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Abstract

Juvenile hormone esterase (JHE) is a selective enzyme that hydrolyzes the methyl ester of juvenile hormone. This enzyme plays
an important role in the regulation of metamorphosis in caterpillars, and is implicated in additional roles in development and
reproduction in this and other orders of insect. The full length coding region of the JHE cDNA fromManduca sexta was subcloned
into the baculovirus AcMNPV genome under the control of the p10 promoter. The recombinant virus demonstrated the expression
of high levels of JHE activity when infected into Hi5 cells fromTrichoplusia ni. The recombinant protein was partially purified
by anion exchange chromatography and its biochemical characterization showed similar features to the wild type protein. The
recombinant JHE has an estimated MW of 66,500 Da. Some heterogeneity with the enzyme was observed when analyzed by
isoelectric focusing, although the peak of JHE activity was observed at pI= 6.0. It is highly sensitive to trifluoroketone inhibitors
and certain phosphoramidothiolates, while relatively insensitive to other common esterase inhibitors. Incubating the enzyme with
various organic solvents and detergents showed that the enzyme is activated at lower concentrations of solvents/detergents and
remains significantly active even at high concentrations. The high tolerance of organic solvents may make this JHE enzyme useful
in future applications as a synthetic catalyst.
 2003 Published by Elsevier Science Ltd.
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1. Introduction

Juvenile hormone (JH) is a sesquiterpenoid hormone
that regulates development and reproduction in insects.
In lepidopteran hemolymph, its primary route of metab-
olism is the hydrolysis of the methyl ester moiety
(Hammock, 1985). Juvenile hormone esterase (JHE) is
a member of theα/β-hydrolase fold family of enzymes,
and it is thought to be the key enzyme that is responsible
for the formation of the JH acid metabolite. This reaction
has been demonstrated to be essential for proper onset
of metamorphosis in caterpillars (Riddiford, 1980;
Sparks and Hammock, 1980; Roe and Venkatesh, 1990).
Reports by Ismail et al. (1998, 2000) have proposed that
JH acid specifically is required as a hormone in order to
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induce metamorphic competence in some larval tissues.
Thus, JHE can also be considered a biosynthetic enzyme
as well as a degradative enzyme. This laboratory has
sought to manipulate the importance of this regulatory
enzyme via expression from recombinant baculoviruses.
The rationale for this was to execute an anti-JH effect
in early larval instars in order to disrupt normal develop-
ment. RecombinantAutographa californica multiply
occluded nucleopolyhedrosis virus (AcMNPV) that car-
ried the JHE gene fromHeliothis virescens demonstrated
a slight increase in insecticidal efficiency (Hammock et
al., 1990; Bonning et al., 1995). Since then it was estab-
lished that JHE in vivo is actively degraded, and the
short in vivo half life was implicated as a potential limit-
ing factor in the insecticidal efficiency of the recombi-
nant virus (Ichinose et al., 1992; Booth et al., 1992).
Through purification and cloning of JHEs from other
species of insects, and subsequent comparative studies,
we have since sought to gain new information on the
physical properties and regulation of this important regu-
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latory enzyme. Ultimately such knowledge could be
applied towards the design of new and improved insecti-
cidal agents.

The activity of JHE throughout the life cycle of Mand-
uca sexta has been well characterized, and several
reports have described biochemical characterization of
the principal enzyme that is found at peak levels in final
instar hemolymph (Coudron et al., 1981; Sparks et al.,
1983; Abdel-Aal and Hammock, 1985; Venkatesh et al.,
1990; Jesudason et al., 1992). Recently, the cDNA of
the JHE from 5th instar fat bodies has been cloned and
sequenced. The deduced amino acid sequence had sig-
nificant homology to other JHEs that had been reported
in Lepidoptera (Hinton and Hammock, 2001). In this
study, we report the subcloning of the coding region of
the cDNA into the baculovirus genome for in vitro
expression, and then demonstrate that the recombinant
enzyme has many similar characteristics to the wild type
protein which had been previously isolated from hemo-
lymph.

2. Materials and methods

2.1. Recombinant virus construction

The full length cDNA sequence of JHE was amplified
by RT-PCR using previously isolated mRNA from the
fat body of M. sexta (Hinton and Hammock, 2001). In
this case the PCR primers had the restriction sites BglII
or EcoRI inserted into their 5� ends to facilitate cloning
into the baculovirus transfer vector, pAcUW21
(Pharmingen, San Diego, CA). The primers were synthe-
sized by Gibco Life Technologies Inc. (Gaithersburg,
MD) with the following sequences: Ms5�Bgl2:5�-
CACGTCTAGATCTGCCACCATGGACGCGCGGCG
ACAAGTG-3� and Ms3�EcoR1:5�-TATAGCGGCCG
CGAATTCTGCCAACGCGCTCCACACATCCAC-3�.
The cloning site on the pAcUW21 vector is just down-
stream of the p10 promoter. The first step of the RT-
PCR procedure was a primer annealing step which
included 10 pmol of the Ms3�EcoR1 primer with 100 ng
of mRNA in 5 µl total. This mixture was heated to 80
°C and then slowly cooled to 4 °C. The volume was then
raised to 40 µl in Reverse Transcriptase buffer (50 mM
Tris–HCl (pH 8.3), 75 mM KCl, 3 mM MgCl2, 2 mM
DTT) (Gibco Life Technologies) and the following
components were added: 20 U/µl Superscript II reverse
transcriptase (Gibco Life Technologies), 2 U/µl RNase
inhibitor (Promega, Madison, WI), and 0.25 mM dNTP
(TaKaRa, Otsu, Japan). The cDNA synthesis reaction
was carried out at 42 °C for 50 min, 50 °C for 20 min,
then stopped at 94 °C 5 min. Two microliters of the first
reaction were used as template for the following 100 µl
PCR reaction, which contained 100 pmol each of primer
Ms5�Bgl2 and Ms3�EcoR1, 2.5 U of LA Taq DNA Poly-

merase (TaKaRa), 0.2 mM of each dNTP (TaKaRa), and
1X LA Taq polymerase buffer (proprietary components
by TaKaRa). Thermocycling parameters were three
cycles of 94 °C for 30 s, 62 °C for 30 s, and 72 °C for
3 min, followed by 30 cycles of 94 °C for 30 s, 69 °C
for 30 s, and 72 °C for 3 min. The thermocycling was
performed in a PTC-100 thermocycler from MJ
Research, Inc. The resultant PCR product was desalted
in a Qiagen PCR cleanup column (Valencia, CA) and
then digested with BglII (Promega) and EcoRI (New
England Biolabs, Beverly, MA) at 37 °C in a single reac-
tion mixture using NEB buffer 3 (New England Biolabs).
The pAcUW21 DNA was digested in the same manner
in a separate test tube, except that calf intestinal alkaline
phosphatase (New England Biolabs) was also added.
Both digestion mixtures were desalted in a Qiagen PCR
purification column, and then approximately 250 ng of
the PCR product was mixed with 50 ng pAcUW21 DNA
with T4 DNA ligase in Fast-Link ligation buffer
(Epicentre Technologies, Madison, WI). Two microliters
of the ligation mix were used to transform Escherichia
coli DH5α from Gibco Life Technologies. Several col-
onies were selected and the plasmid DNA was isolated
using the Ultraclean miniprep kit (MO BIO Laboratories,
Inc., Solana Beach, CA). DNA sequencing using an ABI
DNA sequencer verified sequence of the cDNA insert.
The recombinant virus was generated by Lipofectin
reagent (Gibco Life Technologies) mediated transfection
of 500 ng of recombinant transfer plasmid
(pAcMs7JHE) with 1 µg of BacPak6 DNA (Gibco Life
Technologies) that was linearized by digestion with
Bsu36I (New England Biolabs). The two DNAs were
mixed with 8 µl Lipofectin (Gibco Life Technologies)
in 200 µl of serum free ExCell 401 medium (JRH Bios-
ciences, Lenexa, KS), incubated at room temperature for
15 min, and then added to a monolayer culture of Sf21
cells in a 35 mm diameter tissue culture plate. Recombi-
nant virus, AcMs7JHE was purified by two rounds of
plaque purification and then amplified in Sf21 cells as
previously described (O’Reilly et al., 1992).

2.2. Enzyme preparation

Two separate purification schemes are described in the
study. The first scheme was sufficient for concentration
of the enzyme, and the resultant enzyme preparation was
used for all enzyme characterizations described in this
report. The second scheme demonstrates increased
purity, and is presented only in the purification scheme
(Table 1) and in the SDS-PAGE and IEF analyses. The
second scheme differs from the first by the addition of
protease inhibitors to the harvested cell culture medium,
a raised pH, and the addition of a polyethylene glycol
(PEG) precipitation step. JHE preparation #1:
AcMs7JHE virus was used at multiplicity of infection
(MOI) of five to infect Hi5 cells in 50–250 ml of a sus-
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Table 1
Purification of JHE from viral infected cell culture medium by PEG precipitation and Q-Sepharose ion exchange chromatography (enzyme prep-
aration #2)

Volume (ml) Total protein Total activity (nmol Specific activity Yield activity (%) Purification
(mg) JH III min�1) (nmol JH III factor

min�1 mg�1)

10,000×g supernatant 390 82 29,250 357 100 1
PEG 15% supernatant 557 40 33,977 859 116 2
Q-Sepharose 200 mM NaCl 3 8 4232 540 14 2
Q-Sepharose 350 mM NaCl 3 12 18,677 1556 64 4
Q-Sepharose 500 mM NaCl 12 4 588 136 2 0
Combined NaCl fractions 18 24 23,497 80

pension culture in serum free medium (ESF 921,
Expression Systems LLC, Woodland, CA). At 48 hpi
(hours post-infection), the viral infected cell culture
medium was harvested and centrifuged at 10,000 × g for
10 min in order to remove cells and cell debris. The
supernatant was diluted 1:4 in cold 10 mM Tris buffer,
pH 8.0 and loaded onto a 5 ml Q-Sepharose anion
exchange column (Amersham Biosciences, Piscataway,
NJ). Close to 100% of detectable JHE activity bound to
the column in one passage. The column was washed with
20 ml of 10 mM Tris buffer and then the loaded protein
was eluted stepwise in increasing NaCl (50, 100, 200,
300, 500 mM, 1 M). The majority of JHE activity eluted
in the 300 mM NaCl fraction with a smaller amount in
the 200 and 500 mM fractions. The 300 mM fraction
was concentrated further and simultaneously desalted by
replacement with 50 mM phosphate buffer, pH 7.4 in
a Centricon-30 device (Millipore, Bedford, MA) with a
30,000 MW cutoff. JHE preparation #2: Infection of Hi5
cells was the same as with the first preparation. When
harvesting the cell culture medium at 57 hpi, the follow-
ing proteases were added: Pepstatin A (Sigma, St Louis,
MO) at 1 µM, TPCK (N-tosyl-l-phenylalanine chloro-
methyl ketone, Sigma) at 10 µM, EDTA at 1 mM, and
E64 (trans-Epoxysuccinyl-l-leucylamido[4-guanido]bu-
tane, Sigma) at 10 µM. The medium was centrifuged at
2000 × g and 10,000 × g. To the supernatant, Tris–HCl
(pH 9.0) was added to a final concentration of 5 mM,
and a 50% (w/v) solution of PEG, MW 3350 (Sigma)
was slowly added until the final concentration was 15%,
and gently stirred at 4 °C for 45 min. This solution was
centrifuged at 10,000 × g for 10 min. The supernatant
was then diluted 1:4 in 5 mM Tris–HCl, pH 9.0 and
loaded to the same Q-Sepharose column described
above. Greater than 96% of detectable JHE activity
bound to the column in one passage. The column was
washed with 20 ml of 10 mM Tris buffer and then the
loaded protein was eluted stepwise in increasing NaCl
(50, 100, 200, 350, 500 mM, 1 M). The majority of JHE
activity eluted in the 200 and 350 mM NaCl fractions,
which were then concentrated and desalted in a Cen-
tricon-30 filtration device (Millipore).

2.3. Protein analysis

Measurement of protein concentration was done using
the BCA assay (Pierce, Rockford, IL) with BSA fraction
V protein (Sigma) to derive a standard curve. Polyacryl-
amide gel electrophoresis (PAGE) was done using
Novex precast polyacrylamide gels (Invitrogen Corp.,
Carlsbad, CA ) for both SDS-PAGE analysis and isoe-
lectric focusing. SDS-PAGE gels were stained with Gel-
Code Silver Stain SNAP Stain Kit from Pierce. Narrow
range (3–7) isoelectric focusing gels were divided into
lanes which were stained for general esterase activity,
or cut into slices for JHE activity. The former was done
by soaking the gel at 35 °C in 50 mM phosphate buffer,
pH 6.8, containing 0.05% Fast Blue RR salt (Sigma)
with 0.02% α-naphthyl acetate (Sigma) and 0.02% β-
naphthyl acetate (Sigma). For JHE analysis, the lane was
cut into 5 mm slices and placed into 50 mM phosphate
buffer, pH 7.4, and the enzyme was eluted at 4 °C for
14 h. An aliquot was then assayed for JH III hydrolysis
as described in Section 2.4. An additional lane was
sliced and placed into 5 mM KCl solution, which was
later used for pH measurement. The pH was measured
at 4 °C using a Corning model 430 pH meter.

2.4. Enzyme analyses

JH III hydrolysis was assayed by the method
described by Hammock et al. (1977). All enzyme assays
were done with a proper dilution of the enzyme so that
the rate of product formation observed was linear within
the time frame of the assay. Briefly, this assay uses triti-
ated JH III (New England Nuclear Research Products,
Boston, MA: 17 Ci/mmol), the metabolite of which is
partitioned into an aqueous phase after organic extrac-
tion and then detected in a scintillation counter. The lab-
eled JH III is diluted cold JH III (Sigma) and brought
to 0.5 mM in ethanol (Croston et al., 1987). One micro-
liter of this JH stock solution is added to a 100 µl sol-
ution (final concentration is 5 µM) of diluted enzyme in
phosphate buffer, pH 7.4, and then incubated at 30 °C
for 15 min. Enzyme assays were performed in triplicate.
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For assays utilizing p-nitrophenyl acetate (Sigma), p-
nitrophenyl valerate (Sigma) and p-nitrophenyl palmitate
(Sigma), 20 µl of enzyme solution was added to 278 µl
of 50 mM phosphate buffer, pH 7.4. The reaction was
initiated at 30 °C with the addition of 2 µl of substrate
dissolved in either ethanol or 1-propanol (the latter only
with the palmitate derivative) and the formation of p-
nitrophenol was monitored for 2 min at 405 nm in a
Molecular Devices microtitre-plate reader (kinetic
mode). The final substrate concentration was 1 × 10�3

M. For conversion of mOD/min to µmol/min a standard
curve was created using p-nitrophenol (Sigma) by
adding 2 µl of substrate with final concentration 13.3–
333 µM into the same buffer solution as was used in
the assay. For assays utilizing α-naphthyl acetate and α-
naphthyl caprylate, 20 µl of enzyme solution was added
to 278 µl of 50 mM phosphate buffer, pH 7.4 with
0.062% w/v Fast Blue RR dye (Sigma). The reaction
was initiated at 30 °C with the addition of 2 µl of sub-
strate and the formation of α-naphthol was monitored
for 2 min at 450 nm in a Molecular Devices microtitre-
plate reader (kinetic mode). Substrates were dissolved in
ethanol except for the palmitate derivative, which was
dissolved in 1-propanol. The final substrate concen-
tration was 1 × 10�3 M. For conversion of mOD/min to
µmol/min a standard curve was created using α-naphthol
(Aldrich). Two microliters of α-naphthol was added to
final concentration 13.3–267 µM and measured at 450
nm in the same buffer solution as was used in the assay
with substrate. The JH analog, HEPTAT, was synthe-
sized and assayed as described by McCutchen et al.
(1993), except that we performed the assay with final
substrate concentration of 500 µM in 50 mM phosphate
buffer, pH 7.4, at 30 °C.

2.5. Km determinations

The Michaelis constant (Km) for JH III was done using
the tritiated JH assay as described above, except that the
same enzyme dilution was tested with different substrate
concentrations, and at lower concentrations the time of
incubation was shortened in order to observe initial velo-
city (less than 15% of substrate consumed). After the
range of the Km was determined, five substrate concen-
trations which bracketed the estimated Km value were
used (from 10–250 nM). The Km values for α-naphthyl
acetate and p-nitrophenyl acetate were also done as
described above, using the same enzyme dilution at sub-
strate concentrations ranging from 25–1000 µM. The Km

value for HEPTAT was done as described except that
the same enzyme dilution was tested at substrate concen-
trations ranging from 10–500 µM. Each assay was per-
formed with samples in triplicate and then the assay was
repeated 2–3 times. The Km values were then determined
using Lineweaver–Burk plots (1/[substrate] vs.
1/velocity). The mean value and standard deviation of

at least three Km determinations are reported for each
substrate.

2.6. pH analysis

The 3H-JH III partition assay was performed as
described above with the following modifications. The
enzyme was diluted in water until the final dilution step
in the following buffers to give a final buffer concen-
tration of 50 mM with 25 µg/ml BSA. One buffer was
prepared for each pH at a concentration of 100 mM in
a range from 4 to 11.0 in 0.5 pH unit increments.
Ammonium acetate was used for pH 4–5.5. Bis-Tris was
used for pH 6–6.5. Phosphate was used for pH 7–7.5.
Tris was used for pH 8.0–8.5. Borate was used for pH
9.0–10.0. CAPS buffer was used for pH 10.5–11. The
pH was rechecked after the addition of enzyme solution
to ensure that the buffering capacity was sufficient for
the added protein. Buffer dependent hydrolysis was
checked at each pH. As anticipated from the structure
of JH, nonenzymatic hydrolysis was not significant.

2.7. Inhibitor studies

All inhibition experiments were carried out using 3H-
JH III as the substrate. These assays were performed as
described above except that the individual 100 µl assay
tube contained 1 µl of a stock solution of inhibitor dis-
solved in 100% ethanol. Inhibition assays were com-
pared with ethanol controls. At each inhibitor concen-
tration, the assays were run in triplicate. The median
inhibitor concentrations (IC50) were determined by
regression of at least four points in the linear region of
the curve on either side of the IC50. The mean value of
three separate curves is given in the table. The trifluoro-
ketone inhibitors, OTFP (1,1,1-trifluoro-3-octylsulfanyl-
propan-2-one) and DETFP (1,1,1-trifluoro-3-decylsul-
fanyl-propan-2-one) were synthesized in this laboratory
as previously described (Hammock, 1985). The dihyd-
roxysulfone inhibitors, OTFPdOHSO2 (1,1,1-trifluoro-3-
(octane-1-sulfonyl)-propan-2,2-diol) and
DETFPdOHSO2 (1,1,1-trifluoro-3-(decane-1-sulfonyl)-
propan-2,2-diol), were also synthesized in this laboratory
as previously described (Wheelock et al., 2001). EPPAT
(O-ethyl-S-phenyl phosphoramidothiolate) was also syn-
thesized in this laboratory as previously described
(Sanborn and Fukuto, 1972). Methamidophos (O,S-
dimethyl phophoramidothiolate) and carbaryl (α-naph-
thyl N-methylcarbamate) were purchased from Chem
Service (West Chester, PA). Phenylmethysulfonylfluor-
ide (PMSF) was purchased from Sigma.

2.8. Protease inhibitor assays

Each inhibitor was tested at the higher end of com-
monly recommended working concentrations for inhi-
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bition of JH III hydrolysis. All assays were in 50 mM
phosphate buffer, pH 7.4. Control reactions were con-
ducted under the same concentration of ethanol as the
test samples. PMSF (Sigma) was tested at 1 mM. TPCK
(Sigma) protease inhibitor was tested at 100 µM and 1%
ethanol. Pepstatin A (Sigma) was tested at 2 µM and 1%
ethanol. Leupeptin (Sigma) was tested at 100 µM.
EDTA (Fisher, Pittsburgh, PA) was tested at 5 mM. E64
(Sigma) was tested at 100 µM.

2.9. Solvent and detergent activation studies

These experiments were done using the 3H-JH III par-
tition assay as described above except the enzyme buffer,
which was 50 mM Tris–HCl, pH 7.8 (where indicated),
did not contain BSA, and for each experiment contained
the indicated amount of organic solvent or detergent. For
each concentration of solvent a control tube was added
to ensure that JH III did not partition into the aqueous
phase independently of enzyme under these conditions,
although this concern had already been addressed pre-
viously with regard to organic solvents (Croston et al.,
1987).

3. Results

The coding region of JHE from M. sexta was PCR
amplified and subcloned into the pAcUW21 transfer vec-
tor. The insert was verified by sequencing of the plasmid
DNA. The transfer vector was then cotransfected with
digested AcMNPV viral DNA into Hi5 cells, and follow-
ing two rounds of plaque purification, a plaque was
amplified and tested positive for JHE activity. Fig. 1
shows the time course of JHE expression in a 100 ml
culture of Hi5 cells. Cell culture medium from cells
infected with wild type virus had no detectable esterase
activity (data not shown). Although activity continued
to increase with time until 72 hpi, for subsequent protein
expression experiments the medium was harvested at
48–60 hpi in order to avoid protease activity. Concen-
tration of the enzyme in the cell culture medium varied
according to the size of the culture. Using various sizes
of Erlenmeyer flasks as cell culture vessels which were
agitated upon a shaker, the optimum production
observed was from 25 ml of cell culture, and would then
gradually decrease as the volume of cells increased.
Activity in the viral infected cell culture medium ranged
from 65–110 nmol/min/ml. Greater than 96% of JHE
activity from the original cell culture medium was
detected in the supernatant after the debris was pelleted
at 10,000 × g.

In this report we used two different enzyme prep-
arations. The first one consisted of a partial purification
by anion exchange chromatography. This method
resulted in enzyme that was concentrated sufficiently

Fig. 1. Time course of JHE expression in Hi5 cells. About 100 ml
of cells (1 × 106 cells /ml) was infected with AcMs7JHE at MOI =
5 in serum free medium in a 250 ml Erlenmeyer flask. One milliliter
of viral infected cell culture medium was taken at each time point, and
the 10,000×g supernatants were frozen. Samples from all time points
were simultaneously thawed, diluted and assayed in triplicate for
hydrolysis of JH III as described. Vertical bars indicate standard devi-
ation of the mean. In separate experiments, JHE in cell culture medium
was shown to be stable to repeated freeze thaw. The same trend of
expression was observed with volumes ranging from 50–200 ml.

enough to do the enzymatic analyses that follow in the
report. However, electrophoresis revealed some hetero-
geneity in the JHE protein, which caused concern over
protease degradation during the purification. Thus, we
revised the enzyme preparation by raising the pH,
including protease inhibitors, and by adding an early
PEG precipitation step. The inclusion of the PEG pre-
cipitation in the second enzyme preparation resulted in
an improved purification scheme, which is illustrated in
Table 1 and in Fig. 2. Greater than half of the protein
in the cell culture medium was removed by PEG precipi-
tation (compare lanes E and F in Fig. 2) with no loss of
activity. The ion exchange step that followed was neces-
sary to concentrate the enzyme, and further increased the
specific activity by nearly a factor of 2. The addition of
PEG apparently did not affect the efficiency of binding
of JHE to the Q-Sepharose column. A significant amount
of JHE eluted from the Q-Sepharose column in the 200
mM NaCl fraction, which by SDS-PAGE analysis
appears almost as pure as the 350 mM NaCl fraction
(Fig. 2, lanes B and C). However, the specific activity
of the 350 mM fraction is almost three times higher than
the 200 mM NaCl fraction (Table 1), indicating greater
purity of active enzyme. It is possible that some of the
activity that was lost during the ion exchange step had
eluted into the 200 mM NaCl fraction as inactive JHE
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Fig. 2. SDS-PAGE analysis of recombinant JHE from M. sexta.
Samples were run on a Novex precast 10% Tris–Glycine gel, and
stained with Pierce GelCode Silver Stain. Lane A: 40 µg of AcMs7JHE
infected cell culture medium, 57 hpi, 10,000 × g supernatant. Lane B:
20 µg of eluate from Q-Sepharose column (200 mM NaCl fraction).
Lane C: 30 µg of eluate from Q-Sepharose column (350 mM NaCl
fraction). Lane D: MW markers phosphorylase B (97,000), albumin
(67,000), and ovalbumin (45,000). Lane E: 20 µg of supernatant from
15% PEG precipitation. Lane F: 40 µg of pellet from 15% PEG pre-
cipitation.

protein (total yield of 80% activity with all fractions
combined). The 350 and 200 mM NaCl fractions yielded
64 and 14%, respectively, of the activity that was loaded
onto the Q-Sepharose column. Following, ion exchange
chromatography, the peak fractions were further concen-
trated and desalted using a Centricon-30 device. The
final specific activity was 1556 nmol/min/mg protein in
the concentrated 350 mM salt fraction. Based upon esti-
mation of band density of JHE in SDS-PAGE analysis
of the purified protein, we calculate that in vitro JHE
production produced 41 mg JHE per liter of cell culture.
Based on the catalytic activity observed in solution and
the specific activity of JHE from this and previous stud-
ies we estimate that approximately 47 mg of JHE is pro-
duced per liter of cell culture.

When analyzing the protein sample from preparation
#2 by SDS-PAGE, the molecular weight of the JHE pro-
tein was estimated by comparison with molecular weight
markers. The prominent band (Fig. 3, lane C) runs just
below the 67,000 Da albumin marker, and therefore we
estimate the mass of JHE to be about 66,500 Da. The
isoelectric point (pI) of the partially purified JHE was
determined by running it on narrow range (3–7) IEF
gels. Since there are numerous proteins other than JHE
present in the cell culture medium, we identified the JHE
band both by staining with naphthyl acetate and by
determining JHE activity in gel slices. The position of

Fig. 3. IEF analysis of recombinant JHE from M. sexta. Lanes A and
B were stained with α-naphthyl acetate, α-naphthyl acetate and Fast
Blue as described in Section 2. Samples were run on a Novex precast
isoelectric focusing gel, narrow range (pH 3–7). Lane A contains 1.5
µg of 300 mM salt fraction from first enzyme preparation. Lane B
contains 1.5 µg of 350 mM salt fraction from second enzyme prep-
aration. For lane A, two neighboring lanes were loaded with equal
amount of enzyme. The lanes were cut into 5-mm slices and analyzed
for either JHE activity or pH. The graph indicates JHE activity reco-
vered from each 5-mm slice, which is aligned on the Y-axis with the
stained region of the gel. The peak slice on the graph next to lane A
corresponds to pH 6.0. Sixty-eight percent of the applied JHE activity
was recovered from the gel. Samples from cell culture infected with
wild type virus did not show any staining with naphthyl acetate (not
shown).

the naphthyl acetate stain corresponded to the peak of
JHE activity, which was identified by cutting the gel into
5 mm slices and then assaying the gel slices for JHE
activity. As can be seen in Fig. 3, the isoelectric focusing
resulted in a smear rather than a distinct peak. The peak
of JHE activity was found in the gel slice corresponding
to pH of 6.0. Sixty-eight percent of the total activity that
was loaded on the gel was recovered. Replicates of nar-
row range IEF gels yielded the same peak pI value for
JHE, although measurements on wide range IEF gels (3–
10) were more variable, giving pI values ranging from
6.1–6.5.

Staining of cell culture medium from wild type
AcMNPV did not show any staining by this method
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(data not shown), which indicates that all proteins
stained in the IEF gels correspond to the products of the
JHE cDNA. To address the concern that the heterogen-
eity of JHE observed by IEF might arise from partial
degradation (either proteolysis or deglycosylation), we
did a second enzyme preparation, which included meas-
ures to prevent protease activity, and then compared the
two preparations (Fig. 3). The JHE preparation was alt-
ered by adding several protease inhibitors, raising the
pH of the purification buffer, and adding an early PEG
precipitation step in order to remove proteins more
quickly. It had been previously demonstrated that several
protease activities are associated with baculovirus
infected cells in culture, which are more active at low
pH (Naggie and Bentley, 1998). Hu and Bentley also
showed that several protease inhibitors could be used to
help stabilize recombinant proteins during in vitro
expression. With the exception of PMSF, none of the
protease inhibitors they used (Pepstatin A, TPCK,
EDTA, and E64) affected JHE activity in vitro (data not
shown), and JHE also retains near optimum activity at
high pH. Thus, we employed these precautionary steps
in order to prevent any degradation of the JHE protein.
However, the second purification scheme seems to have
made no difference in the heterogeneity of JHE forms
that had been previously observed. Comparison of the
two JHE purification strategies by isoelectric focusing
(Fig. 3) showed that heterogeneous forms of JHE exist
in both enzyme preparations. Following PNGase F
digestion (to remove any N-linked carbohydrates), we
failed to show any mobility shifts on either SDS-PAGE
or IEF gels (data not shown). Thus, we were unable to
demonstrate that the cause of heterogeneity arises from
proteolysis or differential glycosylation, although the
analyses were not extensive enough to rule them out
completely.

The ability of JHE of M. sexta to hydrolyze a variety
of substrates was tested and the specific activities are
listed in Table 2. The highest specific activity by the
recombinant JHE was observed with HEPTAT, a syn-
thetic JH analog (McCutchen et al., 1993). The enzyme

Table 2
Kinetic parameters of recombinant JHE in hydrolyzing some model substrates

Substrate Km (µM) Vmax (µmol/min/mg protein) Vmax/Km (ratio)

JH III 0.052 ± 0.007 1.4 ± 0.07 26.9
HEPTAT 61 ± 9 31.1 ± 2.1 0.51
α-Naphthyl acetate 410 ± 150 21.2 ± 3.3 0.04
p-Nitrophenyl acetate 250 ± 30 8.3 ± 1.2 0.03
α-Naphthyl caprylate ND 1.5 ± 0.18 ND
p-Nitrophenyl valerate ND 1.3 ± 0.10 ND
p-Nitrophenyl palmitate ND 0.2 ± 0.02a ND

Enzyme was partially purified as described (preparation #1). The same enzyme preparation was used for each assay. Assay conditions for each
substrate are described in Section 2. Results are presented as the mean ± SD (n = 3–4). ND, not determined.

a For the indicated substrate, increased solvent was used to facilitate the reaction.

also showed activities against common esterase sub-
strates such as p-nitrophenyl acetate and α-naphthyl
acetate which were greater than the activity observed for
the endogenous substrate, JH III. However the observed
Km value for JH III is 2–3 orders of magnitude lower
than the Km values observed for the other substrates
tested. Since we did not have a homogenous preparation
of the enzyme, we did not estimate kcat but rather used
the observed Vmax values in relation to Km for assessment
of substrate specificity. When considering the ratio of
Vmax to Km as an indicator of substrate specificity, the
ratio for JH III is also higher than those of the other
substrates tested (JH III�HEPTAT � α - naphthyl
acetate � p - nitrophenyl acetate).

The measured Km values for p-nitrophenyl acetate and
α-naphthyl acetate are so high that they are close to the
limit of solubility for these substrates in an aqueous sol-
ution. Thus, the specific activities listed for these two
model substrates in Table 2 are close to the maximal
velocity, but do not actually achieve the theoretical
upper limit of reaction velocity for these substrates.
Because of these solubility problems with naphthyl
esters and p-nitrophenyl esters, we did not attempt to
measure Km values for the esters with longer aliphatic
side chains, but we did want to illustrate that they could
be hydrolyzed by JHE. In the case of p-nitrophenyl pal-
mitate, we had to alter the conditions of the assay to
allow for this. The p-nitrophenyl palmitate analog was
initially tested but yielded no detectable activity under
similar conditions to that of the other substrates
(substrate delivered in ethanol such that final concen-
tration of ethanol is 1% within 50 mM phosphate buffer,
pH 7.4). However, when the concentration of isopro-
panol was increased in the assay to 10%, activity was
observed with this hydrophobic substrate.

JHE was incubated with 3H-JH III in the presence of
a range of pH buffers to create a pH curve (Fig. 4). JHE
retains activity over a wide range of pH, with as much
as 80% of optimal activity from pH 6.5–11.0.

The partially purified JHE was assayed in the presence
of several common esterase inhibitors such as PMSF,
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Fig. 4. Effect of the incubation pH on the enzyme activity of recom-
binant JHE. Mean values are represented in relation to JHE activity at
pH optimum (pH 10.3). Vertical bars indicate standard deviation of
the mean. JH III hydrolysis assays were performed in triplicate accord-
ing to the conditions described in Section 2. Corrections for chemical
hydrolysis at each pH were made for each calculation of enzymatic
hydrolysis.

carbaryl, methamidophos, EPPAT, OTFP, DETFP
(Table 3). The calculated IC50 (concentration at which
the enzyme is 50% inhibited) values for this enzyme
preparation are all within an order of magnitude of the
values that have been reported in various reports in the
literature. The inhibitory effects of common protease
inhibitors were also tested at standard working concen-
trations. With the exception of PMSF, none of the pro-
tease inhibitors tested showed any inhibition of JHE at
the concentrations used.

JHE activity was also tested in the presence of a few
organic solvents such as methanol, ethanol, isopropanol,

Table 3
Effects of inhibitors upon recombinant JHE of M. sexta

Inhibitors IC50 (M)

OTFP 9.1 ± 0.26 × 10�9

DETFP 2.8 ± 0.22 × 10�9

OTFPdOHSO2 3.7 ± 0.17 × 10�6

DETFPdOHSO2 7.0 ± 0.42 × 10�7

EPPAT 1.4 ± 0.16 × 10�9

Methamidophos 3.3 ± 0.21 × 10�6

PMSF 3.2 ± 0.54 × 10�5

Carbaryl �10�4

The median inhibitor concentrations (IC50 = concentration at which
hydrolysis of JH III is 50% inhibited) were determined by regression
of at least four points in the linear region of the curve on either side
of IC50. The mean value, ±SD, of three separate curves is given in the
table. Enzyme preparation, abbreviations, and JHE assay are described
in Section 2.

acetone, and acetonitrile (Fig. 5). All solvents tested
showed an activation of JHE activity at low concen-
trations. The highest amount of activation (915% of
control) shown was by acetonitrile at 10% (v/v) solvent
in Tris buffer. With the exception of methanol, JHE
retained more than 100% normal activity at solvent con-
centrations as high as 20% (v/v). JHE was also tested in
the presence of some detergents and emulsifying agents:
sodium dodecyl sulfate (SDS), Triton X-100 (TX-100),
polyoxyethylene sorbitan monolaurate (Tween-20) and
it was discovered that at low concentrations these also
have an activation effect on the JHE enzyme (Fig. 6).
SDS differs from the other two in that it has an activating
effect at very low concentration (0.1%), but raising the
concentration any higher results in a dramatic loss of
activity. On the other hand, with TX-100 and Tween-20
the enzyme retains near 100% activity at concentrations
as high as 5%.

4. Discussion

We have demonstrated that the full length cDNA
sequence of JHE from M. sexta, which was reported by
Hinton and Hammock (2001), represents a protein which
is active towards the hydrolysis of JH III when expressed

Fig. 5. Effect of organic co-solvents on recombinant JHE catalyzed
hydrolysis of JH III. JH III hydrolysis assays were performed in tripli-
cate according to the conditions described in Section 2. Enzyme was
diluted in Tris–HCl, pH 7.8, prior to the addition of solvent. Activity
is expressed as levels in comparison to control JHE in Tris buffer with
no solvent added. Percent co-solvent is expressed on a volume/volume
basis. Vertical bars indicate standard deviation of the mean. Solvents
are represented by symbols as follows: acetone (circle), acetonitrile
(square), methanol (triangle), ethanol (upside down triangle), isopro-
panol (diamond), n-propanol (hexagon).
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Fig. 6. Effect of detergents of recombinant JHE catalyzed hydrolysis
of JH III in Tris–HCl, pH 7.8. JH III hydrolysis assays were performed
in triplicate according to the conditions described in Section 2. Amount
of each detergent; SDS, TX-100, and polyoxyethylene sorbitan mono-
laurate (Tween-20); is expressed on a volume/volume percentage basis.
Activity is expressed as levels in comparison to control JHE in Tris
buffer with no detergent added. Vertical bars indicate standard devi-
ation of the mean.

in the baculovirus in vitro expression system. The
recombinant enzyme displays various biochemical
properties that indicate that it is the same protein that
this laboratory isolated by biochemical purification from
the hemolymph of 5th instar M. sexta (Hinton and Ham-
mock, 2001). The majority of JHE activity is secreted
into the extracellular medium in the viral infected cell
culture. This is in accordance with the fact that the
cDNA was isolated from the fat body, while the purified
protein was obtained from hemolymph. Furthermore, the
deduced protein sequence contains a putative signal pep-
tide for secretion, and agrees with the partial amino acid
sequence obtained from the purified protein which was
isolated from the hemolymph (Hinton and Hammock,
2001).

The final specific activity of the second enzyme prep-
aration (1556 nmol/min/mg protein) compares favorably
to earlier estimates of specific activity ranging from 442–
1020 nmol/min/mg protein for JHE preparations by
affinity chromatography from hemolymph of M. sexta
(Abdel-Aal and Hammock, 1985; Venkatesh et al., 1990;
Hinton and Hammock, 2001). Although PAGE analysis
in each of these reports demonstrates proteins of appar-
ent homogeneity, the lower specific activity could be
explained by incomplete recovery of enzyme activity
following its elution by a tight binding inhibitor.

The molecular weight we observed with recombinant
JHE is consistent with previously observed literature
values which range from 63,000–68,000 Da (Hinton and
Hammock, 2001; Coudron et al., 1981). The pI of the
recombinant JHE protein, although not found in a dis-
tinct band, is also found to approximate a range of meas-
ured values that have been observed in the literature.

Various reports in the literature give pI values for JHE
isolated from the hemolymph of larvae of M. sexta
(Abdel-Aal and Hammock, 1986; Venkatesh et al., 1990;
Jesudason et al., 1992; Hinton and Hammock, 2001)
which range from 5.5–6.1, and often give more than one
peak of activity from the same sample in an IEF gel.
The fact that we also observed heterogeneity in our
samples as well, which were derived from a single gene
expressed in cell culture, indicates the possibility that
differential processing and/or post-translational modifi-
cation is an inherent property of the JHE gene within an
individual cell type.

The wide pH optimum range we observed with recom-
binant JHE (Fig. 5) is in agreement with Coudron et al.
(1981), who previously reported that hemolymph JHE
of M. sexta had high stability from pH 5–9. Using a
different method for assaying JHE activity and longer
incubation times, their report stated that above pH 9 the
background hydrolysis was too high for accurate
measurement, but using the radiometric assay we were
able to demonstrate that JHE is stable at even higher pH
than was previously observed. This may be a common
feature among JHE proteins, because studies of JHE
from Trichoplusia ni (Hammock et al., 1977) and Teneb-
rio molitor (Hinton et al., unpublished) also showed
wide pH curves from other JHE enzymes.

The observation that the JHE enzyme had a higher
specific activity (8.6:1 relative specific activity) towards
HEPTAT than it did for JH III is in accordance with
previous observations that the spectrophotometric JH
analog was well designed and that other purified JHE
proteins also showed up to 30-fold higher activity
towards HEPTAT than to JH itself (McCutchen et al.,
1993). The recombinant JHE of M. sexta also showed
the ability to hydrolyze a variety of ester compounds,
with significant activity towards p-nitrophenyl acetate,
naphthyl acetate and other analogs of these surrogate
substrates (Table 2). It had been previously reported that
JHE from M. sexta is not active towards α-naphthyl acet-
ate (Coudron et al., 1981), but that analysis was done
with JHE of lower specific activity (84 nmol JH/min/mg
as opposed to 1368 nmol JH/min/mg) than was used in
the current study. Although it apparently requires the use
of very concentrated JHE such as is available in this
study in order to detect the hydrolysis of naphthyl esters
and p-nitrophenyl esters, it is worth noting that the rela-
tive activity as compared to JH III is actually very high,
but the reason JH III was detected more easily was due
to the differences in sensitivities of the assays involved
with each substrate. JHE enzymes from other lepidopter-
ans, such as T. ni (Hanzlik and Hammock, 1987), have
been reported with low activity against both naphthyl
acetate and p-nitrophenyl acetate. JHE’s ability to
hydrolyze other common esterase substrates may have
also been overlooked in other systems due to its rela-
tively low abundance.
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The observation that JHE in vitro has a specific
activity towards a variety of substrates that is compara-
ble towards JH simply shows that it is a potentially ver-
satile enzyme, and should not confuse the issue of its
role as a JH selective enzyme in vivo. The 2,3-unsatu-
rated carbonyl of JH makes it very stable to both nonen-
zymatic as well as enzymatic degradation. In general
with esterases and other α/β-hydrolase fold enzymes,
turnover or kcat decreases with the hydrophobicity of the
acyl enzyme. One would anticipate that the acyl enzyme
of JH would be turned over very slowly. The acyl
enzyme of natural JH also has a 2,3 unsaturation leading
to high transition state energy in the deacylation step.
JH could almost be considered an inhibitor for JHE in
the sense that carbamates are considered inhibitors of
acetylcholinesterase. Thus, it is not surprising that the
maximal velocity of even JHE for JH is relatively low.
The initial rates of the substrates used in Table 3 reflect
in part the fact that α-naphthol and p-nitrophenol are
excellent leaving groups. The surrogate substrate HEP-
TAT uses a thioether to mimic the 2,3 olefin of JH and
thus reduces the activation energy of hydrolysis of the
ester. As is common among esterases, less lipophilic acid
moieties lead to higher turnover of the substrate and this
observation was used in the design of HEPTAT as a
surrogate substrate for JHE. Moreover, in assessing the
specificity of an enzyme, one must consider the kcat/Km

ratio rather than the turnover rate alone. The JHE
enzyme in larvae of M. sexta only appears at key timepo-
ints in which JH titers must decline, and the high kcat/Km

ratio of JHE is likely to be a physiologically essential
factor. Since JH is already decreasing at the time JHE
activity arises (Nijhout, 1975; Baker et al., 1987), the
concentration of the enzyme surpasses the low levels of
JH soon after it first appears. Although the JHE of M.
sexta has a low Km value for JH, the titer of JH will fall
well below the Km also. In such a situation, one could
argue that the kcat value has less biological relevance
since the JHE molecule will unlikely have a JH already
bound, or to exist in the acylated form, when it encoun-
ters each new molecule of JH.

Despite the fact that JHE is capable of hydrolyzing
substrates other than JH, relatively few enzymes besides
JHE can hydrolyze JH at all. Other general esterases that
have been found in larval hemolymph do not have sig-
nificant catalytic activity towards JH in vitro (Sparks and
Hammock, 1979, 1980). Also, the activity of JH binding
protein in the hemolymph is thought to further increase
the selectivity of JH–JHE interaction by decreasing the
ability of any general esterases to access the lipophilic
substrate, while at the same time serving to enhance the
JH–JHE interaction by preventing adsorption of JH into
lipophilic tissues where JHE could not have complete
access to the substrate (Goodman, 1990; Touhara et al.,
1995). Cloning and expression of the JHE of M. sexta
will facilitate experiments defining the interaction

among the JH binding protein (Touhara et al., 1993), JH
epoxide hydrolase (Debernard et al., 1998) and JHE. The
JHBP has long been suspected of protecting JH from
degradation by nonspecific enzymes. Clearly it can pro-
tect JH from sequestration in pools where the substrate
is refractory to degradation. Thus the JHE-JHBP combi-
nation at certain developmental stages can be seen as a
system to clear JH rapidly from the insect.

A reasonable working definition of a JHE is an ester-
ase with high apparent specificity for JH whose catalytic
activity correlates with expected variations in titer. The
hypothesis of a physiological role of a putative JHE can
be further tested in vivo by artificially decreasing or
increasing the titer of JHE and examining effects on the
physiology of the insect. The blood of some insects
shows very high esterase activity on some commonly
used esterase model substrates such as p-nitrophenyl
acetate and α-naphthyl acetate. Thus, using these surro-
gate substrates to monitor a low abundance JHE against
a background of general esterase activity can be danger-
ous. If one is interested in JHE activity, the unequivocal
substrates to use are JH homologs. However, surrogate
substrates can be very useful for rapid and less expensive
monitoring of the enzyme. The naphthyl acetate stain is
very useful for monitoring transgenic expression of JHE
because general esterase activity is very low in the parent
cell lines. Therefore, a variety of substrates can be used
to monitor transgenic JHE but one must be very cautious
when using substrates other than JH in blood or tissue
homogenates.

The various inhibitors that were tested yielded data
that are variably consistent with previous observations
in the literature using the purified, wild type enzyme.
Sparks and Hammock (1980) measured an IC50 value of
2 × 10�9 M for EPPAT, the most potent inhibitor found
for JHE prior to the development of trifluoroketone
inhibitors. The value with the recombinant JHE, 1.4 ×
10�9 M, is in very good agreement. We also measured
IC50 values for carbaryl ( � 1×10�4 M) and PMSF
(3.2 × 10�5 M) that are very close to the respective
values ( � 1×10�4 M and 6.6 × 10�5 M) of Sparks and
Hammock (1980). The JHE of H. virescens was also
found to be very susceptible to PMSF (Hammock et al.,
1990), while that of T. ni was resistant (Sparks and Ham-
mock, 1980). In addition, some trifluoroketone inhibitors
were tested which agree with the trend indicated by
Wheelock et al. (2001), in which JHE from T. ni is more
sensitive to thioether forms than to sulfone derivatives.
The small sample of representatives from this series
shows that the octyl (OTFPdOHSO2) and decyl
(DETFPdOHSO2) analogs of the sulfone forms of tri-
fluoroketone have IC50 values a few orders of magnitude
higher than observed for the same chain lengths of the
thioether forms (OTFP and DETFP). Previous reports of
inhibition by OTFP of JHE from M. sexta have shown
more variability in their IC50 measurements and also
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revealed more than one catalytic site on the purified
enzyme from hemolymph (Abdel-Aal and Hammock,
1985; Venkatesh et al., 1990). The IC50 values range
from 1.2 × 10�9 to 7.8 × 10�9 M for the more sensitive
form of the enzyme (Venkatesh et al., 1990; Abdel-Aal
and Hammock, 1985), and values from 3.8 × 10�6 to
6.0 × 10�6 M for the less sensitive form (Abdel-Aal and
Hammock, 1985; Venkatesh et al., 1990). These pre-
vious results come from affinity purified JHE from hem-
olymph, which otherwise would seem homogenous
except for subtle differences in isoelectric points in one
report (Venkatesh et al., 1990). Thus, the results indi-
cated either more than one catalytic site per protein, or
that closely related forms of the JHE gene exist. The
report by Abdel-Aal and Hammock (1986) had com-
pared the inhibition curves for purified JHE from a few
lepidopterans. With OTFP, JHE from M. sexta had a
wider inhibition curve that set it apart from the other
JHEs (including H. virescens). Upon closer inspection
two curves could be distinguished, giving one for each
putative catalytic site. During this study, since we were
using recombinant JHE and also had H. virescens JHE
in recombinant form, we compared the curves of both
enzymes using OTFP and revealed that with the recom-
binant enzymes, the inhibition curves appear similar
(data not shown). Also, our measured IC50 value for
recombinant JHE of M. sexta is 9.21 × 10�9 M, which
would likely correspond to a single, highly sensitive
catalytic site rather than a median value between two
different sites. Since the recombinant baculovirus con-
tains only one copy of the JHE gene, it seems likely that
the previous reports utilized samples containing isoforms
of the same enzyme arising due to genetic polymor-
phisms, and such a phenomenon is not possible in the
in vitro system described here.

We tested the inhibitor methamidophos, since it is a
very widely used pesticide, and much work has been
done to develop assays to detect the pesticide at low
levels. In recent years, acetylcholinesterase has been
used to develop inhibition based tools for the low level
detection of methamidophos and other inhibition based
insecticides (Nunes et al., 1998; Nunes et al., 2001). We
observed here that the inhibition of recombinant JHE of
M. sexta (IC50 = 3.3 × 10�6 M) is comparable to inhi-
bition of many of the cholinesterase enzymes tested.
Sparks et al. (1983) had previously measured an IC50 of
5.1 × 10�6 M for JHE from hemolymph of M. sexta. In
light of this information, in combination of the stability
of the JHE enzyme in the presence of various solvents,
we propose that the enzyme might be a suitable candi-
date for future development of inhibitor based insecticide
assays. Other studies have shown JHEs from lepidop-
teran species to be surprisingly sensitive to phosphoram-
idothiolates such as methamidophos, and surprisingly
resistant to many other organophosphate esterase inhibi-
tors.

One note to make in reference to the JHE partition
assay is that this enzyme remains active at 50% methanol
and also in fairly basic solution. Therefore, in order to
truly terminate the enzyme reaction using the partition
assay (Hammock et al., 1977), it is necessary to follow
the ‘stop’ solution (methanol:H2O:NH4OH) immediately
with the extraction step in order to completely denature
the enzyme and remove substrate from the reaction. We
undertook studies with solvents in order to verify that
the recombinant enzyme shared properties that had been
observed previously using the wild purified JHE from
hemolymph (Croston et al., 1987). The results shown in
Fig. 5 show a similar trend on JHE activation by organic
solvents, which was observed in the previous report
(Croston et al., 1987). The previous report was limited
to organic solvents, but the additional observations here
include its higher activity in detergents and emulsifying
agents (Fig. 6). These results confirm that it is possible
to maintain high JHE activity using the recombinant
enzyme. This is independent of any necessary cofactors
or stabilizing agents, which might have been present in
vivo. JH, the natural substrate of JHE is also fairly lipo-
philic, but in vivo there exist other water soluble proteins
such as JHBP which are thought to facilitate the trans-
port of JH in order to make it available to target recep-
tors or metabolizing enzymes alike (Touhara et al.,
1995). In vitro, such useful agents are not as common.
In the case of JH it is soluble enough to do experiments
at low concentrations with an enzyme that has a very
low Km value for its substrate. However, with regard to
other substrates that are either more hydrophobic or have
higher Km values, it is fortunate to have enzymes which
can remain active in the presence of co-solvents that
commonly cause most enzymes to denature even at low
concentrations. Also, as we have demonstrated, the
enzyme can be used to hydrolyze esters that are only
soluble in aqueous conditions in the presence of co-sol-
vents. Note that under normal buffer conditions no
hydrolysis was observed with p-nitrophenyl palmitate,
but after raising the concentration of isopropanol to
increase the solubility of substrate, activity was detected
(Fig. 5). Also, there are reports of JHE from several
species to have a substrate preference for certain ester
chain lengths (Hammock et al., 1977; McCutchen et al.,
1993; Grieneisen et al., 1997). It is possible that the
enzyme could be used to selectively hydrolyze a single
site on a bifunctional ester, or simply to perform ester
hydrolysis or transesterification of lipophilic compounds
that are not compatible with standard aqueous buffers.

In conclusion, we have been successful in expressing
an active JHE enzyme from the cDNA clone that was
previously reported, and through its characterization
have verified the identity of the cDNA as a functional
JHE gene. Also, we have introduced an enzyme that can
be easily produced in abundance in vitro, and new ideas
for the potential utility of this enzyme as both a
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biosensor mechanism and as a synthetic enzyme. It
should also prove useful as a tool in the future study of
the regulation of JHE biology, its stability in vivo as
well as in vitro, and by adding to the information and
molecular tools which can be utilized for design of JHE
mutants in biopesticide designs.
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