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Sequence analysis of the Xestia c-nigrum granulovirus (XcGV) genome identified an open reading frame
encoding a 469-amino-acid (54-kDa) protein with over 30% amino acid sequence identity to a region of about
150 amino acids that includes the catalytic domains of human stromelysin 1 (Str1)/matrix metalloproteinase
3 (MMP-3) (EC 3.4.24.17) and sea urchin hatching enzyme (HE). Stromelysin homologs have not been
reported from baculoviruses or other viruses. Unlike human Str1 and sea urchin HE, the putative XcGV-MMP
does not have a signal peptide and lacks the peptide motif involved in the cysteine switch that maintains other
MMPs in an inactive form. The putative XcGV-MMP, however, possesses a conserved zinc-binding motif in its
putative catalytic domain. The XcGV-MMP homolog was cloned, and a recombinant Bombyx mori nucleopoly-
hedrovirus (BmNPV) that expresses XcGV-MMP under the polyhedrin promoter was constructed. A distinct
pattern of melanization was observed in B. mori larvae infected with MMP-expressing BmNPV. Fat body
extracts from larvae overexpressing the 54-kDa recombinant MMP digested dye-impregnated collagen (Azo-
coll). The enzymatic activity was inhibited by two metalloproteinase inhibitors, EDTA and 1,10-phenanthro-
line. These results suggest that the XcGV MMP-3 gene homolog encodes a functional metalloproteinase.

The family Baculoviridae is composed of two genera, nucleo-
polyhedroviruses (NPV) and granuloviruses (GV). Xestia c-
nigrum granulovirus (XcGV) has a wide host range and is
highly infectious in at least six agriculturally important noctuid
species (5). Recently, the entire 178,733-bp sequence of the
XcGV circular DNA genome was determined and 181 putative
open reading frames (ORFs) were identified (10). Using com-
puter-assisted homology searches, one of the XcGV ORFs,
ORF40, showed significant sequence identity to human
stromelysin 1 (Str1) (10). A stromelysin homolog has not been
identified in the genomes of previously sequenced baculovi-
ruses (1, 2, 4, 10, 11, 15) or in other viruses. Stromelysins are
one group of matrix metalloproteinases (MMPs). The MMPs
are neutral proteinases that require Zn21 and Ca21 for their
enzymatic activity. They are classified into at least four super-
families based on their substrate specificity, primary structure,
and cellular localization: the collagenases, gelatinases, strome-
lysins, and membrane-type MMPs (33). Human Str1 is a mem-
ber of the stromelysin superfamily, which includes the well-
studied sea urchin hatching enzyme (HE) from Paracentrotus
lividus (17). Str1 is a stromal proteinase, which can degrade a
variety of extracellular matrix substrates. It also promotes
mammary carcinogenesis (19, 30). The P. lividus HE is secreted
by the blastula stage of the embryo to digest the extracellular
egg coat (13, 25). This process is necessary for embryo devel-
opment.

Two types of proteinases have been reported in baculovi-
ruses. Trichoplusia ni GV-enhancing factor (enhancin) pos-
sesses a zinc-binding motif and requires zinc or calcium ions
for its proteinase activity (18). Enhancin is associated with

occlusion bodies, and evidence suggests that it digests the peri-
trophic membrane of insect midgut tissue to facilitate virus
infection. In contrast, cysteine proteinases have also been iden-
tified in many baculoviruses, and they presumably play a role in
the breakdown of infected host tissues to facilitate horizontal
transmission of the virus (12, 26). In addition to cysteine pro-
teinases, baculoviruses possess chitinases to digest chitin for
degradation of host insect larvae (8, 9, 31).

Most studies of baculovirus proteases have been done with
NPVs, since cell lines are not available for efficient propaga-
tion and purification of GVs. In this report, we describe the
primary structure and proteinase activity of XcGV-MMP ex-
pressed by recombinant Bombyx mori nucleopolyhedrovirus
(BmNPV) in B. mori larvae.

MATERIALS AND METHODS

Viruses, cell line, and insects. The XcGV clone (alpha-4) was isolated and
provided by C. Goto. XcGV was propagated in early-third-instar Pseudaletia
separata larvae as described previously (6). XcGV granules were collected from
XcGV-infected fat body tissues as described previously (6). Wild-type (WT)
BmNPV (T3 strain) (21), BmNPV-abb (a transfer virus) (34), BmCysPD (26),
BmMMP, and BmMMPCysPD were propagated in BmN (BmN-4) cells. The
BmN cell line was maintained at 28°C in TC-100 medium supplemented with
10% fetal bovine serum (20). Larvae of B. mori and P. separata were reared on
an artificial diet at 28°C.

Preparation of recombinant BmNPV. The recombinant viruses were con-
structed by standard methods described previously (20). The mmp gene coding
region was amplified by PCR as described by Zhou et al. (34) using primers
MMP1 (59-GGAGATCTATGAACGATACGTACGAA-39) (GG-BglII site-
XcGV genome, bp 32935 to 32918) and MMP2 (59-GGTCTAGATTAACAGT
GATCTAGTAATC-39 (GG-XbaI site-XcGV genome, bp 31526 to 31545) and
XcGV genomic DNA as a template. The amplified DNA fragment was digested
with restriction endonucleases and inserted at the linker sites (BglII and XbaI) of
the BmNPV transfer vector pBm31, a derivative of pBm030 (34). The transfer
vector consisted of pUC-derived Escherichia coli vector and a 2,845-bp HpaI
fragment corresponding to BmNPV genome positions bp 127831 to 2994, in
which the ORF region of the polyhedrin gene is replaced by pBm030 multiple
cloning sites (4, 34). XcGV-MMP was expressed under the BmNPV polyhedrin
promoter in occlusion-negative virus. Cotransfection of pBm31-MMP with
BmNPV-abb was performed using Lipofectin as specified by the manufacturer
(GIBCO-BRL). The BmNPV cysteine proteinase gene was deleted from BmMMP
by cotransfection with a Drosophila hsp70 promoter and b-galactosidase gene
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cassette as described by Ohkawa et al. (26), generating BmMMPCysPD. Disrup-
tion of the cysteine proteinase gene was confirmed by PCR with genomic DNA
extracted from XcGV granules using the primers Cyspro1 (59-GTCTTAATTT
TAAGATGTAA-39) and Cyspro2 (59-TAATAAATGACTGCAGTAG-39).
Cyspro1 and Cyspro2 hybridize 20 to 40 bp upstream and at the 39 end, respec-
tively, of the endogenous cysteine proteinase ORF of BmNPV.

Protein expression of XcGV-MMP in E. coli and antibody preparation. An
N-terminal His6-tagged fusion construct of the XcGV-MMP was expressed in E.
coli BL21(DE3) (Novagen, Madison, Wis.) and then separated by sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Atto) and purified
using an electric eluter (Bio-Rad, Hercules, Calif.). Rabbit polyclonal XcGV-
MMP antiserum was prepared as described by Okano et al. (27). The coding
region of XcGV-MMP (10) was PCR amplified from XcGV genomic DNA using
primers 59-GTGCTAGCATGAACGATACGTACGAA-39 and 59-GAGAATT
CACAGTGATCTAGTAATCG-39, which generate sites suitable for cloning.
The PCR-amplified DNA fragment was digested with NheI and EcoRI and
subcloned into the NheI and EcoRI sites of the expression vector pET-28a(1)
(Novagen). The resulting plasmid was transformed in E. coli BL21(DE3). Trans-
formed E. coli cells were harvested 3 h after induction with 1 mM isopropyl-D-
thiogalactopyranoside (IPTG). The overexpressed recombinant MMP (His-
tagged rMMP) was purified using a Mini Whole Gel Eluter (Bio-Rad) as
specified by the manufacturer. The purified His-tagged rMMP was digested with
thrombin, and its amino acid sequence was confirmed using a 477A peptide
sequencer (Applied Biosystems, Foster City, Calif.). The purified His-tagged
rMMP was subcutaneously injected into a rabbit with complete Freund’s adju-
vant for the initial injection and incomplete Freund’s adjuvant for subsequent
injections (with 2 to 3 weeks between injections). Rabbit antiserum was collected
1 week after the third injection and tested by Western blot analysis (27).

SDS-PAGE and Western blotting. SDS-PAGE with 12% polyacrylamide gels
was performed as described by Laemmli (16). The gels were either fixed or
stained with Coomassie brilliant blue or electrophoretically transferred to a
polyvinylidene difluoride membrane using a semidry-blot apparatus (Atto) as
specified in the manufacturer’s guidelines. Western blots were probed with rabbit
polyclonal antiserum diluted 1:3,000, washed, incubated with a 1:2,000 dilution of
goat anti-rabbit immunoglobulin G conjugated to alkaline phosphatase (Zymed
Laboratories, Inc., South San Francisco, Calif.), and developed using a 5-bromo-
4-chloro-3-indolylphosphate-nitroblue tetrazolium detection system (Vector
Laboratories, Inc., Burlingame, Calif.) as specified by the manufacturer.

Infection of B. mori larvae with recombinant BmNPVs. Fifth-instar B. mori (1
day postecdysis) were injected with approximately 2 3 105 PFU of wild-type or
recombinant BmNPVs as described by Ohkawa et al. (26). The effects of XcGV-
MMP expression were observed and photographed at 12-h intervals until 1 day
after death.

Cysteine proteinase assay. XcGV-MMP activity was assayed under standard
conditions for azo dye-impregnated collagen (Azocoll) (Sigma Chemical Co., St.
Louis, Mo.) hydrolysis as described by Chavira et al. (3). Fat bodies (FB)
dissected from BmMMPCysPD-infected B. mori larvae were collected, washed
three times with phosphate-buffered saline (PBS), resuspended in 50 mM Tris-
HCl (pH 7.8)–1 mM CaCl2, and homogenized using a Dounce homogenizer. The
homogenate was centrifuged at 9,000 3 g, and the supernatant was collected. A
volume of supernatant of FB extract containing 1 mg of protein was assayed in
1 ml of Azocoll solution (5 mg/ml in 50 mM Tris-HCl [pH 7.8]–1 mM CaCl2). A
1-ml volume of the mixture was placed in a 1.5-ml microcentrifuge tube and
centrifuged at 10,000 3 g for 5 min. The absorbance at 520 nm (A520) of the
supernatant was measured and subtracted from the A520 of a simultaneously
incubated blank (Azocoll supernatant without the added protein). The protein-
ase activity was assayed in triplicate at least. To calculate collagen digestion
activity, collagenase type IV (EC 3.4.24.3) from Clostridium histolyticum (Sigma)
was used as a standard. One collagen digestion unit liberates peptides from
collagen equivalent in ninhydrin color to 1.0 mmol of leucine in 5 h at pH 7.4 and
37°C in the presence of calcium ions (Sigma).

Fractionation of FB extracts using ammonium sulfate precipitation. Aliquots
of FB extracts were fractionated with the addition of saturated ammonium
sulfate solution in a volume equal to 20% of the total volume (7). The precipi-
tated FB extracts were collected and dissolved in 50 mM Tris-HCl buffer (pH
7.8) containing 1 mM CaCl2. Fractions precipitated in 40, 60, and 80% saturated
ammonium sulfate solution were subsequently collected and were dissolved in 50
mM Tris-HCl buffer (pH 7.8) containing 1 mM CaCl2. Aliquots of fractions
containing approximately 100 mg of protein were separated by SDS-PAGE, and
MMP was detected by using antibody against His-tagged rMMP expressed in
E. coli. The relative intensities of the Western blot signals were measured using
NIH-Image version 1.62.

Immunohistochemistry and confocal microscopy. BmNPV- or mock-infected
BmN cells were immunostained with the XcGV-MMP antibody as previously
described by Okano et al. (27). The BmN cells were fixed in 2% formalin,
incubated with rabbit anti-XcGV rMMP serum (1:100 dilution in PBS containing
1% fetal bovine serum) washed four times with PBS, and treated with fluorescein
isothiocyanate-conjugated goat anti-rabbit immunoglobulin G (1:200 dilution;
Cappel, Aurora, Ohio). The cells were mounted with a Slow Fade light antifade
kit (Molecular Probes, Eugene, Oreg.) and analyzed with a laser confocal mi-
croscope (a TCS NT instrument equipped with an Ar-Kr laser; Leica, Heidel-
berg, Germany).

RESULTS

A putative XcGV metalloproteinase. XcGV-MMP (ORF40)
is 1,407 nucleotides long and encodes a protein of 469 amino
acids (aa) with a predicted molecular mass of 54 kDa. In
contrast to all other MMPs except human MMP-23 (33), no
N-terminal signal sequence was identified in XcGV-MMP by
computer analysis using the algorithm developed by McGeoch
(23). Further analysis of the deduced amino acid sequence
revealed significant similarity to various MMPs, with the high-
est identities to human Str1/MMP-3 (P 5 5.1 3 10223) and sea
urchin P. lividus HE (P 5 2.8 3 10223). The identities were
highest in the putative catalytic domain of the sequence (Fig.
1). The putative catalytic domain, including the zinc-binding
signature HEXGHXXGXXHS of XcGV-MMP, was 35 and
32% identical to the catalytic domains of human Str1 (aa 100
to 264) (29) and sea urchin HE (aa 171 to 337) (17), respec-
tively. Human Str1 and sea urchin HE possess P-R-C-G-(V/
N)-P-D, a sequence involved in cysteine switching. A complex
consisting of a cysteine residue in the switching domain and the
essential zinc atom in the catalytic domain of the proenzyme
blocks the active site of Str1. The blocked or latent Str1 can be
activated by multiple means, which involve the dissociation of
a cysteine residue from the complex (32). This switching phe-
nomenon is thought to convert Str1 from an inactive latent
form to an active form. Although the P-R-C-G-(V/N)-P-D
sequence is conserved in the other known MMPs (32), this
switching domain was not found in the XcGV-MMP. Most
MMPs, except matrilysin (MMP-7), human MMP-23 (24), and
MMPs from Arabidopsis thaliana (22), possess hemopexin-like
repeats in the carboxyl terminal that are connected by a pro-
line-rich linker. The gelatinases (MMP-2 and MMP-9) also
have a fibronectin type II domain inserted in their catalytic
domain. The hemopexin-like repeats and fibronectin type II
domain are inferred to play a role in MMP substrate binding.
Neither hemopexin-like repeats nor a fibronectin type II do-
main was identified in XcGV-MMP. Instead of a proline-rich
region, we observed a threonine- and arginine-rich region in
XcGV-MMP and sea urchin HE.

Effects of metalloproteinase expressed in B. mori larvae. A
recombinant BmNPV BmMMP, carrying XcGV mmp under
the polyhedrin promoter, was constructed to purify and char-
acterize the putative metalloproteinase. The endogenous cys-
teine proteinase gene of BmMMP was disrupted by insertion
of a Drosophila hsp70 promoter-lacZ gene cassette generating
BmMMPCysPD in order to avoid any effect of the cysteine
proteinase of BmNPV (26). BmMMPCysPD was purified by a
plaque assay (identified by blue plaques), and the hsp70-lacZ
insertion was confirmed by PCR using virus genomic DNA as
a template. PCR amplification of WT BmNPV DNA using
primers Cyspro1 and Cyspro2 produced a 1-kb product. The
PCR product amplified from the corresponding regions of
BmMMPCysPD and BmCysPD containing the 3.5-kb hsp-lacZ
cassette was about 4.5 kb, which indicates that the cysteine
proteinase was disrupted (data not shown).

Fifth-instar B. mori larvae injected with BmNPV, BmCysPD,
or BmMMPCysPD typically died between days 5 and 6 postin-
fection (p.i.). As reported by Ohkawa et al. (26), the epidermis
of larvae injected with WT virus turned black and limp within
1 day after death whereas that of larvae injected with
BmCysPD continued to be firm and white. Larvae infected
with BmMMPCysPD also turned black 1 day after death; how-
ever, the epidermis was as firm as in larvae infected with
BmCysPD. In addition, melanization was observed on the dor-
sal and ventral sides of BmMMPCysPD-infected larvae (Fig.
2). Significant differences in 50% lethal dose and length of time
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from infection to death were not observed between BmNPV,
BmCysPD, and BmMMPCysPD in B. mori larvae (data not
shown).

Western blot analysis of XcGV-MMP expressed by BmNPV.
The polyclonal antibody raised against His-tagged XcGV
rMMP does not cross-react with proteins from mock-infected
BmN cells or FB extracted from the WT-infected larvae
(Fig. 3, right panel). However, a major band of 54 kDa, the
predicted size of MMP, was observed from days 4 to 6 p.i.
(Fig. 3, right panel). Several bands smaller than 54 kDa were
observed in FB collected 5 and 6 days p.i. The 54-kDa immuno-
reactive band was not detected in the hemolymph of the
BmMMPCysPD-infected larvae (data not shown). According
to the Western blot analysis, there was approximately 100 mg of
rMMP per 20 mg of FB protein in BmMMPCysPD-infected B.
mori larva on day 5 p.i. In contrast, less than 10 mg of rMMP
was detected from 20 mg (3 3 107 cells) of BmMMPCysPD-
infected BmN cells at 72 h p.i. (data not shown). Therefore,
rMMP was produced in B. mori FB at a rate more than 10
times higher than that in BmN cells.

Proteinase activity of XcGV-MMP. Proteinase activity was
assayed with dye-impregnated collagen (Azocoll), a general
proteinase substrate. FB protein extracts (1 mg) collected from
mock-, BmCysPD-, or BmMMPCysPD-infected larvae were
each added to 1 ml of Azocoll solution (5 mg/ml) for the
proteinase assay. The A520 increases when Azocoll is digested
by proteinases. As shown in Fig. 4A, mock-infected B. mori
larvae showed negligible activity. A significant increase of A520

was observed when FB extracts from BmMMPCysPD-infected
larvae were assayed. About 8.8-fold less proteinase activity was
observed in FB extracts from BmCysPD-infected larvae. The
MMP activity decreased after 180 min of incubation at 37°C.
Therefore, absorbance was measured at least three times from
0 to 180 min after the FB extract was added, in order to
calculate the absolute units of collagen digestion. The Azocoll
digestion activity of collagenase from Clostridium histolyticum
was used to generate a standard. The presence of 10 mg of
collagenase type IV (429 U/mg) increased the A520 by approx-
imately 0.8 unit in 1 h. Thus, 1 U 5 0.0031 A520 unit/min was
employed for calculating collagen digestion units.

Proteinase activity was assayed with the extracts of FB dis-
sected from BmMMPCysPD-infected larvae at 2, 3, 4, 5, and 6
days p.i. The proteinase activity of FB extracts increased grad-
ually until it reached a maximum on day 5 p.i. (Fig. 4B). To
determine whether this was metalloproteinase activity, EDTA,
a chelating agent, and 10 mM 1,10-phenanthroline were added
to the enzyme reaction mixture. In the presence of 10 mM or
more EDTA (the experiment was not done with less than 10
mM), the proteinase activity was approximately 7% without
addition of the inhibitor. Approximately 90% of the proteinase
activity was inhibited by 1,10-phenanthroline. In contrast, there
was a less than 5% decrease after the addition of 2.8 3 1024 M
E-64, a cysteine proteinase inhibitor, or 5 mM phenylmethyl-
sulfonyl fluoride (PMSF), a serine proteinase inhibitor. The
same level of inhibition was observed with either 10 mM
EGTA or 10 mM 1,10-phenanthroline (Table 1). This sug-

FIG. 1. Amino acid sequence alignment of XcGV-MMP, human Str1, and P. lividus HE using the program Clustal W. The box encloses the consensus zinc-binding
motif. The P-R-C-G-(V/N)-P-D sequence, presumably involved in the cysteine switch, is underlined. A hemopexin-like motif and a proline-rich region of Str1 are
underlined with double and dotted lines, respectively. White letters within black boxes indicate identical amino acid residues, and shaded boxes denote conserved
substitutions. Dashes indicate gaps in the sequence. Amino acid numbers are indicated on the left. The human Str1/MMP-3 sequence and sea urchin HE accession
numbers are U78045 and S12805, respectively. The protein motifs were analyzed using the PROSITE motif database.
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gested that XcGV-MMP requires a metal(s) for enzymatic
activity, like other MMPs (24).

Proteinase activities of the ammonium sulfate-precipitated
FB fractions. The proteinase activity of each fraction collected
by ammonium sulfate precipitation was assayed by Azocoll
digestion (Fig. 5A). Western blot analysis revealed that ap-
proximately equal amounts of 54- and 30-kDa proteins react-
ing with anti-His rMMP were present in the 20% ammonium
sulfate precipitate fraction (Fig. 5B). The enzyme activity of
the 20 to 40% ammonium sulfate fraction was almost the same
as that of the 20% precipitate, whereas the amount of 30-kDa
protein was less than one-third that of the 20% precipitate. In
the 40 to 60% ammonium sulfate fraction, the proteinase ac-
tivity was 75% that of the 20% ammonium sulfate fraction and
no 30-kDa protein was detected.

Localization of XcGV-MMP in BmN cells by immunofluo-
rescence analysis. Mock-infected BmN cells were not stained
by the XcGV-MMP-specific antibody (Fig. 6A). Until 24 h p.i.,
no XcGV-MMP expression was observed in BmMMPCysPD-
infected BmN cells (data not shown). By 36 h p.i., however,
specific globular foci of staining were evident in the cytoplasm
(Fig. 6B). The same staining patterns were observed at 48 h p.i.
(data not shown). Localization of XcGV-MMP to either the
nuclear or cytoplasmic membranes was not observed in in-
fected BmN cells. In addition, XcGV-MMP was not detected

in the concentrated cell medium in the Western blot analysis
(data not shown).

DISCUSSION

XcGV-MMP is a unique baculovirus proteinase. Sequence
analysis of the entire XcGV genome identified a gene encoding
a protein with significant homology to MMPs. The highest
homology was to human Str1/MMP-3 and a P. lividus HE.
There was about 35% identity localized to the putative cata-
lytic domain (aa 66 to 226), whereas the identity at both the N-
and C-terminal regions was less than 10% (Fig. 1). XcGV-
MMP lacks the recognizable signal sequence present at the
N-terminal ends of all previously characterized MMPs except
MMP-23 (33), suggesting that this novel enzyme is not ex-
ported and may function in an intracellular compartment. In
addition, a conserved, unique P-R-C-G-(V/N)-P-D sequence
found in the propeptide domain of other MMPs is not present
in XcGV-MMP (Fig. 1). MMPs can be present in an inactive
(latent) conformation, which is the result of formation of an
intramolecular complex between the single cysteine residue in
the propeptide domain and an essential zinc atom in the cat-

FIG. 2. B. mori larvae infected with WT or recombinant BmNPVs 24 h after
death. The larvae were injected with approximately 2 3 105 PFU of a viral
suspension containing 0.6 mg of kanamycin per ml. Mock, mock-infected larvae;
WT, BmNPV-infected larvae; 1, BmCysPD-infected larvae; 2, BmMMPCysPD-
infected larvae. (A) Dorsal side. (B) Ventral side.

FIG. 3. Coomassie brilliant blue staining (left panel) and Western blot anal-
ysis of the XcGV-MMP expressed by BmNPV using antibody against His-tagged
rMMP (right panel). Aliquots of FB tissue containing approximately 100 mg of
protein were collected from mock- or recombinant BmNPV-infected B. mori
larvae and separated by SDS-PAGE. BmMMPCysPD, FB of BmMMPCysPD-
infected B. mori larvae 3, 4, 5, and 6 days p.i.; BmCysPD, FB of BmCysPD-
infected B. mori larvae collected 6 days p.i.

TABLE 1. Effects of proteinase inhibitors on XcGV-MMP activity

Virus Inhibitor(s)

Collagen
digestion units/
min/mg of FB

extracta

None (mock) —b 0.013 6 0.001
BmCysPD — 0.048 6 0.003
BmMMPCysPD — 0.475 6 0.018

EDTA (10 mM) 0.032 6 0.007
1,10-Phenanthroline (10 mM) 0.048 6 0.005
E-64 (2.8 3 1024 M) 0.460 6 0.012
PMSF (5 mM) 0.453 6 0.010

a FB dissected from mock-, BmCysPD-, or BmMMPCysPD-infected larvae 5
days p.i. were assayed for MMP activity. Results are given as mean 6 standard
deviation.

b —, no inhibitor was applied to the Azocoll proteinase assay solution.
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alytic domain. This complex blocks the active site (32). Dis-
ruption of the Cys-zinc bond by limited proteolysis or confor-
mational perturbations opens or unblocks the catalytic site,
which leads to subsequent autocatalytic cleavage, eventually
resulting in the generation of a catalytically competent enzyme
(32). The absence of the conserved P-R-C-G-(V/N)-P-D se-
quence in XcGV-MMP, in contrast to other MMPs (Fig. 1),
suggests two hypotheses: (i) these consensus residues [P-R-C-
G-(V/N)-P-D] are not essential for functioning of the Cys-
switch mechanism in all MMPs, and (ii) unlike other MMPs,
XcGV-MMP does not require the activation process. The
Western blot analysis and assay of proteinase activity in the
fractions of FB extracts separated by ammonium sulfate pre-
cipitation indicated that the enzyme activity was proportional

to the amount of 54-kDa protein. The 54-kDa MMP had pro-
teinase activity in the absence of the 30-kDa protein, which was
detected by anti-His-tagged XcGV rMMP as a major band on
Western blots, and other smaller proteins. Therefore, we con-
cluded that the 54-kDa protein is an active form and that
processing of XcGV-MMP is not required for enzyme activa-
tion. This suggests that XcGV-MMP is regulated in a novel
manner compared to other MMPs that use cysteine switching
to regulate their activity.

Since a cell line is not available to efficiently propagate and
purify XcGV, it is very difficult to produce a gene deletion
mutant of XcGV. To analyze the function of XcGV-MMP, a
recombinant BmNPV carrying the MMP gene under the
BmNPV polyhedrin promoter was constructed. Furthermore,
the endogenous cysteine proteinase of BmNPV was deleted to
avoid the influence of the BmNPV cysteine proteinase during
the in vivo observations and activity assays with Azocoll. FB
extracts of BmCysPD-infected larvae showed essentially no
proteinase activity in the Azocoll assay system. Similar results

FIG. 4. Proteinase activity of recombinant XcGV-MMP expressed by
BmNPV. (A) Increased A520 due to Azocoll digestion with the FB extracts from
mock-, BmCysPD-, or BmMMPCysPD-infected B. mori larvae. FB extracts were
assayed for proteinase activity in Azocoll solution. (B) MMP activity during
infection. FB dissected from mock-infected, BmCysPD-infected (5 days p.i.), or
BmMMPCysPD-infected (2, 3, 4, 5, or 6 days p.i.) larvae were assayed for
proteinase activity. A 1-mg portion of FB protein was added to the Azocoll
solution for the proteinase assay. Error bars indicate the range of triplicate
values.

FIG. 5. Ammonium sulfate fractionation of FB extract containing recombi-
nant XcGV-MMP expressed by BmMMPCysPD. (A) Proteinase activity of the
FB fractions collected from ammonium sulfate precipitation. 1, FB extract; 2, 0
to 20% saturated ammonium sulfate fraction; 3, 20 to 40% saturated ammonium
sulfate fraction; 4, 40 to 60% saturated ammonium sulfate fraction; 5, 60 to 80%
saturated ammonium sulfate fraction. (B) Western blot analysis of the ammo-
nium sulfate fractions. The sample numbers in panel A correspond to the sample
numbers in panel B. The relative intensities of the bands reacting with MMP
antibody were as follows: 1, 185.77; 2, 92.93; 3, 64.97; 4, 47.67; and 5, 19.48
(for the 54-kDa band); and 1, 153.57; 2, 90.11; 3, 13.02; 4, 2.97; and 5, 0
(for the 30-kDa band). FB extract was prepared from FB collected from
BmMMPCysPD-infected B. mori larvae 5 days p.i.
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were previously observed with the extracts of BmCysPD-in-
fected BmN cells. This indicated that deletion of cysteine pro-
teinase from BmNPV eliminated proteinase activity (26).

Melanization due to hemocyte aggregation was observed on
the surface of Drosophila melanogaster tissues in which the
basement membrane was damaged (28). Similar melanization
due to XcGV-MMP expression is observed in B. mori larvae
after death. Hence, it is possible that XcGV-MMP damages
the basement membranes of the host B. mori and triggers
widespread hemocyte aggregation followed by melanization. It
is also possible that XcGV-MMP activates cuticular phenoloxi-
dase directly or indirectly. The Western blot analysis did not
detect XcGV-MMP in the hemolymph of larvae during infec-
tion. We speculate that the MMP is released from FB cells
after death and digestion of the basement membranes triggers
melanization of the larvae.

The proteinase activity of FB extracts was assayed with Azo-
coll, which is commonly used for insect proteinase assays (14,
26). FB from BmCysPD-infected larvae showed slightly higher
enzyme activity than did those from mock-infected larvae,
which may be due to an FB proteinase activated by BmNPV
infection. The proteinase activity of BmMMPCysPD was dra-
matically decreased with the chelating agents 10 mM EDTA
and 10 mM 1,10-phenanthroline, indicating that XcGV-MMP
requires a metal(s) cofactor for enzymatic activity.

Function of XcGV-MMP in insects. Unlike enhancin, a met-
alloproteinase found in GV occlusion bodies that may be in-
volved in enhancing NPV infection (18), XcGV-MMP is not
found in occlusion bodies extracted from XcGV-infected P.
separata larvae (data not shown), implying that the role of the
MMP is not the enhancement of viral infection. The results
obtained from expression of the MMP in B. mori larvae im-
plied that XcGV-MMP has a function different from that of
cysteine proteinase. In contrast to cysteine proteinase, which

digests the larval epidermis, XcGV-MMP may destroy the
basement membranes that help hold the tissue together. The
pattern of XcGV-MMP localization in BmN cells was similar
to the localization of Autographa californica nucleopolyhedro-
virus (AcNPV) chitinase in Sf9 cells previously reported by
Thomas et al. (31). They reported that with AcNPV chitinase,
which possesses a signal peptide, an endoplasmic reticulum
retention signal (KDEL) was localized to the endoplasmic
reticulum membrane and vacuoles. Unlike AcNPV chitinase,
XcGV-MMP seems to have neither a signal peptide nor an ER
retention signal. Thus, it is likely that XcGV-MMP may pool in
a specific organelle in insect cells and be released after cell
lysis. It may be advantageous for the virus to delay release of
the proteinase to digest the extracellular matrix of the host
insects until maximal virus proliferation has occurred. Cysteine
proteinase and chitinase proteins are thought to degrade larval
tissues in order to facilitate horizontal virus transmission. Al-
though XcGV also possesses homologs of these proteins (10),
the additional metalloproteinase may destroy the basement
membranes that help hold tissues together to assist in dissem-
ination of the virus in a greater range of hosts and under
various environmental conditions.
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FIG. 6. Immunofluorescent staining of BmN cells. The cells were infected with BmMMPCysPD (multiplicity of infection, 10) or mock infected with medium. The
cells were immunostained as described in Materials and Methods and examined under a confocal laser-scanning microscope. (A) Transmitted light and immunoflu-
orescence image of mock-infected cells stained with fluorescein isothiocyanate-conjugated anti-rabbit immunoglobulin G polyclonal antiserum (1:200). (B) Image of
BmMMPCysPD-infected BmN cells at 36 h p.i., stained as described for panel A. Bar, 10 mm.
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