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PROTEINASES IN MOLTING FLUID OF THE TOBACCO
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Abstract—Manduca sexta pharate pupal molting fluid contains more than 10 proteolytic enzymes that
differ in relative mobility during electrophoresis in polyacrylamide gels containing sodium dodecyl suifate
and gelatin. The major gelatin digesting enzyme was an endoprotease with an apparent molecular weight
of 100 kDa. Gel filtration on a Sephacryl S-300 column resolved another endoprotease of similar size that
digests azocoll and [*H]casein. In addition we found an aminopeptidase-like enzyme (MW, 500 kDa) and
at least three carboxypeptidase-like enzymes (MW,,, 10-60 kDa). Use of pseudosubstrates and inhibitors
suggested the presence of both trypsin-like and chymotrypsin-like enzymes with the former activity
approx. 10-fold greater than the latter. However, none of the proteolytic enzymes were substantially
inhibited by diisopropylphosphorofiuoridate or phenylmethylsulfonyl fluoride which are potent inhibitors
of trypsin and chymotrypsin. No carboxyl or sulfhydryl proteases were detected. The enzymes were most
active in the neutral to alkaline pH range, but they were relatively unstable during storage which precluded
their purification to homogeneity. Proteolysis of Manduca cuticular protein appears to invoive a rather
complex and unique mixture of endo- and exo-cleaving proteolytic enzymes.
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INTRODUCTION

Insects are limited in size and form by the physical
constraints of their exoskeleton. They undergo peri-
odic shedding of old cuticle and synthesis of a new
one to allow for continued growth and development.
Degradation of the old exoskeleton between apolysis
and ecdysis is well established. The enzymatic nature
of this degradation was long speculated upon and was
not firmly demonstrated until Passonneau and
Williams (1953) detected both chitinolytic and pro-
teolytic activities in molting fluid of pharate adult
cecropia moths. As part of a study of the types and
properties of hydrolytic enzymes in insect moiting
fluid, we previously purified and characterized the
chitinolytic enzymes, chitinase and exo-f-N-acetyl-
glucosaminidase, from molting fluid of the tobacco
hornworm, Manduca sexta (Koga et al., 1982, 1983;
Fukamizo and Kramer, 1985; Kramer and Koga,
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1986). We have now begun to characterize the pro-
teolytic enzymes present in M. sexta pharate pupal
molting fluid. Degradation of the old cuticle may be
a sequential process in which proteinases first attack
the protein matrix of the endocuticle to expose the
chitin and make it available for attack by chitinases
(Fukamizo and Kramer, 1985).

To our knowledge, very little information is avail-
able about the properties of proteinases that occur in
insect molting fluid. The most detailed studies are
those of Katzeneilenbogen and Kafatos (1970,
1971a,b). Those authors found that moiting fluid
from pharate adults of the polyphemus moth hy-
drolyzes certain trypsin-selective substrates, such as
benzoylarginine ethyl ester and tosylarginine methy
ester (Katzenellenbogen and Kafatos, 1970). Using
sucrose density gradient centrifugation and ion-ex-
change chromatography, two serinc proteases were
partially purified (Katzenellenbogen and Kafatos,
1971a). Substrate specificities and inhibitor sensitivi-
ties of these enzymes most strongly resembled trypsin.
In addition, the enzymes were found to be secreted
with the moiting gel as inactive forms (Katzenellen-
bogen and Kafatos, 1971b). However, the mechanism
of activation was not determined.

A previous study of proteolytic enzymes in molting
fluid of M. sexta suggested the presence of two types
of proteinase activity, a chelator-sensitive metal-
loenzyme active at neutral pH and a diisopropyl-
phosphorofluoridate sensitive activity with an
alkaline pH optimum (Bade and Shoukimas, 1974).
We have also identified several types of proteases in
M. sexta molting fiuid, but their properties are rather
different from the enzymes previously described.
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MATERIALS AND METHODS

Insects

Eggs of M. sexta were obtained from the Biosciences
Research Laboratory, Agricuitural Research Service, U.S.
Department of Agricuiture, Fargo, N.D. Larvae were reared
on a standard diet (Bell and Joachim, 1976) and kept at
28 +2°C during a 16 h light-8 h dark photoperiod.

Molting fluid was coliected from pharate pupae by prick-
ing the old cuticle with a pin at the terminal abdominal
segment and the ventral surface of the prothoracic segment.
As fluid was gently expressed through the pinhole, droplets
were collected in a 0.05ml glass capillary pipette and
immediately transferred to a plastic microcentrifuge tube
that was chilled on a block of dry ice. When molting fluid
was quickly frozen in this manner, phenoloxidase inhibitors,
such as 1-phenyl-2-thiourea, were not required to prevent
melanization. Molting fluid collected in this way was color-
less to a light yellow color and was easily distinguished from
the bright green hemolymph. Typically, larvae yieided about
0.1 ml of moiting fluid but some individuals produced as
much as 0.25 mi.

Electrophoresis

Proteases present in molting fluid were analyzed elec-
trophoretically using SDS-polyacrylamide gels containing
gelatin as substrate (modified from Heussen and Dowdle,
1980). For this analysis, electrophoresis was conducted in
0.75S mm thick, 7.5% acrylamide minigels as described by
Laemmli (1970) except that disulfide bonds were allowed to
remain intact by omitting 2-mercaptoethanol. After electro-
phoresis the gels were washed briefly in 2.5% Triton X-100
to remove SDS and incubated overnight in 0.1 M Tris
buffer, pH 7.8, 37°C. gels were then stained with Coomassie
Brilliant Blue and destained briefly with 40% methanol,
10% acetic acid, followed by several hours in 5% acetic acid.
This method visualized proteolytic activity as a zone of
clearing in a dark blue background. Molecular weights were
estimated by comparison of electrophoretic mobility
to those of prestained molecular weight marker proteins
(Bethesda Research Laboratories, Gaithersburg, Md).
Proteins of Manduca molting fluid were anaiysed under the
same electrophoretic conditions except that gelatin was not
included in the polyacrylamide gel and Coomassie dye
staining was performed immediately after electrophoresis
was completed. The mobilities of the prestained standard
proteins were unaffected by the presence of gelatin in the
polyacrylamide gel containing SDS. It is assumed that the
migration of molting fluid proteins is likewise unaffected by
gelatin. Gelatin had no effect on the relative mobilities of
Drosophila proteins (Pino-Heiss and Schubiger, 1989).

Total protein

Protein concentration was determined by the dye binding
method of Bradford (1976) using bovine serum albumin as
the standard protein.

Protease assays

General proteolytic activity was assayed using an insolu-
ble substrate, azocoll (Calbiochem, San Diego, Calif,;
adapted from Chavira er al., 1984) or tritiated casein
(Murdock et al., 1987). For the former assay azocoll (5 mg
ml~!) was suspended in the appropriate buffer with constant
stirring. One ml of the suspension was pipetted to a 1.5ml
microcentrifuge tube placed on ice. To pipette the substrate
suspension, it was necessary to enlarge the opening of the
pipette tip by cutting off about 3 mm of the narrow end. The
enzyme preparation and buffer were added to each tube to
bring the total volume to 1.2ml and the reaction was
initiated by transferring the tubes to a shaking incubator at
37°C and 350 rpm for 1 h. The reaction was stopped by
centrifuging the tubes for 2 min in a Eppendorf microfuge
at room temperature. Proteolytic activity was estimated by
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the release of a red dye from the substrate with an absorp-
tion maximum at 520 nm. An azocoll unit was defined as the
activity required to achieve a net increase of 0.2 absorbance
units per hour. Blank values typically fell in the 0.05 range.

Radiolabeled a-casein was another substrate that pro-
vided greater sensitivity than the azocoll substrate when
used for determining general protease activity. Details of the
radiolabeling and assay procedures have been previously
described (Murdock er ai.. 1987). Briefly, bovine a-casein
was labeied with tritium by means of a reductive methyl-
ation in the presence of high specific activity [’H]NaBH, (sp.
act. 10-20Ci mmol~!, New England Nuclear, Boston,
Mass). The low molecular weight radioactive byproducts of
this reaction were removed by gel filtration on a Sephadex
G-25 column (Pharmacia PD-10 desalting column) eluted
with 100 mM Tris—HCI, pH 7.8. The G-25 fractions contain-
ing [*H]protein were pooled and diluted to 4 x 10 cpm ml~!
and protein concentration was adjusted to 2mg ml~! with
cold a-casein. The solution was divided into 0.1 ml portions
and stored at —70°C. Prior to use, each aliquot of [*H]casein
was diluted with 0.9 ml of uniabeled casein (2mg ml—).
Assays were performed by incubating 0.05ml of the
[*Hlcasein, plus buffer and the molting fluid or enzyme
preparation to give a reaction volume of 0.1 ml contained in
a 1.5 mi plastic centrifuge tube. The reaction was initiated
by addition of enzyme and quenched after 20 min incu-
bation at 37°C by addition of 0.1 ml of 10% trichioroacetic
acid. After standing on ice for 20 min, the samples were
centrifuged at 14,000 rpm for 5 min and 0.175 mt aliquots of
the supernatant were pipetted into counting vials containing
5 ml of scintillation fluid. Background levels of TCA soluble
radioactivity were determined by substituting an equal
volume of buffer for the enzyme solution.

Manduca molting fluid was also screened for specific
proteolytic activities using synthetic substrates. Trypsin-like
activity was examined using benzoylarginine ethyl ester
(BAEE; Walsh and Wilcox, 1970), benzoylarginine-p-
nitroanilide (BAPNA; Erlanger er al., 1961) and tosyl-
arginine methyl ester (TAME; Walsh and Wilcox, 1970).
Chymotrypsin-like activity was assayed for using benzoyi-
tyrosine ethyl ester (BTEE; Walsh and Wilcox, 1970),
benzoyityrosine-p-nitroanilide (BTPNA) and the synthetic
peptide  Suc-Ala-Ala-Pro-Phe-p-nitroanilide (Aschstetter
et al, 1981). Elastase-like activity was screened for
with Suc-Ala-Ala-Val-p-nitroanilide (Wenzel et al., 1980).
Aminopeptidase-like activity was determined by hydrolysis
of leucine-p-nitroanilide (LEU-pNA; Wachsmuth er al.,
1966) and glycine-p-nitroanilide (GLY-pNA; Delange and
Smith, 1971). Carboxypeptidase-like activity was measured
by hydrolysis of hippuryl arginine and hippuryl phenylactic
acid (Folk and Schirmer, 1963).

The specificity of Manduca molting fiuid proteases was
further analyzed by examining fragments cleaved from a
synthetic hexapeptide substrate, H-Leu-Trp-Met-Arg-Phe-
Ala-OH (Research Pius Inc.,, Bayonne, N.J.). Partially
purified preparations of the putative molting fluid
aminopeptidase, endopeptidase and carboxypeptidase were
obtained by gel filtration of Manduca molting fluid on
Sephacryl S-300. Fractions near the peak proteolytic activity
and well resolved from other activities were incubated with
the peptide substrate in 0.2 ml 0.1 M ammonium acetate
pH 7 at either 37 or 23°C for 10-90 min. The reaction was
quenched by addition of ice-cold acetic acid. After lyophyl-
ization to remove most of the volatile buffer, cleavage
products were redissolved in 0.1 mi of methanol/water
(1:1;v/v) and analyzed by thin-layer chromatography
(TLC) on high-performance silica gel plates developed in a
mixture of butanol/acetic acid/water (3:1:1; v/v/v) for 5-6 h.
Cleaved fragments were visualized by spraying the plate
with ninhydrin (Pierce Chemical Co., Rockford, 1ll.) and
identified by comparison with the mobilities of standard
fragments and the six component amino acids supplied with
the synthetic peptide kit.
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Fig. 1. Electrophoresis of molting fluid from pharate pupae of Manduca sexta in polyacrylamide gels
containing gelatin as substrate. Molting fluid was diluted 1:10 with SDS sample buffer and applied to
polyacrylamide gels (7.5% T separating gel, 4% T stacking gel) but without reducing agent. Lane I: zones
of proteolysis revealed using a gelatin containing gel after rinsing and incubating 16h at 37°Cin 0.1 M
Tris buffer, pH 7.8. Lane II: molting fluid electrophoresed under the same conditions as above except that
gelatin was omitted from the gel. Protein bands were visualized by Coomassie Blue staining. Lane IIL:
molecular weight markers 200 kDa, myosin; 97 kDa, phosphorylase B; 66 kDa, bovine serum albumin;
43 kDa. ovalbumin. Approximately 10-20 ug protein was applied in each cell.
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pH optimum

Optimum pH values for azocoll and [*Hjcasein digesting
activities were determined using a universal buffer contain-
ing phosphate, acetate and borate which was designed to
provide a constant ionic strength of 0.1 at all pH values
(Coch Frugoni, 1957). Azocoll was suspended in buffer of
appropriate pH and the assays conducted with whole molt-
ing fluid as described above. [*H]Casein was diluted to the
appropriate level of radioactivity with cold casein dissolved
in universal buffer at the desired pH.

Inhibition assays

Protease inhibitors were obtained from Sigma Chemical
Co. and include diisopropylphosphorofiuoridate (DFP),
phenylmethylsulfonyl fluoride (PMSF), N-a-p-tosyllysine
chioromethy! ketone (TLCK), soybean trypsin inhibitor
(type 1I-S; STI), chicken egg white ovomucoid inhibitor
(type I11-O; OTI), N-a-tosyl-L-phenylalanine chioromethyl
ketone (TPCK), p-chloromecuriphenyl sulfonic acid
(PCMS), 2,2-dipyridyl-1,10-phenanthroline and ethylenedi-
amine tetracetic acid (EDTA). The juvenile hormone es-
terase inhibitors, methamidophos, O-ethyl-S-phenyl phos-
phoramidothoate, 3-octylthio-1,1,1-trifluoro-2-propanone
and 1,1,1,17,17,17-hexafiuoro-4,14-dithioheptadecane were
obtained from the laboratory of B. Hammock and A.
Szekacs, Department of Entomology, University of Califor-
nia, Davis. Each inhibitor was dissolved in either methanol
or water at 10 x the desired concentration. Inhibitor sol-
ution (0.025 ml) was added to 0.225 mi of the enzyme plus
buffer mixture. The mixture was vortexed and preincubated
10min at 37°C. The remaining proteolytic activity was
assayed using 0.1 ml of the preincubation mixture with
LEU-pNA, azocoll, BAEE or hippuryl phenyllactic acid as
substrate. For the [*H]casein substrate, 0.01 ml aliquots were
assayed. An equal volume of buffer replaced the enzyme
solution in blank samples.

RESULTS

Electrophoresis

Manduca molting fluid was found to contain a
complex mixture of endo- and exo-cleaving proteases.
Electrophoresis in polyacrylamide gels containing
gelatin as substrate indicated the presence of more
than 10 zones of proteolytic activity in whole molting
fluid (Fig. 1). These enzymes were active at the mildly
alkaline pH 7.8. The major band of gelatin digesting

——— AZACOLL
—e— CASEIN

RELATIVE ACTIVITY

pH

Fig. 2. pH optimum of azocoll (Q) and [*H]casein (@)
digesting activities in M. sexta molting fluid. Freshly col-
lected molting fluid was assayed using azocoll suspended in
universal buffer adjusted to the appropriate pH. The peak
fraction from the Sephacryl S-300 column was assayed using
[PHlcasein. Mean vaiues + SEM (n = 4).

activity has an apparent molecular weight of approx.
100 kDa, while the next most intense band occurred
at an apparent mol. wt of 50 kDa. None of these
zones of gelatin-digesting activity precisely corre-
sponded to a dye stained protein band in companion
gels lacking substrate.

pH optimum

In addition to digesting gelatin, whole molting fluid
also hydrolyzed the general protease substrates,
azocoll and [’H]casein. The pH optimum using
azocoll as the substrate occurred at pH 6.6 with 50%
of the activity remaining at pH 5.4 and at pH 9.2
(Fig. 2). On the acidic pH side activity fell sharply
with little azocoll hydrolysis at pH 4.3. After fraction-
ation of the molting fluid by chromatography on
Sephacryl S-300, a single major peak of proteolytic
activity was obtained [Fig. 3(A)]. The pH optimum
for caseinolytic activity in the peak fraction (No. 42)
was rather broad on the alkaline side from about pH
7 to 9 (Fig. 2). Increasing the pH from the optimum
resulted in a rather slow decline in activity, until only
about 10% relative to the maximum activity re-
mained at pH 10.5. These results are consistent with
a determination of the molting fluid pH to be slightly
alkaline, about pH 7.3, a value where about 80-100%
of the optimum activity was demonstrated depending
on the substrate used. Proteolytic activity in 0.01 mi
of whole molting fluid determined at pH 7.8 was
equivalent to an azocoll digesting activity of approx.
0.1 ug of bovine trypsin. The protein concentration
of Manduca molting fluid collected from pharate
pupae was about 12mg ml~'. Thus, the azocoll
digesting specific activity of molting fluid is approxi-
mately one thousandth that of purified bovine
trypsin.

Substrate specificity

To gain an understanding of the types of proteases
present, whole molting fluid was screened for activity
against selective substrates (Table 1). Of the three
tryptic substrates tested, only BAEE was rapidly
hydrolyzed. No detectable hydrolysis was observed
with TAME or BAPNA. Of the chymotryptic sub-
strates, BTEE and BTPNA were hydrolyzed, but at
only one tenth the rate of hydrolysis of BAEE. The
peptide substrate, Suc(Ala), ProPhepNA, was cleaved
only a very low rate. There was no significant activity
against the elastase substrate. Low activities were
obtained with substrates selective for exo-cleaving
carboxypeptidases and aminopeptidases. The results
indicated that Manduca molting fluid contains several
types of proteases, some with properties characteris-
tic of trypsin, chymotrypsin, carboxypeptidase and
aminopeptidase.

Fractionation of Manduca molting fluid by gel
filtration chromatography revealed a compiex but
highly reproducible protein profile with the first
major peak of absorbance at 280 nm co-eiuting with
the primary peak of azocoll digesting activity
[Fig. 3(A)). The activity peaks for BAEE hydrolysis
and [PHlcasein digestion, both assayed at pH 7.8, also
coincided with the major peak of azocoll activity
(data not shown). This peak was estimated to have a
molecular weight of 100 kDa, the same as the appar-
ent molecular weight of the gelatin digesting activity
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Fig. 3. Gel permeation chromatography of M. sexta molting fluid on Sephacryl S-300. Molting fluid (3 mi)

was applied to a 1.5cm i.d. x 140 cm column, eluted with 0.05 M Tris pH 7.8 and 3.6 ml fractions were

collected. The flow rate was 4-5ml per h. (A) Fractions were assayed for total protein (Ayy, O) and

general protease activity (azocoll assay, 0.1 mi/assay, @). (B) The same fractions were also assayed for

aminopeptidase activity using leucine-p-nitroanalide as substrate (O) and for carboxypeptidase activity
using hippuryl arginine as substrate (@).

determined by using the SDS-containing substrate
gels. Electrophoresis of aliquots of the Sephacyl
S-300 fractions into gelatin containing polyacryl-

amide gels revealed that the major gelatin digesting
fraction [Fig. 3(A), fraction 38] eluted before the peak
of azocoll digesting activity (fraction 42). The elution

Table 1. Substrate specificity of M. sexta moiting fluid proteases*

Enzyme activity

Substrate (nmol hydrolyzed/
Substratet Substrate class (mM) min/mg protein)
BAEE Trypsin-like 1.0 824138
BAPNA Trypsin-like 1.0 <1
TAME Trypsin-like 1.0 <1
BTEE Chymotrypsin-like 0.1 74+ 1.0
BTPNA Chymotrypsin-like 0.1 96+34
Suc(Ala),-ProPhe-pNA Chymotrypsin-like 0.2 0.08 + 0.01
Suc(Ala),-Val-pNA Elastase-like 10 <1
Hippuryl arginine Carboxypeptidase-like 0.1 47+0.8
Hippuryl phenyliactic acid Carboxypeptidase-like 0.1 2
Leucine-pNA Aminopeptidase-like | 40+ 1.1
Glycine-pNA Carboxypeptidase-like 1 31+£19

*Whole molting fluid was used. Mcan values + SEM (n =3).
tSee p. 467 for list of abbreviations.
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volume of gelatinase activity was nearly identical to
that of the aminopeptidase activity with an apparent
molecular weight in the 300-500 kDa range. Amino-
peptidase activity eluted as a single peak slightly
earlier than the azocoll digesting activity and
the molecular weight was estimated to be 300 kDa
[Fig. 3(B)]. Assay of the fractions for carboxypep-
tidase activity revealed three major peaks eluting
after the azocoll digesting enzyme [Fig. 3(B)]. The
carboxypeptidases ranged in size from <12 to about
60 kDa.

To further characterize the bond cleaving speci-
ficity of the major proteolytic enzyme activities in
Manduca molting fluid, partially purified prepar-
ations from the gel filtration chromatography of the
[PHlcasein digesting activity, the leucine-p-nitro-
anilide hydrolyzing activity and the hippuryi arginine
hydrolyzing activity were incubated with a model
hexapeptide substrate, Leu-Trp-Met-Arg-Phe-Ala.
Incubation of the model substate with the peak
fraction of the [*Hlcasein-azocoll-BAEE digesting
activity for 10 min at 23°C produced three major
fragments identified by TLC as Leu-Trp-Met-Arg,
Phe-Ala and Met-Arg, as well an intense spot for the
uncleaved hexapeptide (Table 2). Less intense spots
were observed for Leu-Trp and the free amino acid
Ala. A 10 min incubation at a higher temperature
(37°C) with the same amount of enzyme produced a
slightly different fragmentation with Leu-Trp, Phe-
Ala and Met-Arg being the major fragments. Leu-
Trp-Met-Arg was only faintly visible and Ala
remained relatively weak in intensity while little
uncleaved substrate remained. Increasing the incu-
bation time to 90min at 37°C yielded only four
spots: Leu-Trp, partially resolved Phe-Ala and free
Phe, Met-Arg and Ala. No uncleaved substrate was
detected.

Cleavage of the model peptide substrate by the
[*H]casein—azocoll-BAEE hydrolyzing activity in
fractionated molting fluid was clearly consistent with
the action of one or more endoproteases. However,
the specificity indicated by the peptide cleavage pat-
tern was rather general in nature. A progression in
fragmentation was apparent and suggested that
cleavage on the carboxyl side of Arg is preferred.
However, a second cleavage occurred on the carboxyl
side of Trp to yield the three depeptide fragments
Leu-Trp, Met-Arg and Phe-Ala. This fragmentation
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indicates a primary trypsin-like specificity and a
secondary chromotrypsin-like specificity. The release
of Ala upon prolonged incubation is also consistent
with the action of a chymotrypsin-like enzyme
cleaving the Phe-Ala fragment on the carboxyl side of
Phe.

Incubation of the model substrate with the Seph-
acryl S-300 fraction of leucine-p-nitroanalide hydro-
lyzing (aminopeptidase-like) activity produced a
partially resolved spot that probably contained Trp-
Met-Arg-Phe-Ala and free Leu (Table 2). However,
a standard of the pentapeptide fragment was not
available for comparison of mobility on silica gel.
Uncleaved model substrate was aiso present. Increas-
ing the incubation time to 90 min at 37°C resulted in
further hydrolysis. In addition to the putative Trp-
Met-Arg-Phe-Ala and free Leu spots, there were
distinct spots for Met, Arg, Ala, Met-Arg-Phe-Ala
and Arg-Phe-Ala. These results are consistent with
the action of an aminopeptidase-like enzyme.

Activity against the model peptide substrate in the
hippuryl arginine hydrolyzing (carboxypeptidase-
like) fraction tested was rather low. Only the 90 min
incubation at 37°C revealed any evidence of hydroly-
sis (Table 2). This treatment produced a distinct spot
with low mobility corresponding to Ala, a faint
indication of Leu-Trp-Met-Arg-Phe and the un-
cleaved model substrate. This cleavage pattern is
consistent with that of a carboxypeptidase-like
enzyme.

From the substrate specificities and chromato-
graphic behavior of the enzymes, four distinct
proteases were apparent: an azocoll digesting enzyme
which also appeared to hydrolyze BAEE and casein,
and also exhibited trypsin-like and chymotrypsin-like
cleavage specificities, an aminopeptidase, several car-
boxypeptidases and a gelatin digesting enzyme. We
attempted to classify these enzymes further by exam-
ining their sensitivity to inhibitors diagnostic of the
four major categories of proteolytic enzymes: the
serine proteases, the sulfhydryl proteases, the metal-
loproteases and the acid proteases. However, the
latter proteases were precluded since all of the major
activities were observed at alkaline pH and the pH of
moilting fluid was found to be mildly alkaline. Also,
the gelatin digesting activity was not included in
these experiments since a quantitative assay for that
enzyme was not readily available.

Table 2. Products from the hydrolysis of Leu-Trp-Met-Arg-Phe-Ala by M. sexta molting fluid proteases

Incubation Temperature
Proteolytic activity* time (min) °C) Products
Casein—azocoll-BAEE
hydrolyzing fraction 10 23 Leu-Trp-Met-Arg, Pt Ala,
Met-Arg, Leu-Trp, Ala
10 37 Leu-Trp, Met-Arg,
Phe-Ala, Leu-Trp-Met-Arg, Ala
90 37 Leu-Trp, Met-Arg,
Phe-Ala, Phe, Ala
Aminopeptidase 10 37 Leu, Trp-Met-Arg-Phe-Ala
90 37 Leu, Trp-Met-Arg-Phe-Ala,
Met-Arg-Phe-Ala,
Arg-Phe-Ala, Met, Arg, Ala
Carboxypeptidase 90 37 Ala, Leu-Trp-Met-Arg-Phe

*Fractions used were from Sephacryl $-300 chromatography.
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Table 3. Inhibitor sensitivity of major protease fraction from gel filtration of M. sexta moiting fluid

ICy (M)*

Hippuryl
Inhibitort Azocoll ’H]Casein BAEE Leu-pNA arginine
DFP >1072 >107? >1072 10-? >10"?
PMSF >1072 >10"2 — —_ —
TLCK 104 2x10°°% 10-3 ~1072 >1073
STI 10-7 2x 1077 10-¢ — —
OTI >10-3 >10-* >10-* — .
TPCK >10-2 >107? >1073 >1072 >107?
PCMS >10-? >10-2 >10-? >1072 >10-?
EDTA >1072 >10-? >107? >1072 >1072
2,2-Dipyridyl — — - 5x10°? —
1,10-Phenanthroline >10-2 >10"? — 4x10°* —_

*IC,, = molar inhibitor concentration required to give 50% inhibition. IC,, value determined from curve
of activity vs inhibitor concentration using 0.5 log unit steps of inhibitor concentration. Greater than
( > ) value denotes concentration of inhibitor tested where < 50% inhibition was observed. Azocoll
hydrolyzed in 0.1 M PIPES, pH 6.6. Casein and pseudo substrates hydrolyzed in 50 mM Tris, pH 7.8.

1See p. 467 for list of abbreviations.

Inhibitor studies

The inhibitor sensitivity profiles of the azo-
coll—casein—-BAEE hydrolyzing enzyme fraction from
gel filtration chromatography did not clearly fit the
enzyme(s) into any of the major categories of
proteases (Table 3). DFP and PMSF, considered
diagnostic inhibitors for serine proteases (Powers and
Harper, 1986a), were ineffective against these activi-
ties. Even after a 4 h preincubation with 102 M
DFP, there was no inhibition of azocoll digesting
activity. However, azocoll, casein and BAEE hy-
drolyses were inhibited by the trypsin inhibitors
TLCK and soybean trypsin inhibitor. With [*H]casein
as substrate, TLCK and STI exhibited ICys of 300
and 1.2 uM, respectively. BAEE hydrolysis was in-
hibited 90% by 6 mM TLCK and 100% by 10 uM
STI, whereas azocoll hydrolysis by the same enzyme
fraction from gel filtration was completely inhibited
by 10 mM TLCK and 10 uM STI. The chymotrypsin
inhibitor, TPCK, was ineffective. Neither the
sulfhydryl protease inhibitor, PCMS, nor the metal
chelators were inhibitory (Rich, 1986). The different
IC,, values characteristic of each substrate used sug-
gest that different enzymes may by hydrolyzing azo-
coll, casein and BAEE.

Aminopeptidase activity in the early eluting
Sephacyl S-300 fractions, revealed by hydrolysis of
leucine-p-nitroanalide, is best classified as that of
a metalloenzyme (Powers and Harper, 1986b).
The activity was most effectively inhibited by a metal
chelator, 1,10-phenanthroline, with an ICy, of
approx. 3 x 107*M. Another metal chelator, 2,2’-
dipyridyl, also inhibited aminopeptidase activity, but
at higher concentrations than required for 1,10-
phenanthroiine. EDTA was ineffective at high con-
centration. The sensitivity of the aminopeptidase
activity to moderately high concentrations of DFP
was unexpected.

Carboxypeptidase activity, which eluted during
chromatography on Sephacryl S§-300, was not inhib-
ited by any of the compounds tested. However,
the aromatic metal chelators could not be tested
since they gave strong absorbance at the wavelength
used to monitor hydrolysis of hippuryl arginine and
hippuryl phenyllactic acid.

The lack of inhibition by PCMS strongly suggested
that suifhydryl proteases are not making significant

contributions to the proteinase activities observed in
molting fluid (Table 4). But to be certain that no
latent sulfhydryl enzymes were present, we tested for
stimulation of proteolysis by the reducing agents
cysteine and dithiothreitol (DTT). Preincubation of
molting fluid with either of these sufhydryl reagents
only decreased activity. Addition of PCMS had little
or no effect on activity in the presence of either DTT
or cysteine. These effects are the opposite of those
expected for sulfhydryl proteases.

The search for molting fluid proteolytic enzyme
inhibitors was extended to include to phosphorami-
dothioates (methamidophos and O-ethyl-S-phenyl
phosphoramidothoate) and two fluorothioethers
(3-octylthio-1,1,1-trifluoro-2-propanone and 1,1,1,-
17,17,17-hexafluoro-4,14-dithio-heptadecane). These
compounds have proven effective against juvenile
hormone esterases which are classified as serine
esterases but are refractory to DFP (Sparks and
Hammock, 1980; Hammock ez al., 1984). None of
these compounds were effective at 10~ M against the
casein digesting activity of Manduca moiting fluid.

DISCUSSION

The present study has revealed a rather complex
mixture of proteolytic enzymes present in Manduca
molting fluid. The presence of both endo- and exo-
cleaving proteolytic and chitinolytic enzymes in molt-
ing fluid supports the hypothesis that degradation of
cuticular protein and chitin occurs either simuita-
neously or sequentially, such that the insoluble cutic-
ular polymers are cleaved into soluble fragments

Table 4. Effect of PCMS and reducing agents on azocoll digestion
by M. sexta molting fluid*

Treatmentt Relative activity (%)
Control 100 + 12
PCMS (10 mM) 103 + 1t

DTT (10 mM) 4742

DTT + PCMS 53+2
Cysteine (5 mM) 85+4
Cysteine + PCMS 68 + 3

*Samples of moiting fluid were preincubated in 0.1 M PIPES,
pH 6.6, for 15 min at 37°C in the presence of reducing agent or
reducing agent plus 10 mM PCMS. Control samples were prein-
cubated with water added to achieve an equivalent volume to the
treated preincubations.

+See p. 467 for list of abbreviations.
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which are further digested by both endo- and exohy-
drolases (Fukamizo et al., 1986). Protein degradation
may result in the unmasking of chitin fibrils that are
embedded in the protein matrix which facilitates
attack by the endo- and exo-cleaving chitinolytic
enzymes. A sequence where proteolysis necessarily
precedes chitinolysis of insect cuticle has been demon-
strated with hydrolytic enzymes from entomopatho-
genic fungi (St Leger et al., 1986).

Proteases are generally classified into one of four
categories based on characteristics of the active site
(Perlmann and Lorand, 1970; Barrett, 1986). These
categories are serine proteases, sulfhydryl proteases,
metalloproteases and carboxylic acid proteases. A
proteolytic enzyme can usually be placed into one of
these categories by determination of substrate specifi-
city, pH optimum and sensitivity to diagnostic in-
hibitors that selectively interact with the unique
active site moieties. None of the major Manduca
molting fluid proteases exhibited properties fully
characteristic of the four protease categories.

Endoproteases found in Manduca molting fluid
differed significantly from the two proteases
previously described in molting fluid of the silk-
moth Antheraea polyphemus (Katzenellenbogen and
Kafatos, 1971a). Most strikingly Manduca endo-
proteases were not inhibited by high concentrations
of DFP, while those of Antheraea were highly sensi-
tive. In addition, the molecular weight of the Man-
duca moiting fluid proteases (100 kDa) was about 3
times greater than that of the Antheraea enzymes
(30-34 kDa). Both Manduca and Antheraea molting
fluid proteases hydrolyzed the trypsin-selective sub-
strate BAEE. However, unlike those of Antheraea,
Manduca molting fluid endoproteases did not hy-
drolyze a second trypsin-selective substrate TAME at
a detectable rate. Thus, although endoproteases with
trypsin-like specificity do occur in molting fluid of
both species, those of Manduca may not be serine
proteases and their substrate specificities are less like
that of trypsin than are the silkmoth enzymes.

Previously, Manduca molting fluid was reported to
contain both a DFP sensitive protease and a metal
chelator (EDTA) sensitive protease (Bade and
Shoukimas, 1974). In the present study, no endo-
protease with either of those inhibitor sensitivities
was detected. Only the exo-cleaving aminopeptidase
activity was sensitive to metal chelators. At this time
the major endoproteases of Manduca molting fluid
are not well characterized. Their insensitivity to DFP
and PMSF would seem to rule out their being serine
proteases. Absence of significant inhibition by the
phosphoramidothioates and trifluoropropyl thio-
ethers offers further evidence that Manduca molting
fluid proteases are not of the serine enzyme class. The
lack of stimulation by sulf hydryl reducing agents and
failure of PCMS to inhibit at high concentrations, is
contradictory to the expected response of sulfhydryi
proteases. Metal chelators had no detectable in-
hibitory effect on the digestion of endoprotease selec-
tive substrates, azocoll, casein and BAEE. The
neutral to alkaline optimum pH would seem to
eliminate carboxyl proteases from consideration. If
carboxyl proteinases are present in moiting fluid, the
alkaline condition of the finid would not be condu-
cive for a significant level of this activity. Although
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it is not straightforward to interpret the resuits of
inhibitor studies when using a mixture of enzyme,
attainment of nearly quantitative inhibition by
specific inhibitors is reasonably good evidence for
enzyme classification studies. Both moiting fluid and
partially purified enzyme fractions were >90% inhib-
ited by TLCK and STI when using casein, azocoll
and BAEE as substrates. None of the other inhibitors
caused more than 50% inhibition. Thus, the enzy-
matic activity present in whole molting fluid or the gel
filtration fractions that hydrolyzed casein, azocoll
and BAEE may be primarily due to one or more
enzymes that exhibit comparable inhibitor sensitivi-
ties, i.e. they belong to the same class of proteinases.
All of these data suggest tht the major endoprotease
activity detected by hydrolysis of azocoll, [PH]casein
and BAEE represents a rather unique class of
proteases.

Endocleaving proteinases participate in the degra-
dation of calcified cuticle of crustaceans, but these
appear to quite different from insect molting fluid
enzymes that degrade sclerotized cuticles of insects.
Cysteine and carboxyl proteinases are active in the
environment between the old and the newly deposited
cuticles of the Bermuda land crab, Gecarcinus later-
alis (O’Brien and Skinner, 1987, 1988). Proteolytic
activity in Manduca molting fluid was neither inhib-
ited by the cysteine protease inhibitor PCMS, nor
stimulated by the presence of sulfhydryl reducing
agents. Also, no carboxylic acid proteases were ap-
parent in Manduca molting fluid. Therefore, we con-
clude that, unlike the land crab, sulfhydryl and
carboxyl proteases do not play important roles in the
extracellular digestion of Manduca cuticular proteins.

Exocleaving proteases in the form of aminopepti-
dases have been detected in Drosophila (Hall, 1986).
One of the aminopeptidases is associated with
Drosophila integument and is inducible by ecdysone
(Hall, 1988a,b). Those results suggest that the
Drosophila aminopeptidase is a molting fluid enzyme
and may be similar in properties to the M. sexta
molting fluid aminopeptidase-like enzyme. To our
knowledge no carboxypeptidase-like enzyme has
been associated with the molting fluid of other insect
species.

Results of experiments conducted with a hexapep-
tide and pseudopeptide substrates revealed that the
major endoprotease fraction cleaves bond susceptible
to both trypsin-like and chymotrypsin-like enzymes,
suggesting that either a rather nonspecific enzyme,
more than one enzyme or a single enzyme with two
active sites of different specificities is present in the
fraction. It is possible that M. sexta molting fluid
contains a multicatalytic proteinase like those de-
tected in vertebrate tissues which exhibit both
trypsin-like and chymotrypsin-like activities (Bond
and Butler, 1987; Folco et al., 1988). Further purifi-
cation of the endo-cleaving proteases is necessary to
resolve questions concerning multiplicity, mode of
action and substrate specificity. Efforts to purify the
major endoproteases of Manduca molting fluid have
met with mixed success. The azocoll digesting activity
was purified 250-fold by sequential chromatography
on gel filtration, anion-exchange and hydroxylapatite
columns. However, the enzyme activity became in-
creasingly unstable during storage as purification
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progressed and yields were very low. Future
studies of these molting fluid proteases will be
focused on their stabilization, enrichment, complete
purification and more detailed characterization.
Some of these enzymes appear to possess unique
properties and may be good targets for insecticide
development.
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