The eluant was seri all y di alyzed against PBS.
Production of polyclonal antibody and immunoblotting An
antibody against H. cunea serpin was raised by injecting IOOllg
of purifi ed protein into a male albino rabbit with Freund 's
complete adju vant (Sigma Chemical Co., St Louis, MO). The
same serpin equivalents in Freund 's incomplete adjuvant were
injected two times at 2-week intervals. The res ul ting antibody
was used for immunoblotting. The proteins separated in the gel
were transferred electrophoreticall y to a PYDF membrane (BIORAD, CA). The membranes were then incubated for 12 h in 1%
wes tern blockin g so luti o n (Boehringe r Ma nnh eim ) at 4°C
followed by incubation in a 0.5% blocking solution containing
1/2000 diluted serpin antibody for 1 h at room temperature. The
bo und antibodi es were detected using a chemiluminescence
Western blotting ki t (Boerhringer Mannheim) and exposed to
X-ray film for I min.
Electrophoretic method SDS -PAGE was perform ed using
4-20% gradient polyacryl amide mini slab gels (Bio-Rad) with the
buffer system described by Lammli ( 1970).
Immunization and preparation of the hemolymph Si xth
in star larvae of th e fa ll webworm were vaccin ated with an
injecti on (3 Ill) of the log-phase E. coli suspension (108 cells/ml
in distilled water). The he molymph was collected at intervals
using a fine needl e in a chill ed microtube and centri fuged
(500 X g) for 5 min at 4°C. The pl asma was then transferred to
another tube, frozen in liquid nitrogen, and maintained at -70°C
until use. Hemocytes and the fatbody were isolated and washed
twice with insect saline (128 mM NaCI, 18 mM CaCI2 , l.3 mM
KCI, 2.3 mM NaHC0 3 , pH 6.5), and maintained at -70°C.
Preparation of hemocyte lysate fraction A hemocyte lysate
fracti on with a prophenoloxidase activatin g system in an inacti ve
fo rm was pre pared as desc ri bed by So rd e rh all ( 198 1) .
He mol ymph fr o m 50 wa nde ring larvae was co ll ected in a
mi crotub e containin g 500 III of ice-cold in sect saline. The
hemolymph was then centrifuged at 500 X g fo r 10 min at 4°C.
The pellet cells were was hed with insect saline solution by
repeated dissolving and centrifugation. Resulting hemocytes were
res uspe nd ed in 500 III of cacodylate (CAC) bu ffe r (0.01 M
sodium cacodylate, 0.45 M NaCl, 10 mM CaCI 2, 26 mM MgCI2'
pH 6.5) and homogeni zed in a sonicator (Cole-Parmer instrumen t
Co. 47 10 seri es) equipp ed with a mi crotip , foll o wed by
centrifugation at 4°C for 10 min to remove nuclei. The res ulting
hemocyte lysate was maintained at - 70°C until use.
Assay of PO activity PO activity was assayed by two different
methods. First, the PO acti vity in the plas ma after E. coli injection
was assa yed using L- 3,4-de hydrox yph e nyl- alanine (DOPA)
(Si gma) as a substrate where 500 III CAC buffer containing
3 mg/ml DOPA was added to 10 III of plasma. The mi xture was
successively pipetted into a plas ti c spectrophotometric cuvette,
then incubated for 3 min at room temperature. T he absorbance
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value at 490 nm was me as ured us ing a Shimadzu UV 265
spec trophotomete r. To determine PO activity in the he mocyte
lysate, SO III of hemo cyte lysate was pre-incubated at room
temperature for IS min , after which 500 III DOPA (3 mg/ml in
CAC buffer) was added and reacted for 3 min . The absorbance
value at a wavelength of 490 nm was then measured. One unit of
PO was defined as the amount causing an increase in absorbance
of 0.0 l /mi n/mg protein under these conditions.

buffer (lane 3). The insoluble protein was solubilized with
denaturing buffer containing 6 M urea , following
centrifugation. The diluted fusion protein with 2 M urea
was bound to the T70Tag affinity column . After washing
with the wash/bind buffer to remove impurities , the
recombinant protein was eluted with an elution buffer and
refolded by serial dialysis (lane 4).

Inhibitory effect of recombinant serpin on PO activity To
exami ne the effect of inhibitors on PO activity, test solutions
containing SO III of hemocyte lysate, SO III lipopolysaccharide
(LPS) (0.5 mg/ml in CAC buffer, Sigma), and either SO III of the
purified serpin ( 10 11M in 100 mM bis-Tri s· HCI buffer, pH 6.5) or
ap rotinin (10IlM) were incubat ed for IS min at room
temperature. Next, 500 III of DOPA (in CAC buffer) was added
and the mixture was then incubated for 3 min. The absorbance
value at 490 nm was subsequently measured.

Immunological detection of serpin in the hemolymph
In order to investigate the action of serpin in vivo, we
examined the concentration of the serpin protein in the
larvae of H. cunea with western blot analysis using a
polyclonal antibody rai sed in a rabbit which had been
injected with the recombinant serpin protein. The H. cunea
serpin wa s detected primarily in the plasma with a
molecular mass approx. 56.6 kDa. It was not detected in
hemocytes or fatbody by SDS -PAGE followed by western
blot analy sis (Fig. 2). The serpin concentration in the
plasma was slightly increased at 2 h after E. coli injection
with fu ll recovery to the basal level at 48 h. A new band
with a molecular mass approx. 50.5 kDa was detected after
1-24 h (Fig. 3). A similar result was obtained with distilled
water (DW) injection . However, PO activity in the plasma
progressively increased from 4 h to 12 h after E. coli
injection, recovering to the basal level after 24 h, while
relatively little PO activity change was detected after
distilled water injection (Fig. 4).

Results
Expression and purification of serpin The cDNA of H.
cunea serpin encodes a polypeptide of 457 residues with a
10 residue-long leader polypeptide (Shin et al., 1998). An
insert of 1,326 bp was amplified from the cDNA by peR
reaction and subsequently cloned into the expression
vector pET 21a( +). The fusion protein was desig ned ,
including all polypeptides of H. cunea serpin , with a
T70Tag (leader sequence deleted) fused to the N-terminus.
When the recombinant protein was expressed in E. coli a
new band with a molecular mass of approx. 58 kDa was
de tected on SDS gel electrophoresis. Purification
procedures fo r the recombinant protein are shown in Fig. 1.
The T70Tag fu sion protein was insoluble in E. coli lysis
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Inhibition effect of the recombinant serpin on PO
activity PO activity in the hemocyte lysate was enhanced
in a pretreated sample with LPS . To evaluate the inhibitory
potency of the recombin ant protein , the serine protease
inhibitor aprotin in was used at the same concentration as a
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Fig. 1. Purification of recombinant se rpin . Lane J shows
molecular weight standards. Lanes 2-4 show purificat ion steps.
Total cell lysate with ITPG induction (2); the insoluble fraction
after so nication (3); proteins retained on the T7 Tag affinity
column (4). All samples were run on 4-20% (w /v ) gradient SDSPAGE under reducing conditions.

Fig. 2. Location of serpin in the larvae of H. cunea. Fatbody (F),
hemocyte cells (C), and plasma (P) were isolated. Cells were
washed with insect saline and homogenized in a sonicator, then
subjected to SDS-PAGE electrophoresis. The gel was cut and
stained with Coomassi brilliant blue G-2S0 (b), or immunoblotted
with an affinity purified polyclonaJ antibody against recombinant
serpin (a).
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Fig. 3. Western blot analysis of serpin in the plasma of H. cunea
after E. coli injection. Hemol ymph was collected after E. coli
inj ecti on (s pecifi c time interval ) and centrifuged to remove
hemocytes. Three ml of plasma was subjected to SOS-PAGE,
followed by (A), staining with Coomassi brilliant blue G-2S0 or
(B), immunoblotting with an affinity purified antibody against
recombinant serpin. (C) Distilled water was injected instead of E.
coli and imrnunoblotted followin g the same method.
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Fig. S. Effect of serpin on hemocyte lysate PO activity from H.
cunea larvae. The sample treatment and concentration for each
bar: none, hemocyte lysate prepared in CAC buffer plus bisTri s·HCl buffer; LPS + buffer, 0.5 mg/ml LPS ; LPS + serpin ,
0.5 mg/ml LPS + 10 IJ.M serpin ; LPS + aprotinin, 0.5 mg/ml
LPS + 10 IJ.M aprotinin .
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Fig. 4. Change of PO activity in the plasma after E. coli (e) or
distilled water (0 ) injection. The plasma was prepared by
centrifugation of hemolymph which had been collected from
sixth instar larvae at specific time intervals after E. coli or
distilled water injection. PO activity was assayed using DOPA as
a substrate.

positive control. Both the recombinant protein and
aprotinin in vitro inhibited PO activity when treated with
LPS (Fig. 5). However, aprotinin showed stronger
inhibitory activity than the recombinant protein at the same
concentration.

Member proteins of the serpin superfamily are involved in
the regulation of a wide variety of physiological processes,
including blood clotting, complement activation,
inflammatory responses, hormone transport, and tumor
suppression (Potempa et al., 1994). Several kinds of
invertebrate serpin have been identified and characterized
from silkworm (B. mori) (Narumi et al., 1993 ; Sasaki,
1991; Sasaki and Kobayashi , 1984), tobacco hornworm
(M. sexta) (Jiang et aI., 1994; Kanost et aI., 1989), crayfish
(Pacifastacus leniusculus) (Liang and Soderhall , 1995),
horseshoe crab (Tachypleus tridentatus) (Agarwala et al.,
1996 ; Miura et al ., 1994 ; 1995) , and trematode
(Schistosoma haematobium) (Blanton et al. , 1994) .
However, the function of serpin in vivo in these species is
still obscure, although three kinds of serpins from the
horseshoe crab may act as intracellular coagulation
inhibitors (Agarwal a et al. , 1996; Miura et al., 1994 ;
1995), and the recombinant serpin variant serpin-lj from
tobacco horn worm inhibits pro PO activation in vitro (Jiang
and Kanost, 1997). We previously identified a serpin
eDNA (Hdd3) from the fall webworm along with 10 types
of immune-related genes by differentially displayed peR
and subtractive cloning (Shin et al., 1998). For functional
studies we expressed serpin in E. coli followed by
purification in one affinity step with a high degree of
homogeneity (Fig. 1). We investigated the location of the
serpin in order to understand the function of serpin in vivo.
It was detected primarily in the plasma (Fig. 2). This is a
general feature of serpin in its homeostatic role that is
found in other living organisms. At present, we do not
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know where serpin is synthesized in vivo . However, the
ex istence of a signal peptide for secreti on in the Hdd3
cDNA clo ne indicates that serpin is secreted into the
plasma after being synthesized. A sli ght increase in the
concentration of serpin after E. coli injecti on (Fi g. 3) is
probabl y due to increased de-novo sy nthes is of serpin
mRNA whi ch is hi ghl y up-regul ated fro m 1 h to 24 h
fo llowin g a bac teri al c ha ll e nge (S hin et al., 1998).
Apparently serpins can only function by acting as a suicide
substrate for a target protease by forcing parti al inserti on of
the reacti ve site loop (RSL) into sheet A during enzymeinhibitor (E-I) complex fo rmation (Potempa et al., 1994).
Thus, the serpin concentratio n in the pl as ma does not
change signi ficantly during immuni zation in spite of the
vast qu antity of newl y synthesized serpin mRNA . The
50.5 kDa band detected after E. coli injecti on (Fi g. 3) is
probably a product generated by cleavage of the 56.6 kDa
protein at the PI-PI ' site with loss of 48 C-termin a l
res idues, whi ch corresponds to 5.4 kDa. However, we
cannot exclude the possibility that the 50.5 kDa protein is
a modi f ied form of th e 56 .5 kDa protein or a new ly
sy nth e s ize d pro te in w hi c h has an immun o log ica l
homogeneity with H. cunea serpin. The 50.5 kDa band was
also detected after di still ed water inj ection (Fi g. 3), and PO
activity in the plas ma was increased by di stilled water
inj ecti on, athough the most signifi cant increase in PO
acti vity in the pl as ma was detected l 2 h after E. coli
inj ection (Fig. 4).
Reco mbin a nt serpin inhibited PO ac ti vity in th e
hemocyte lysate (Fig. 5). However, the inhibitory activity
of apro tinin w as re la tiv e ly g rea te r a t th e sa m e
co nce ntra ti o n . Thi s m ay res ult f ro m th e re fo ldin g
efficiency of the recombinant protein. To more accurately
test for inhibitory activity, purificati on of serpin in its
native form is required.
We found some interesting results from alignment of the
RSL sequence of the H. cunea serpin with the cleavage site
sequence of insect proPOs fo r its activati on (Aspen et al.,
1995; Fujimoto et aI. , 1995; Hall et al., 1995; Ji ang et al.,
1997a; 1997 b; Kawabata et al. , 1995; Lee et al., 1998;
Park et aI. , 1997). The fo ur RSL amino acid sequences , P 2P 2' of H. cunea serpin were similar to the cl eavage site
sequence S2-S2' of all known invertebrate proPOs. Arg was
fo und to be substituted for Lys at the PI site (Fig. 6). This
substituti o n is meaningful becau se the PI site res idue
determines the prim ary inhibition specific ity of serpin
(Schecter and Berger, 1967) although other residues in the
reacti ve site region also influence inhibitor selecti vity
(Carell et al. , 1986; Gettins et aI. , 1993). In addition , a Tyr
residue, whi ch is identical in all known insect proPOs on
S II site, was also conserved on P II site.
We conclude that H. cunea serpin probably competes
with proPO against a target protease (PPAE) in the plas ma
to prevent the undes ired activatio n of proPO , and to
maintain homeostasis. When E. coli cells are injected into
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Fig. 6. Structural simil arity between RSL of H. cunea serpin and
the maturati on site of proPOs. HcPPO I and HcPP02, H. cunea
(fall web wo rm) proPO I and proP02; BmPPO I and BmPP02, B.
mori (s il kworm) proPO I and proP02; MsPPO I and MsPP02, M.
sexta (tobacco horn worm) pro POI and proP02; AgPPO, AgPPOl
and Ag PP02, A. gambiae (malari a vector mosquito) proPO,
proPO I and proP02; DmPPO, D. melanogaster (fruit fl y) pro PO ;
PIPPO, P. leniusculus (crayfi sh) proPO.

the hemocoel, PPAEs and proPOs are released into the
pl as ma to neutrali ze fo reign invaders. A short time after E.
coli inj ection, de-novo synthesis of serpin mRNA is hi ghly
up-reg ul a te d to re pl e ni s h th e se rpin c on s um ed by
formati on of E-I complexes with the target protease. We do
not know how PO acts at a confined injury site or again st
an in vading parasite, in spite of an ample concentrati on of
serpin in the plasma to inhibit PPAE. It is possible that
there is another pathway for PO activation , or the existence
of signaling mol ecules which selecti vely acti vate PO.
We recently isolated and sequenced the H. cunea serpin
gene whi ch ex ists as a single copy in the genome with a
single reactive site loop sequence. This result differs from
the data provided by Ji ang and Kanost (1997) where 12
reacti ve site vari ants were identi fied. We be li eve that
hyphantria serpin is a more specific inhibitor directed at
the protease involved in the activation of proPO.
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