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Abstract

Juvenile hormone regulates the development and reproduction in a variety of insects. Juvenile hormone esterase (JHE) is a
selective enzyme, which hydrolyzes the methyl ester of JH and alters its activity. InTenebrio molitor, JHE has been previously
purified from pupae and a partial cDNA was amplified by RT–PCR using fat body mRNA. The previous report indicated that
several forms of the JHE protein were present in pupal homogenate. In this study, we report the full-length cDNA, which was
obtained by RACE methods. The deduced protein sequence corresponds to peptides from two proteins of different molecular weights
in the previous study. The coding region of the full-length cDNA was subcloned into the AcMNPV genome and high levels of
expression of the JHE enzyme from the viral p10 promoter were demonstrated in cell culture. The majority of JHE is secreted
from the cells as a soluble enzyme. The recombinant JHE enzyme was biochemically characterized. The recombinant protein appears
by PAGE analysis as a monomer of approximately the same MW (66,000) and pI (4.9) as was expected from the deduced amino
acid sequence of the cDNA.
 2003 Published by Elsevier Science Ltd.
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1. Introduction

Juvenile hormone (JH) is ubiquitous throughout the
class Insecta and has implicated roles in the regulation
of embryogenesis (Share et al., 1988), larval develop-
ment and metamorphosis (Hammock, 1985; Riddiford,
1994; Roe and Venkatesh, 1990), diapause (Bean et al.,
1983), reproduction (Venkatesh et al., 1987; Wyatt and
Davey, 1996) and other processes. In several orders of
insects, the key route of metabolism of JH is via the
hydrolysis of the methyl ester, and a highly selective
esterase enzyme named juvenile hormone esterase (JHE)
is considered as the principal enzyme responsible for this
function (reviews:Hammock, 1985; Roe and Venkatesh,
1990). There is now indication that the JH acid metab-
olite also may have intrinsic biological activity (Ismail
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et al., 1998). Metabolism of the diol moiety of JH
(presumably by an epoxide hydrolase) is another poss-
ible route of metabolism, although its relative impor-
tance has not been well established in most insects.
Cytochrome P450 pathways of degradation have only
been established inMusca domestica(Hammock et al.,
1977a,b; Yu and Terriere, 1978). The vast majority of
work concerning the regulation of and by JHE has been
done in lepidopteran systems, and therefore relatively
little is known about either similar or divergent mech-
anisms in other orders of insects. What little work has
been done in coleopterans has indicated the possibility
of similar patterns to those in lepidopterans at the onset
of metamorphosis.Hirashima et al. (1995)demonstrated
in Tribolium freemani (Coleoptera) that a delay in
pupation is correlated with a delay or decrease in peak
JHE activity. In this laboratory we have sought to
characterize the JHE enzyme fromTenebrio molitor
(Coleoptera) in order to gain information for future com-
parative studies. A JHE clone and recombinant enzyme
should serve as powerful tools for probing the role of



478 A.C. Hinton, B.D. Hammock / Insect Biochemistry and Molecular Biology 33 (2003) 477–487

JHE in regulation of this system. In T. molitor, levels
are consistently high in the early pupal stage (Connat,
1983; Sparks and Hammock, 1980; Stauffer et al., 1997),
and so this stage was used as a source of enzyme for
purification of a new JHE. In the past, the affinity chro-
matography techniques utilizing transition state mimics
of JH have proved useful in purifying a small number
of JH selective enzymes from lepidopteran systems
(Abdel-Aal and Hammock, 1986; Hinton and Hammock,
2001). However, the JHE protein that was affinity pur-
ified from T. molitor yielded a complex mixture of
apparent esterase proteins of various molecular weights
and isoelectric points (Thomas et al., 2000). One of these
proteins (71 kDa) with JHE activity was purified and
partially sequenced, and the amino acid sequence infor-
mation from the 71 kDa protein was used used in order
to obtain a partial cDNA clone with degenerate PCR
techniques.

An earlier report of JHE purification from Leptinot-
arsa decemlineata(Coleoptera) resulted in a full-length
cDNA clone (Vermunt et al., 1998), although the
sequence of this clone had negligible homology to other
esterases. Higher homology was observed when the par-
tial cDNA clone from T. molitor was compared to
known lepidopteran JHE sequences (Thomas et al.,
2000). In this study we report the use of the partial
cDNA clone in order to obtain a full-length cDNA
sequence and subsequently to express the recombinant
cDNA by inserting the gene into the genome of Auto-
grapha californicamultiply occluded polyhedrosis virus
(AcMNPV). The recombinant JHE enzyme was bio-
chemically characterized.

2. Experimental procedures

2.1. Insects

Larvae of T. molitor were purchased from Carolina
Biological Supply (Burlington, N.C.) and were reared at
28 °C on a 18L:6D photoperiod and fed a diet of
Cheerios (General Mills, Minneapolis, MN) and
potatoes.

2.2. Rapid amplification of cDNA ends (RACE)

PolyA RNA was isolated from fat bodies of three 0–
48 hour old pupae of T. molitor. Approximately 350 mg
of wet tissue was used, and yielded 6.65 µg of polyA
RNA. The mRNA was isolated using the Poly(A) Pure
kit from Ambion (Austin, TX) per manufacturer’s
instructions. Since the partial cDNA sequence, pPNP,
had been previously described (Thomas et al., 2000), pri-
mers were designed based upon this partial sequence in
order to isolate the 5� and 3� ends of the cDNA
sequence.

5� RACE: In this method, a phosphorylated, antisense,
JHE specific primer, PTmRT, which is close to the 5�
end of the partial cDNA clone (pPNP) was used for a
reverse transcriptase reaction. Then the single stranded
cDNA fragments were ligated together to form concata-
mers and used as template for two rounds of nested PCR
using four additional JHE specific primers (PTmS1 vs
PTmA1 and PTmS2 vs PTmA2 respectively) which
annealed further upstream than the PTmRT sequence.
All enzymes and appropriate buffers, including AMV
reverse transcriptase XL, RNase inhibitor, RNase H, T4
RNA ligase, and Taq DNA polymerase, were provided
by TaKaRa (Otsu, Japan). Oligonucleotides were synthe-
sized by Genosys (The Woodlands, TX). The product of
the second PCR reaction displayed a single band on an
agarose gel. Therefore the sample was desalted using a
PCR Cleanup kit (Qiagen, Valencia, CA) and sequen-
cing was done directly from the RACE product using an
ABI sequencing machine (Applied Biosystems, Foster
City, CA).

3� RACE: Double stranded cDNA was used for this
experiment, which was synthesized using the Capfinder
cDNA synthesis kit (Clontech, Palo Alto, CA), but 200
U Superscript II RNase H-reverse transcriptase (Gibco
Life Technologies, Gaithersburg, MD) was substituted
as the reverse transcriptase enzyme. Fifty µg of mRNA
were used as template for cDNA synthesis per manufac-
turer’s instructions. Two reactions followed with rTaq
polymerase (TaKaRa). The first single primer reaction
used 1.5 µl of the amplified capfinder cDNA as template
and a sense primer (Tm84S) corresponding to the 5’
region of pPNP. The reaction included 0.8 µM Tm84S
and 2.5 U of rTaq DNA polymerase with recommended
buffer (TaKaRa). Three µl of the primary reaction was
then used in the final RACE PCR reaction, which con-
tained the same contents as the previous reaction except
for template and primers: 0.4 µM Tm96S and 0.4 µM
3�PCR primer (Clontech). The products from this ampli-
fication were cloned into pSTBlue-1 plasmid according
to manufacturer’s instructions (Novagen, Madison, WI)
and sequenced.

2.3. Recombinant virus construction

The full-length cDNA sequence of JHE was amplified
by RT–PCR using the same source of mRNA from
which the sequence had been originally derived
(described above). In this case the PCR primers had
either the restriction site BglII or EcoRI inserted into
their 5� ends to facilitate the subcloning step into the
baculovirus transfer vector, pAcUW21 (Pharmingen).
100 ng of mRNA was annealed to 10 pmole of the Tm3�
EcoR1 primer and first strand cDNA was synthesized
with Superscript II reverse transcriptase in RT buffer
(Gibco Life Technologies). Two µl of the first strand
cDNA were PCR amplified with 100 pmole each of pri-
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mers Tm5� Bgl2 and Tm3� EcoR1, and 2.5 U of LA Taq
DNA Polymerase in LA Taq polymerase buffer
(TaKaRa). The resultant PCR product was desalted in a
Qiagen PCR cleanup column and then digested with
BglII (Promega) and EcoRI (New England Biolabs,
Beverly, MA). 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 approxi-
mately 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).
E. coli DH5α cells were transformed with the resultant
plasmid and colonies were selected and insert was veri-
fied by DNA sequencing of plasmid DNA. The recombi-
nant virus was created by cotransfecting 500 ng of
recombinant transfer plasmid (pAcTmAJHE) with 1 µg
of BacPak6 viral DNA (Gibco Life Technologies),
which had been linearized by digestion with Bsu36I
(New England Biolabs). The two DNAs were mixed
with 8 µl lipofectin reagent (Gibco Life Technologies)
in 200 µl of serum free cell culture medium, incubated
at room temperature for 15 min, and then added to a
monolayer culture of Sf21 cells in a 35 mm tissue culture
plate. Recombinant virus (AcTmAJHE) was purified by
two rounds of plaque purification and then amplified in
Sf21 cells as previously described (O’Reilly et al.,
1992).

2.4. Enzyme preparation

AcTmAJHE virus was used at multiplicity of infection
of 5 MOI to infect Hi-5 cells from T. ni in 50–250 ml
serum free medium (ESF 921, Expression Systems LLC,
Woodland, CA). At 48 h post-infection (hpi), the viral
infected cell culture medium was harvested and centri-
fuged at 5000g for 10 min. 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). Very little JHE activity
bound to the column. The flow through was then filtered
and concentrated in a MidiKros, polysulfone hollow
fiber membrane device (Spectrum Laboratories, Gard-
ena, CA) with a 50,000 MW cutoff. The resultant prep-
aration was used for all following analyses.

2.5. Protein analysis

Measurement of protein concentration was done using
the BCA assay (Pierce, Rockford, IL) using BSA
(Sigma, St Louis, MO) protein to derive a standard
curve. Gel electrophoresis was done using Novex precast
polyacrylamide gels (Invitrogen Corp., Carlsbad, CA)
for both SDS–PAGE analysis and isoelectric focusing.
Gels were stained with either general protein stains such

as Pierce GelSnap silver stain, or an esterase selective
staining protocol using naphtyl acetate and Fast Blue
dye. The latter was done by soaking the gel at 35 °C in
100 mM phosphate buffer, pH 6.8, containing 0.05%
Fast Blue RR salt with 0.02% α-naphthyl acetate 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 to elute the enzyme. An aliquot
was then assayed for JH-III hydrolysis as described
(Hammock and Sparks, 1977). 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.

2.6. Carbohydrate analysis

The JHE sample was digested with N-glycosidase F
(PNGase F, New England Biolabs) and then analyzed
by PAGE to see if removal of N-linked carbohydrates
caused a shift in mobility of the JHE protein. For SDS–
PAGE analysis, 5 µg of protein were denatured in 0.5%
SDS, 1% β-mercaptoethanol (β-ME) for 10 min at 100
°C, prior to adding 50 mM sodium phosphate, pH 7.5
and 1% Nonidet P-40 (NP-40). Finally 1000 units of
PNGase F were added and incubated at 37 °C for 2 h.
For native PAGE analysis, the same procedure was done
without prior denaturation of JHE in SDS and β-ME,
and without the addition of NP-40. PAGE analysis was
done as described above.

2.7. Enzyme assays

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.
Enzyme assays were performed in triplicate, and each
assay was performed 2–3 times. JH-III hydrolysis was
assayed by the method of Hammock and Sparks (1977).
Hydrolysis of substrates p-nitrophenyl and α-naphthyl
acetate were performed as described by Huang et al.
(1996). The JH analog, HEPTAT, was synthesized and
assayed as described by McCutchen et al. (1993). 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 50 to 1000 nM). The Km value for HEPTAT
was done as described except that the same enzyme
dilution was tested at substrate concentrations ranging
from 10 to 500 µM. Each assay was performed with
samples in triplicate and then the assay was repeated
2–3 times. The Km values were then determined using
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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.

2.8. pH analysis

The 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 follow-
ing buffers to give a final buffer concentration of 50 mM
with 25 µg/ml BSA. One buffer was prepared for each
pH in a range from 4 to 11.0 in 0.5 pH unit increments
(ammonium acetate: pH 4–5.5, bis-Tris: pH 6–6.5, phos-
phate: pH 7–7.5, Tris: pH 8.0–8.5, borate: pH 9.0–10.0,
CAPS: 10.5–11.0). The pH was rechecked after the
addition of enzyme solution to ensure that the buffering
capacity was sufficient for the added protein. Also, a
control tube was used at each different pH to account
for any background hydrolysis.

2.9. Inhibitor studies

All IC50 measurements were carried out as described
in previous reports by Sparks and Hammock (1980) and
Stauffer et al. (1997), using JH-III as the substrate and
ethanol as solvent. The trifluoroketone inhibitors, OTFP
(1,1,1-trifluoro-3-octylsulfanyl-propan-2-one) and
DETFP (1,1,1-trifluoro-3-decylsulfanyl-propan-2-one),
were synthesized in this laboratory as previously
described (Hammock et al., 1984). The dihydroxysul-
fone inhibitor, OTFPdOHSO2 (1,1,1-trifluoro-3-(octane-
1-sulfonyl)-propan-2,2-diol) was also synthesized in this
laboratory as previously described (Wheelock et al.,
2001). EPPAT (O-ethyl-S-phenyl phosporamidothiolate)
was also synthesized in this laboratory as previously
described (Sanborn and Fukuto, 1972). Methamidophos
and carbaryl (α-naphthyl N-methylcarbamate) were pur-
chased from Chem Service (West Chester, PA). Phenyl-
methysulfonylfluoride (PMSF) was purchased from
Sigma.

3. Results

Rapid amplification of cDNA ends yielded the second
and third section of a full-length clone of the JHE cDNA
from pupal fat body mRNA. The full cDNA sequence
was reamplified as one piece by RT–PCR. The full-
length cDNA is 1870 bp in length, and the deduced pro-
tein sequence indicates a putative signal peptide of 21
amino acids. The deduced protein would also have a
theoretical molecular weight of 63.6 kDa and a theoreti-
cal pI of 5.25 from a protein from which the signal pep-
tide has been cleaved (Fig. 1). The deduced N-terminal
portion of the mature protein matches with that of a 64
kDa protein which was previously purified by affinity

purification (Thomas et al., 2000). The full-length coding
region of the cDNA was inserted into the AcMNPV gen-
ome. The recombinant baculovirus, AcTmAJHE, dem-
onstrated JHE activity that was secreted into the extra-
cellular medium. The time-course of JHE expression is
shown in Fig. 2. Although JHE activity increased in the
cell culture medium up until 72 hpi, the enzyme was
harvested for large scale protein production at 48 hpi in
order to avoid proteolytic activity from dying cells. After
centrifugation of a sample of the infected culture at 48
hpi, more than 95% of the JHE activity was detected in
the supernatant fraction.

The viral infected cell culture medium was partially
purified by a combination of anion exchange chromato-
graphy and ultrafiltration. The JHE did not bind to the
anion exchange column, and so the flow through was
concentrated by filtration (data not shown). Using both
of these steps resulted in specific activity of 1100
nmole/min/mg protein, which was a 2.5-fold purification
from the original activity (433 nmole/min/mg). Also the
enzyme was concentrated enough to do further bio-
chemical characterization. Based on the catalytic activity
observed in solution and the specific activity of JHE
from this study, we estimate that approximately 63 mg
of JHE was produced per liter of cell culture.

The recombinant JHE was analyzed by SDS–PAGE,
native PAGE and isoelectric focusing. The JHE protein
was also digested with PNGase F in both denaturing and
non-denaturing conditions. Fig. 3 indicates a prominent
band from purified JHE, which on SDS–PAGE ran
slightly lower than the 67,000 MW marker. The native
PAGE showed a single band by naphthyl acetate staining
with undigested JHE. Results from PNGase F digestion
showed that there was a partial shift in mobility on
native gels after removal of N-linked carbohydrates, but
no difference in mobility was detected on SDS–PAGE.
This would indicate that any oligosaccharides that were
susceptible to removal by the enzyme are small in size
but carry a charge, and therefore would cause a shift on
a native gel but not on a denaturing gel. Isoelectric
focusing on a narrow range (pH 3–7) IEF gel (Fig. 4)
resulted in a single band by naphthyl acetate staining,
which corresponded to the peak of JHE activity at a pI
of 4.9.

The enzyme activity was tested at a wide range of pH
values (Fig. 5). The pH curve shows that JHE remained
active at a wide range of pH and did not drop to below
80% of highest detectable activity until the pH was low-
ered to pH 5 or raised above pH 10.8.

The ability of the recombinant JHE to hydrolyze vari-
ous esterase substrates was tested (Table 1). The JHE of
T. molitor had the highest specific activity for HEPTAT,
a synthetic JH analog (McCutchen et al., 1993), with
slightly lower activity for JH-III itself. However the
measured Km value was significantly lower for JH-III
than for HEPTAT. Comparing the Vmax/Km ratio of the
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Fig. 1. DNA sequence and deduced protein sequence of JHE cDNA from Tenebrio molitor. Putative signal sequence is underlined, and N-terminus
of purified 64 kDa protein (Thomas et al., 2000) is indicated in underline and bold. Also underlined and in bold are the four putative members of
the catalytic tetrad which are deduced by alignment with other JHE sequences (Thomas et al., 2000). The catalytic serine is found within a consensus
GQSAG motif that is also unique among the JHE proteins. This DNA sequence has accession # AF448479 in the Genbank database.

two substrates indicates greater specificity towards JH-
III. The enzyme also showed significant activity against
common esterase substrates such as p-nitrophenyl acet-
ate and α-naphthyl acetate.

The enzyme was also tested in the presence of various
common esterase inhibitors (Table 2). PMSF, methami-
dophos, and carbaryl showed relatively low potency as
inhibitors of JH-III hydrolysis, while OTFP and DETFP
had measured IC50 (concentration at which the enzyme
is 50% inhibited) values in the nM range.

4. Discussion

In this study, we report the cloning of a full-length
sequence of a cDNA of JHE from T. molitor, and its
successful expression as an active JH hydrolyzing
enzyme in the baculovirus expression system. The partial
cDNA of a JHE enzyme from pupal fat body of T. moli-
tor had been previously reported (Thomas et al., 2000),
and this study extends that work using the same cDNA
sequence and same source of mRNA in order to pull
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Fig. 2. Time course of JHE expression in Hi-5 cells from T. ni.
Hydrolysis of JH III was measured as described and expressed as
nmole/min/ml. 100 ml of cells (1×106 cells/ml) were infected with
AcMs7JHE at MOI = 5 in serum free medium in a 250 ml Erlenmeyer
flask. An aliquot of 1 ml of cell culture medium was taken at each
time point, and the 10,000g supernatant was frozen. All time points
were thawed, diluted and assayed in triplicate as described. Vertical
bars indicate SD of the mean. In separate experiments, JHE was shown
to be stable to repeated freeze thaw. The same trend of expression was
observed with volumes ranging from 50 to 200 ml.

out the entire sequence. Interestingly, the partial cDNA
amplification done in that report, which was included
within this full-length cDNA, was based upon peptides
which were sequenced from a 71 kDa protein which
coeluted along with other proteins from affinity purifi-
cation of JHE from whole body homogenate. However,
the end of the cDNA which was retrieved from 5�-RACE
corresponds to the N-terminus of a 64 kDa protein which
also eluted in the same purification. This indicates that
the two proteins share much of the same sequence, and
that the 64 kDa protein might be a truncated version of
the 71 kDa protein. The fact that the recombinant form
was successfully secreted from insect cells as an intact
enzyme, with very low activity detected in the cell pellet,
indicates that the cDNA contains an independent
secretory signal peptide and is therefore likely to rep-
resent a specific isoform that would be present in the
hemolymph in vivo.

The report by Thomas et al. (2000) also indicated the
possibility of dimerization of the JHE protein, which was
conserved under denaturing conditions of SDS–PAGE.
PAGE experiments using the recombinant form of the
protein under partial purification conditions showed that
the major band was the size of a monomer around 66
kDa (Fig. 3). However, since the recombinant protein
was only partially pure, there were additional faint bands
that appeared on the protein gel, which may represent a

Fig. 3. Gel electrophoresis analysis of JHE of T. molitor before and
after digestion with PNGase F. Lanes A–C represent Tris-Glycine gel
run under denaturing conditions, and stained with Gel Code Silver
Snap stain. Lanes D and E represent a Tris-Glycine gel run under
native conditions and then stained for esterase activity with naphthyl
acetate and Fast Blue RR salt. Lane A: MW marker albumin (67,000
Da). Lane B: JHE+PNGase F. Lane C: JHE-PNGase F. Lane D: JHE-
PNGase F. Lane E: JHE+PNGase F. For SDS–PAGE analysis, the
glycoprotein, fetuin, was used as a positive control to ensure that the
enzyme was functioning (data not shown).

small amount of a dimer. In light of the fact that there
were close yet distinct molecular weights of JHE
reported after affinity purification of pupal homogenate,
it is possible that two isoforms are necessary to form a
heterodimer which would be impossible to recreate
under the conditions described here involving only one
isoform of the protein.

Isoelectric focusing gels were used to measure the pI
of the recombinant JHE (Fig. 4). In order to distinguish
JHE from other proteins in the cell culture medium, the
enzyme was detected both by staining the gel with naph-
thyl acetate and fast blue dye and by cutting the gel into
5 mm slices and then testing each slice for JH hydrolysis.
The single band by naphthyl acetate staining corre-
sponded to the peak in JHE activity. While 64% of the
JHE activity that was loaded onto the gel was recovered,
74% of the recovered activity was detected within the
gel slice corresponding to pH 4.9. This is close to the
expected pI of 5.25 based upon the deduced amino acid
sequence of the cDNA. The report by Thomas et al.
(2000) demonstrated two peaks of JHE activity when
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Fig. 4. IEF analysis of recombinant JHE of T. molitor. Samples were
run on a Novex precast isoelectric focusing gel, narrow range (3–7).
Two lanes each contain 0.5 µg of JHE partially purified by ion
exchange chromatography as described. The first lane (left panel) was
stained with naphthyl acetate and Fast Blue as described in Experi-
mental procedures. The second lane was cut into 5 mm slices and
assayed for JHE activity (bar graph). The pH was measured from 5
mm slices on a third lane. The graph indicates JHE activity recovered
from each slice. The peak slice on the graph corresponded to pH 4.9.
Sixty-four percent of the applied JHE activity was recovered from the
gel. The measured pH from each gel slice from which activity was
detected were (from top to bottom) 5.6, 5.2, 4.9, 4.7, and 4.4.

isoelectric focusing pupal homogenate, one peak at pI
= 6.7 and the other at pI = 4.9. After affinity chromato-
graphy, the form of JHE at pI = 4.9 became the major
protein that remained active (95% of activity recovered
from gel). This form of JHE is likely to be the same
JHE protein presented in this report.

The levels of JHE expression using the AcTmAJHE
virus varied, even using the same cell line, depending
on what growth conditions were used and which volume.
Fig. 2 shows levels from a 100 ml culture on a shaker,
which was used for the preparation of the enzyme there-
after in this study. The highest level of activity detected

Fig. 5. 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 9.74). JH III hydrolysis assays were performed in
triplicate according to the conditions described in Materials and
Methods. Vertical bars indicate SD of the mean. Background hydroly-
sis rates were measured at each pH and subtracted as background dur-
ing activity calculations.

Table 1
Kinetic parameters of recombinant JHE in hydrolyzing some model
substratesa

Substrate Km (µM) Vmax Vmax/Km

(µmoles/min/mg (ratio)
protein)

JH III 0.315 ± 0.107 1.1 ± 0.08 3.5
HEPTAT 19.1 ± 7.5 15.1 ± 0.95 0.8
α-Naphthyl acetate N.D. 0.9 ± 0.06 N.D.
p-Nitrophenyl acetate N.D. 5.3 ± 0.32 N.D.

a Enzyme was partially purified and assayed as described in Experi-
mental procedures. The same enzyme preparation was used for each
assay. N.D.: not determined.

Table 2
Inhibitor effects upon recombinant JHE of T. molitora

Inhibitor IC50 (M)
OTFP 4.6 ± 0.32 × 10 - 9

DETFP 3.6 ± 0.26 × 10 - 9

OTFPdOHSO2 1.6 ± 0.83 × 10 - 6

EPPAT 8.4 ± 0.65 × 10 - 6

PMSF 2.4 ± 0.13 × 10 - 4
Carbaryl �10-4

Methamidophos �10-3

a Inhibition values reported as IC50 (concentration at which hydroly-
sis of JH III is 50% inhibited). Enzyme preparation, abbreviations, and
JHE assay are described in Experimental procedures. Results are
means ± SD of three separate experiments.
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was using a small volume (20 ml) in a petri dish. By
moving the cells into an Erlenmeyer flask and growing
on a shaker, the activity per mL decreased, but it was
much easier to scale up the infection by increasing the
volume 10-fold without having to use multiple vessels.
Fig. 2 shows that a 12–24 h lag occurred before JHE
appeared in the cell culture medium, after which the JHE
titer increased rapidly. This delay would be expected
from a late viral promoter (p10). Since the levels of JHE
activity were high at 48 hpi, and did not increase dra-
matically thereafter, we decided to harvest viral medium
at 48 hpi for JHE preparation. This avoided possible
complications with proteins released during cell lysis
after long incubation times. It had been previously dem-
onstrated that several protease activities are associated
with baculovirus infected cells in culture, and that a sig-
nificant increase in protease activity occurs after 48 hpi
(Naggie and Bentley, 1998; Hu and Bentley, 1999).

It is not clear to us why the recombinant JHE protein
would not bind to an anion exchange column at buffer
pH that is several units above its measured pI. Similar
conditions have caused binding of recombinant JHEs of
Manduca sexta and Heliothis virescens (Hinton,
unpublished). Other anion exchange columns, such as
HiTrap ANX anion exchanger and HiTrap SP XL cation
exchanger (Amersham Biosciences), were tested for JHE
binding, but the binding of recombinant JHE of T. moli-
tor appeared to be recalcitrant to these other ion
exchange columns as well (data not shown). Despite the
lack of JHE binding to the ion exchangers, the fact that
the majority of other proteins did bind to the column
meant that it was an effective purification step nonethe-
less, while failing to concentrate the enzyme. However,
with most of the protein removed, the JHE could be
more easily concentrated in an ultrafiltration device. The
final result was that we obtained JHE enzyme that was of
sufficient concentration to do the biochemical analyses
described in this report. Although more efficient methods
of purification will be explored later, the JHE that was
characterized in this report was prepared in this fashion.

The pH curve demonstrated that T. molitor JHE had
a rather wide optimum range, as it remained at least 80%
active from pH 5.2 to pH 10.8. The activity dropped
off significantly below pH 5, although JHE still retained
measurable activity even at the wide range of pH which
was measured. This may be a common feature among
JHE proteins, as studies of JHE from Trichoplusia ni
(Hammock et al., 1987) and Manduca sexta (Coudron
et al., 1981) also showed wide pH curves from lepidop-
teran JHE enzymes.

With recombinant JHE, it was observed that specific
activity against both naphthyl acetate and p-nitrophenyl
acetate were within an order of magnitude with that of
JH itself (Table 1). This should be expected, because
naphthol and nitrophenol are very good leaving groups
and therefore one would expect rapid turnover if enzyme

binds substrate at all. JH, the apparent natural substrate
of JHE, has an α,β-unsaturation at the carbonyl end and
therefore it is difficult for common esterases to
hydrolyze. Also, methanol is not as good a leaving group
as naphthol or p-nitrophenol. Therefore, the enhanced
binding affinity of JHE for JH renders a low Km for the
substrate and the specificity for JH is apparent in the
high kcat/Km ratio. JHE had even higher activity towards
the model substrate HEPTAT, which was designed so
that its carbon chain mimics the JH backbone. Also
HEPTAT has no α,β-unsaturation, as well as a better
leaving group with its thioester than JH with its
methyl ester.

Previous reports of JHE activity in T. molitor hemo-
lymph had contradicted each other in regards to the JHE
enzyme’s response to the esterase inhibitor, PMSF.
Stauffer et al. (1997) reported an IC50 value of 3 ×
10�8 M for PMSF, while Sparks and Hammock (1980)
reported that the enzyme was not responsive below 3
× 10�4 M. Our results are much closer to that reported
by the latter in regards to PMSF (IC50 = 2.1 × 10�5 M).
Other inhibitors we tested coincided with one of the two
papers. Our measurement of the EPPAT IC50 was 8.4
× 10�6 M which agrees well with Sparks and Hammock
(1980) value of 8 × 10�6 M, and our Carbaryl IC50 was
� 1×10�4M, again in agreement with Sparks and Ham-

mock (1980) value of � 1×10�4 M. On the other hand,
our measurement of OTFP IC50 (4.6 × 10�9 M) was one
order of magnitude higher than Stauffer et al.’s (1997)
value of 9 × 10�10 M. While all three reports utilized
pupae as the source of the JHE enzyme, the recombinant
form represents only one isoform, presumably secreted
from the fat body into the hemolymph, while the other
two papers utilized pupal whole body homogenate. The
minor difference in enzyme preparation between Sparks
and Hammock (1980), and Stauffer et al. (1997), is that
in the latter study the homogenate was centrifuged for 5
min at 2500g, while in the former study a more extensive
centrifugation at 12,000g for 15 min was performed and
followed by separation of the supernatant into a microso-
mal and soluble fraction. Therefore it is possible that the
discrepancy in these data is a result of the latter report
using homogenate that contained more than one JH
hydrolyzing enzyme than were present in the latter and
the current report. Another explanation for the difference
in enzyme behavior could be due to genetic variability
present in the different strains of laboratory insect used.

The pesticide, methamidophos, was tested for inhi-
bition. Although its biochemical mode of action as an
insecticide is unclear, it has been demonstrated to inhibit
a variety of esterases, including but not limited to acetyl-
cholinesterases in both mammals and insects (Nunes et
al., 2001;Spassova et al., 2000). Although its in vivo
symptomology is cholinergic, its weak inhibition of ace-
tylcholinesterases has been difficult to rationalize with
its toxicity. Interestingly, phosphoramidates like
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methamidophos were potent inhibitors of JHEs from lep-
idopteran species M. sexta (Sparks et al., 1983) and T.
ni (Sparks and Hammock, 1980). However, the recombi-
nant JHE of T. molitor was extremely insensitive to
methamidophos, retaining 100% activity at concen-
trations as high as 1 mM. This could be a useful tool in
any future investigation of JHE forms from T. molitor.
As mentioned above, in a previous report, affinity puri-
fication using transition state analogs of JH yielded sev-
eral esterase enzymes, and more than one JH hydrolyz-
ing enzyme (Thomas et al., 2000). The subsequent
molecular cloning studies provide additional evidence
for the existence of several closely related forms of JHE.

In previous reports, the variable sensitivity of lepidop-
teran JHEs to general esterase inhibitors has been
manipulated to enhance the specificity of the affinity
purification system. Hinton and Hammock (2001), and
Hanzlik and Hammock (1987), were able to take advan-
tage of the insensitivity of the JHEs of M. sexta and T.
ni to the organophosphate diisopropylphosphofluoridate
(DFP) in order to inactivate other esterase enzymes from
insect blood prior to loading the affinity gel. As a result,
both JHE proteins were purified to apparent homogen-
eity. In the future, if one were to attempt isolation of the
other JHE forms from T. molitor, other general esterase
inhibitors such as methamidophos and carbaryl might be
useful in increasing the specificity of the affinity purifi-
cation technique. Of course this utility would be depen-
dent upon each of the JHE forms sharing the property
of insensitivity to such inhibitors. Hirashima et al. (1995)
used methamidophos to observe the effects of decreased
JHE activity upon delayed pupation in larvae of T. free-
mani, implying that other JHEs from Coleoptera are dif-
ferentially sensitive to methamidophos. In light of our
present observation with T. molitor JHE, the questions
must be raised as to whether the JHEs from two coleop-
teran species would have such dissimilar properties, or
whether the larval form of JHE differs from the pupal
JHE enzymes. It is also possible; however, that the JHE
of T. freemani is in fact insensitive as well to methami-
dophos. In the Hirashima study (1995), methamidophos
was applied in vivo, and the decreased levels of JHE
that resulted were in the same range as those that
resulted from treatments of heat stress or cold shock (59–
63% of control). Thus, while it is clear that an effect
was observed, it is possible that in all three cases the
enzyme level was affected indirectly rather than through
direct interaction with the JHE enzyme. Although the
possibility exists that there are several forms of JHE in
the Coleoptera, and among those there may be variable
sensitivity to inhibitors such as methamidophos, the cur-
rent report demonstrates that other trifluoroketones
inhibitors are more potent by several orders of magni-
tude. The IC50 values of DETFP and OTFP are in the
nanomolar range. OTFPdOHSO2, the dihydroxysulfone
analog of OTFP, is less potent than OTFP by three

orders of magnitude (Table 2), which is similar to the
observations made with these inhibitors using JHE from
Trichoplusia ni (Wheelock et al., 2001). Despite their
reduced inhibitory potency, however, the increased
aqueous solubility of the dihydroxysulfone inhibitors
may render them useful in applications where solubility
is an important issue. Therefore one might expect to find
a more efficacious candidate for use in future in vivo
applications. The utility of the new molecular tools and
information presented here will hopefully open new
possibilities of experimentation in order to answer these
questions about the complexity of JHE among the
Coleoptera.

The remarkable resistance of the JHE of M. sexta and
T. ni to the general esterase/protease inhibitor DFP was
noted very early (Kramer and Childs, 1977; Sparks and
Hammock, 1980). These JHEs were also surprisingly
resistant to a number of classical organophosphate and
carbamate inhibitors. The surprising sensitivity of lepi-
dopteran JHEs to the phosphoramidothiolate methami-
dophos led to the discovery of the potent irreversible
inhibitor EPPAT (Sparks and Hammock, 1980; Sparks
et al., 1983). Interestingly the phosphoramidothiolate
EPPAT was a mediocre inhibitor of the JHE of T. moli-
tor (Table 2). Even among lepidopterous insects there
was a huge difference in the susceptibility of JHE to the
sulfonyl fluoride PMSF (Hammock et al., 1990; Sparks
and Hammock, 1980). PMSF was a mediocre inhibitor
of the JHE of T. molitor but certainly has sufficient
potency to warn against its use as a protease inhibitor
in studies involving this enzyme. The relative sensitivity
of JHE to different esterase inhibitors has been used in
the characterization of the enzymes. Some workers have
used sensitivity (or lack of sensitivity) to esterase inhibi-
tors as part of a definition of JHE. However, anecdotal
results on esterase inhibition as well as substrate selec-
tivity is not a reliable basis to define a juvenile hormone
esterase. Very early studies on the JHEs of cockroaches
and houseflies cautioned against this trend since they
were sensitive to very different inhibitors (Hammock et
al., 1977a,b; Yu and Terriere, 1978; Mumby et al., 1979;
Sparks and Hammock, 1980). This study and the pre-
vious studies of Sparks and Hammock (1980); Stauffer
et al. (1997), and Thomas et al. (2000) on T. molitor
also caution that there is likely to be a great variation in
the sensitivity of JHEs (both among and within different
species) to inhibitors. Such inhibitors can be very valu-
able in blocking JH metabolism, searching for receptors,
testing hypotheses on the role of JH metabolism in endo-
crine regulation, and in purification of JHE and other
esterases. However, the validity of these tools needs to
be tested for each species and developmental stage. The
combined information from various reports of the inhibi-
tory properties JHE from T. molitor indicate the possi-
bility that more than one JH esterase enzyme exists in
vivo with some dissimilar properties. It may therefore
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be desirable in the future to purify and clone the other
forms of JHE from Coleoptera to characterize the sig-
nificance of these differences and their respective
physiological roles. The new data presented here should
be considered in designing purification and characteriz-
ation strategies if such goals are to be sought.

The availability of a JHE protein from T. molitor in
recombinant form should facilitate future studies in
which questions concerning comparative biochemistry
may be addressed. We can now produce an abundance
of active enzyme that should be sufficient to carry out
tasks which were previously impractical without a gen-
erous supply of JHE protein. For example, crystallization
can be attempted and resultant structural information
could allow the structure function relationships to be dis-
cerned among related JHE enzymes with varied bio-
chemical properties. We may also explore the issue of
in vivo stability of JHE. Specific recognition and degra-
dation by pericardial cells has been described in lepidop-
teran systems (Booth et al., 1992; Ichinose et al., 1992),
and experiments can now be done to determine if the
property is shared with JHE from T. molitor. While there
are many aspects of JH regulation that have been docu-
mented in Lepidoptera, we are only recently beginning
to explore similar mechanisms in other orders of insects.
JHE has now been cloned from species of Coleoptera
and Diptera (Campbell et al., 2001). Hopefully we will
be able to expand our base of knowledge of JHE biology
throughout the class Insecta as new tools from molecular
cloning and expression are put to use.
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