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Abstract—1. Three esterolytic fractions (I-III) were partially purified by chromatographic procedures
from pharate pupal moulting fluid of the tobacco hornworm, Manduca sexta L.
2. Maximum activity toward 1-naphthyl acetate occurred at pH > 8 for I and between pH 6 and 7 for

IT and ITI.

3. The apparent Michaelis constants for 1-naphthyl acetate were 145, >500 and 46 uM for I, II and

IT1, respectively.

4.1 and III were inhibited by diisopropylphosphorofluoridate. II was inactivated by p-chloromercuri-

benzoate.

5.1 also hydrolyzed acetylthiocholine and this activity was inhibited by eserine.
6. While all of the fractions hydrolyzed juvenile hormone, III was greater than 10 times more active

than the other enzymes.

7. These results suggest that I is a mixture of carboxylesterases and cholinesterases, that Il is an
arylesterase, and that III contains carboxylesterase and JH esterase enzymes.

INTRODUCTION

Practically all insect tissues contain enzymes that
have activity towards esters of aromatic alcohols
(Ahmad, 1970; Katzenellenbogen & Kafatos, 1971;
Breigel & Freyvogel, 1973; Gadallah & Marei, 1973;
Hipps & Nelson, 1974; Kramer & Childs, 1977; Tur-
unen & Chippendale, 1977; Brick et al., 1979; Tanada
et al, 1980). The endogenous function of these
enzymes is for the most part unknown. Nevertheless,
a thorough study of these enzymes from moulting
fluid could add to our understanding of the regulation
of the moulting process and reveal several possible
control points that might serve as targets for insecti-
cide development. With this in mind, three esterase
fractions from pharate pupal moulting fluid of the
tobacco hornworm, Manduca sexta L, were partially
purified and characterized. Two of these (I and III)
contain carboxylesterases that have properties similar
to the esterases found in silkmoth moulting fluid
(Katzenellenbogen & Kafatos, 1971). I also hydro-
lyzes a choline ester and III cleaves juvenile hormone.
The third enzyme (II) is probably an arylesterase.
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. MATERIALS AND METHODS

Insects and fluid collection

Eggs of Manduca sexta (L.) were a gift from the Metab-
olism and Radiation Laboratory, Agricultural Research
Service, US Department of Agriculture, Fargo, North
Dakota. Larvae were reared on a standard diet (Bell &
Joachim, 1976) and kept at 28°C and 60% r.h. during a
16:8 hr light:dark photoperiod.

Moulting fluid was taken from pharate pupae when the
animals were at the thoracic bar stage (Reinecke et al.,
1980). A capillary was inserted between the old and new
cuticles at the head capsule and the moulting fluid drawn
up; care was taken to avoid contamination with haemo-
lymph. The samples were diluted (1:1 v/v) with 5 mM Tris,
pH 8.5 buffer containing ~10~° M phenylthiourea (added
to inhibit tyrosinase activity). Samples of moulting fluid
were used immediately or frozen. Haemolymph was col-
lected from day-2 pupae by cutting off the proboscis and
expressing the fluid into a beaker chilled on dry ice.

Gel filtration chromatography

Sephacryl S-200 and S-300 gel permeation columns
(1.5cm id. x 100 cm) were equilibrated at 25°C in 0.1 M
ammonium bicarbonate, pH 8.5. Crude moulting fluid was
first chromatographed at 4°C on Sephacryl S-200 and frac-
tions were analyzed for protein content (280 nm absorb-
ance) and esterase activity (see section on assay methods).
Esterase I was subjected to a second chromatography on
Sephacryl S-300 after hydroxylapatite and/or anion-
exchange chromatography (see below).

Hydroxylapatite chromatography

Hydroxylapatite, HTP Grade (Bio~Rad Labs) was hyd-
rated in 5mM sodium phosphate, pH 6.5 buffer, poured

.into a column (2.5c¢m id. x 22c¢m) and equilibrated at

27°C with the same buffer. Pooled fractions from gel filtra-
tion were prepared for HA chromatography by reducing
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the conductivity to less than 1 x 103 pmho and the pH to
6.8 by ultrafiltration of the sample using an Amicon PM-10
membrane and the equilibrating buffer. Adsorbed protein
was eluted at 4°C with a linear gradient of sodium phos-
phate from 2.5 x 10 to 25 x 103 umho. The absorbance
at 280 nm, conductivity, and 1-napthyl acetate hydrolytic
activity of the fractions were measured. Active fractions
were pooled and stored at 4°C.

DEAE chromatography

The enzyme (I) which eluted from the hydroxylapatite
column at 5 x 103 umho was pooled and concentrated by
ultrafiltration using SmM Tris, 10mM NaCl, pH7.0
buffer. A 1.5cmid. x 70-cm DEAE-Biogel column (Bio—
Rad Lab) was equilibrated at 4°C with Tris buffer (5mM
Tris, 10 mM NaCl, pH 7.0). Elution of adsorbed proteins
was achieved by using a linear NaCl gradient formed from
equal volumes of the wash buffer and a high salt buffer
(5 mM Tris, 200 mM NaCl, pH 8.5). Fractions were tested
for 1-naphthyl acetate hydrolytic activity, absorbance at
280 nm and conductivity.

Enzyme assays

1-Naphthyl acetate (1-NA, Sigma) hydrolytic activity of
chromatographic fractions was determined spectrophoto-
metrically (Katzenellenbogen & Kafatos, 1970). Aliquots of
column eluent were added at 27°C to 1 ml of 0.05 M phos-
phate buffer pH 6.5 containing 5 x 107*M L-NA and
0.5 mg/m] fast red TR salt. The red colour resulting from
the conjugate of the product 1-napthol and the diazonium

" compound was measured at 625 nm. 1-NA hydrolytic ac-
tivity was expressed either as the increase in absorbance at
625 nm in 30 min/50 yl fraction of mg protein or as umole/
min/mg protein. For kinetic experiments a continuous
spectrophotometric assay was used with I-NA (3 x
1075 M) in 0.1 M phosphate buffer pH 6.5. The enzyme
activity was monitored at 321 nm.

Juvenile hormone hydrolytic activity was measured using
JH-I as substrate by the thin-layer chromatographic pro-
cedure of Kramer & Childs (1977). The inhibition of JH
hydrolytic activity of the hydroxylapatite fractions was
tested using diisopropylphosphorofiuoridate (DFP, Sigma),
p-chloromercuribenzoate (PCMB, Sigma) and eserine
(Sigma) after preincubation with the inhibitor at 27°C for
30 min.

Acetylcholine esterase activity was measured using ace-
tylthiocholine as substrate by the method of Eliman et al.
(1961).

MARILYN S. Mal and KARL J. KRAMER

Polyacrylamide gel electrophoresis

Samples were subjected to electrophoresis at pH 8.5
in 7% gels to assess purity under nondenaturing con-
ditions (Davis, 1964). 1-NA hydrolytic activity was detected
according to the procedure of Katzenellenbogen & Kafatos
(1970). Protein was visualized after fixation in 5% (w/v)
trichloroacetic acid by staining with 0.25%, (w/v) Coomas-
sie Brilliant Blue R-250 dissolved in 45% (v/v) methanol,
99/ (v/v) acetic acid solution. Destaining was achieved with
several washes of 25% (v/v) methanol:7.5% (v/v) of acetic
acid solution.

Protein assay

Protein assays were performed using the method of
Lowry et al. (1951) or by absorbance at 280 nm using the
conversion factor of 1.0 absorbance unit equal to 1mg
protein/ml.

RESULTS
Fractionation of esterases

Gel filtration on Sephacryl S-200 was the first step
used to separate the l-naphthyl acetate hydrolyzing
esterases present in moulting fluid from pharate
pupae of M. sexta. A single peak of esterase activity
was observed that had an elution volume between
that of bovine serum albumin and the void volume
(data not shown). The esterase fractions were pooled
and subjected to hydroxylapatite (HA) chroma-
tography at pH 6.8. Three peaks of esterase activity
were eluted with a sodium phosphate gradient (Fig.
1). These were EI (84% of total activity), fractions
35-58; EII (4%), fractions 125-128; and EIII (12%),
fractions 166-171.

The major esterase peak (EI) from the hydroxylapa-
tite column was further purified by chromatography
using DEAE-Biogel at pH 7.0. A single peak of ester-
ase activity was eluted at 0.16 M NaCl (data not
shown). After pooling the active fractions, EI was sub-
jected to chromatography on Sephacryl S-300 at
pH 7.5. Here a single peak of activity was eluted after
the void of the column.

The purification of 1-naphthyl acetate esterase frac-
tions is summarized in Table 1. The final purifications
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Fig. 1. Hydroxylapatite chromatography of M. sexta moulting fluid esterase fraction from Sephacryl

S-200 chromatography. Equilibration buffer was 5m
room temperature with a phosphate gradient to 0.
hydrolytic activity, —-

M sodium phosphate, pH 6.8. Protein was eluted at
3 M. Symbols: absorbance at 280 nm, ——; 1-NA
—; conductivity, ———.
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Table 1. Purification of esterase fractions I, II and III from M. sexta moulting fluid

Total Overall
Total protein Specific yield - Overall
Step units (mg) activity (VA purification
1. Crude moulting fluid 7.46 120 0.06 100 |
2. S-200 chromatography 4.15 17 0.17 56 4
3. Hydroxylapatite chromatography
I 0.75 2 043 10 6.8
I 0.03 0.17 0.18 04 29
11 0.11 0.12 0.93 1.5 15.0
4. Anion-exchange chromatography
I 0.25 0.3 0.82 37 132
5. §-300 chromatography
I 0.76 0.2 3.78 2.1 60.8
* Unit = ymol/min.
were approx 60-, 3- and 15-fold with overall yields of  Kinetics

2.1, 0.4 and 1.5% for EI, EIl and EIII, respectively.

Polyacrylamide gel electrophoresis

The heterogeneity of the enzyme fractions was
examined by polyacrylamide gel electrophoresis fol-
lowed by esterase and protein staining procedures.
Pharate pupal moulting fluid exhibited five enzymati-
cally active bands. A similar analysis of the purified
esterase fractions revealed that EI consisted of at least
three enzymes the major one having a relative mobi-
lity of 0.35 and that both EII and EIII exhibited only
a single esterase band with R, = 0.08 and 0.32, re-
spectively. Coomassie Blue staining for protein
revealed that all esterase fractions were hetero-
geneous. A similar analysis of M. sexta haemolymph
showed that 7 or 8 1-NA esterases are present and
that 5 of these have mobilities identical to those
detected in moulting fluid.

Stability and pH optimum

In general the esterases were stable at various
stages of purification for one week at pH 8 and 4°C.
However, the most purified preparations exhibited a
20-35% decrease in activity after two weeks of stor-
age. Freezing did not inactivate EI, but EII lost 359
and EIII 65% of their activities after freezing. EI was
stable during lyophilization while EII and EIII were
partially (80%) and totally inactivated, respectively.
Although EI was completely stable for several weeks
at pH 8, it lost 30%, activity after 30 min at pH 5 and
7. EIl was most stable at pH 7 while EIII was stable
at pH S5, 7 and 8. The pH optimum for EII and EIII
was approx 7 while that of EI was >8.

Table 2. Kinetic parameters for 1-naphthyl acetate hydro-
lysis by esterase fractions from M. sexta

Vmax
(nmol/min/ml
Enzyme x 10%) K. {(uM) oo/ K{min %)
1 32+7 145 + 17 0.221
II 6t2 >445 <0.012
I 10+3 46 + 11 0.223

C.B.P. 74/4—G

Analysis of initial velocity experiments by the
Lineweaver-Burk method generated the V,,, and
apparent K,, values listed in Table 2. EIIl had the
lowest Michaelis constant for 1-napthyl acetate, fol-
lowed by EI and then EII Upward curvature of the
Lineweaver-Burk plot was observed with EIL This
behaviour was not exhibited by the other enzyme-
fractions. Apparently EII is susceptible to substrate
inhibition or to denaturation caused by the trace
amounts of methanol added to the reaction mixture
to help solubilize the substrate.

Juvenile hormone hydrolytic activity was also
measured for the individual esterase fractions. Con-
ditions were established so that all of the fractions
tested exhibited a comparable level of 1-NA hydro-
lytic activity, 0.3-0.4 umol/min/50 ul fluid (Fig. 2). The
relative JH hydrolytic activity of EIII (38 umol/min/
50 ul) was more that 10-times greater than those of EI
or EII (<3 umol/min/S0 gl) under these conditions.
These results suggested that a JH esterase is present
in EIIL ‘

The esterases were also tested for acetylcholine-
sterase activity. Only EI exhibited a low level of ac-
tivity toward acetylthiocholine (0.5 umol/min/50 ul).
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Fig. 2. Relative 1-naphthyl acetate (open bar) and JH I
(shaded bar) hydrolytic activity of esterase fractions from
M. sexta moulting fluid. Units = ymol/min.
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Other potential substrates tested included two amino
acid esters, benzoylarginine ethyl ester and benzoyl-
tyrosine ethyl ester. Neither of those compounds were
cleaved by the fractions.

The effects of several potential inhibitors of the
1-naphthyl acetate esterases were also measured.
Esterase 1 was inhibited completely by diisopropyl-
phosphorofiuoridate (DFP, 5 x 107*M), p-chloro-
mercuribenzoate (PCMB, ~ 10™* M) and partially by
eserine (40%, at 5 x 107°M). Esterase II was in-
hibited only by PCMB and not by DFP or eserine.
The 1-NA hydrolytic and JH hydrolytic activities of
EIII were completely and partially (28%) inhibited by
DFP, respectively. PCMB had no effect.

Based on the substrate and inhibitor specificities of
the esterase fractions, they can be classified as follows:
EI appears to be a mixture of carboxylesterases and
cholinesterases. EII probably contains an arylesterase,
while the EIII fraction is probably a mixture of one or
more carboxylesterases and JH esterases.

DISCUSSION

We have partially purified three esterolytic enzyme
fractions from M. sexta pharate pupal moulting fluid
by chromatographic procedures. On the basis of
electrophoretic mobility, the same or similar enzymes
appear to be present in haemolymph and we also
have preliminary chromatographic evidence that they
occur in scraped cuticle. Hydroxylapatite chromatog-
raphy was used to separate similar (perhaps identical)
enzymes from the latter tissue (data not shown).

For the most part the function of these enzymes in
moulting fluid, haemolymph and cuticle is obscure
because the natural substrates are unknown. How-
ever, some of the esterase fractions can be classified
according to established nomenclature which is based
on substrate and inhibitor interactions (Dixon &
Webb, 1979). Because EII was inhibited by mercurials
and was insensitive to organophosphates, it may be
an arylesterase or “A-esterase”. This is the first report
where this type of enzyme has been detected in moult-
ing fluid. Fractions I and III were inactivated by or-
ganophosphate, so that these fractions are probably
carboxylesterases. EI also hydrolyzed a choline ester
and was partially inhibited by eserine. Thus a cholin-
esterase may be present there. EIIl was the most
active fraction toward juvenile hormone so it may
contain a JH esterase. This is the first report of moult-
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ing fluid esterases degrading acetylcholine and juve-
nile hormone. The true identity of these enzymes must
await their isolation and more detailed biochemical
and physiological analyses.

There are general similarities between the esterases
from M. sexta and those obtained from other inverte-
brate species. Silkworm moulting fluid and mosquito
whole body extract exhibited esterase electrophoretic
profiles similar to that of the hornworm (Katzenellen-
bogen & Kafatos, 1971; Houk et al., 1978). Also the
apparent K,, values of the hornworm fractions I and
III for 1-naphthyl acetate were similar to those of
other esterases (Table 3). However, the Michaelis con-
stant of M. sexta esterase II was much higher than

“any other value previously reported.

Two esterase fractions were characterized from silk-
moth moulting fluid (Katzenellenbogen & Kafatos,
1971). Those were termed carboxylesterases because
of their reactivity towards 1-naphthyl acetate and sen-
sitivity to inhibitors. Two of the esterase fractions
from M. sexta behaved in a similar manner. In addi-
tion, one was active toward acetylthiocholine and the
other toward juvenile hormone. The silkmoth ester-
ases ‘were not examined for activity toward the latter
two esters. Amino acid ester substrates were not
hydrolyzed by esterases from either insect species.

From all of the above it can be seen that multiple
forms of esterases which hydrolyze 1-naphthyl acetate
occur in several different species and tissues. Each
enzyme no doubt performs a special function in the
insect’s life cycle. Perhaps the moulting fluid esterases
metabolize esters found in cuticular lipids, waxes and
hormones. Inhibitors of the esterases described here
may disrupt moulting and perhaps other morphologi-
cal events as well.

REFERENCES

AHMAD S. (1970) Localization of aliesterase and acetyl-
cholinesterase enzymes in various tissues of susceptible
and organophosphate resistant Musca domestica L.
Comp. Gen. Pharmac. 1, 273-279.

BELL R. A. & JoacHmM F. G. (1976) Techniques for rearing
laboratory colonies of tobacco hornworm and pink boll-
worms. Ann. ent. Soc. Am. 19, 365-373.

Brick L L., BRESTKIN A. P. & MANDELSHTAM J. E. (1979)
Properties of cholinesterase and carboxylesterase of ner-
vous tissue in Periplaneta americana. Insect. Biochem. 9,
397-401.

Table 3. Comparison of Michaelis constants for I-naphthyl acetate hydrolysis by esterase

fractions
Species Tissue source K (uM) Reference

Lymantria dispar Midgut One enzyme: Kapin & Ahmad

43 (1980)
Manduca sexta Haemolymph Two enzymes: Sanburg et al.

17 and 190 (1975)

Moulting fluid Three enzymes: This paper
46, 145 & >445

Periplaneta americana Midgut and

gastric caecum

Tegenaria atrica Digestive juice

Six enzymes Hipps & Nelson

ranging from (1974)

27 to 128

Six enzymes: Mommsen
120-260 (1978)




Esterases of tobacco hornworm 773

BrieGeL H. & FreyvogeL T. A. (1973) Non-specific ester-
ases in several organs of Aedes aegypti (L.) during female
adult life. Comp. Biochem. Physiol. 44, 371-380.

Davis B. J. (1964) Disk electrophoresis II. Methods and
application to human serum proteins. Ann. N.Y. Acad.
Sci. 121, 404-427.

DixoN M. & WeBB E. C. (1979) Enzymes. 3rd Edn. Aca-
demic Press, New York.

ELimaN G. L, CourTNEY K. D, ANDRES V. & FEATHER-
STONE R. M. (1961) A new and rapid colorimetric deter-
mination of acetylcholinesterase activity. Biochem. Phar-
macol. 7, 88-95.

GADALLAH A. I. & Marer M. (1973) Changes in soluble
protein, dehydrogenases and esterases of indifferentiated
and fertilized eggs of Musca domestica. Insect Biochem. 3,
163-169. :

Hipps P. P. & NeLsoN D. R. (1974) Esterases from th
midgut and gastric caecum of the American cockroach,
Periplaneta americana L.—isolation and characteriz-
ation. Biochim. biophys. Acta 15, 581-589.

Houk E. J,, Cruz W. D. & HarDy J. L. (1978) Electro-
phoretic characterization of the nonspecific esterases of
the mosquito, Culex tarsalis: conventional and isoelec-
tric focused acrylamide gels. Comp. Biochem. Physiol.
61B, 291-295.

KAPIN M. A. & & AnmAD S. (1980) Esterases in larval
tissues of gypsy moth, Lymantria dispar (L.): optimum
assay conditions, quantification and characterization.
Insect Biochem. 10, 331-337.

KATZENELLENBOGEN B. S. & KaFatos F. C. (1970) Some

proportions of silkmoth moulting gel and moulting fluid.
J. Insect Physiol. 16, 2241-2256.

KATZENELLENBOGEN B. S. & KaFaTos F. C. (1971) General
esterases of silkmoth moulting fluid: preliminary charac-
terization. J. Insect Physiol. 17, 1139-1151.

Kramer K. J. & CuiLps C. N. (1977) Interaction of juve-
nile hormone with carrier proteins and hydrolases from
insect hemolymph. Insect Biochem. 7, 397-403,

Lowry O. H., RoseBrOUGH N. J, FARR A. L. & RANDALL
R. J. (1951) Protein measurement with the Folin phenol
reagent. J. biol. Chem. 193, 265-275.

MommseN T. P. (1978) Digestive enzymes of a spider
(Tegenaria atrica Koch). III. Esterases, phosphatases,
nucleases. Comp. Biochem. Physiol. 60A, 377-382.

ReINECKE J. P., BUckNER J. S. & GRUGEL S. R. (1980) Life
cycle of laboratory-reared tobacco hornworm, Manduca
sexta, a study of development and behavior using time-
lapse cinematography. Biol. Bull. 158, 129-140.

SanBURG L. L., KraMEr K. J, KEzDY F. J. & Law J. H.
(1975) Juvenile hormone-specific esterases in the haemo-
lymph of the tobacco hornworm, Manduca sexta. J.
Insect Physiol. 21, 873-887.

TanaDpa Y., Hess R. & Omt E. M. (1980) Localization of
esterase activity in the larval midgut of the armyworm
(Pseudaletia unipuncta). Insect Biochem. 10, 125-128.

TurUNEN S. & CHIPPENDALE G. M. (1977) Esterase and
lipase activity in the midgut of Diatraea grandiosella:
digestive function and distribution. Insect Biochem. 7,
67-71.




