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Abstract

Juvenile hormone esterase (JHE) plays an essential role in insect development. It is partially responsible for the clearance of
juvenile hormone (JH) which regulates various aspects of insect development and reproduction. Because of its role in regulating
JH titer, this enzyme has been targeted for development of biologically-based insecticides. JHE was partially purified from the
beetle, Tenebrio molitor using a transition state analog as the affinity ligand. Two forms of JHE were characterized by activity
analysis, isoelectric focusing, two-dimensional SDS—PAGE and N-terminal sequence analysis. The esterase is associated with two
proteins of sizes 71 and 150 kDa, both of which are active on JH Ill. A partial cDNA clone for the enzyme was isolated based
on the sequence of N-terminal and internal peptides. Its sequence indicates that JHE frmiitor and Heliothis virescensnay
have a common origin] 2000 Published by Elsevier Science Ltd. All rights reserved.

Keywords:Esterase; Affinity chromatography; Juvenile hormones; Insects; Horm@eesprio molitor

1. Introduction JHE (EC 3.1.1.1), a member of the the carboxylester-
ase family, has been purified and characterized from sev-
Juvenile hormones (JHs), such as JH IIl (methyl(2E, eral species of insects, mainly those in the lepidopteran
6E)-[10R]-10, 11-epoxy-3, 7, 11-trimethyl-2, 6- order includingTrichoplusia ni(Abdel-Aal and Ham-
dodecanoate) (Fig. 1), are insect hormones that aremock, 1988),Heliothis virescengHanzlik and Ham-
involved in the regulation of the development of insects. mock, 1987) andManduca sexta(Jesudason et al.,
These hormones are also required in the adult form of 1990). However, there are only a few examples of
many insects for the regulation of reproductive processescharacterization of this enzyme from other insect orders,
such as oogenesis (Sehnal, 1985). In order for metamor-such as beetles (order Coleoptera) (Connat, 1983;
phosis to occur in holometabolous insects, the JH titer Stauffer et al., 1997 ifenebrio molitor Vermunt et al.,
must decrease during the last larval stage, resulting in1998a,b inLeptinotarsa decemlineata The JHEs of
pupation. JH titers must remain low during metamor- Lepidoptera have the same kcat/km ratio on the three
phosis of the pupa in butterflies and moths (Lepidoptera). major forms of JH homologues (Abdel-Aal and Ham-
This decrease in JH is modulated, in part, by juvenile mock, 1985; Abdel-Aal et al., 1988). Recent studies on
hormone esterase (JHE), which hydrolyzes the methyl JHE enzymes have utilized JH Il as a substrate due to
ester of JH to the corresponding carboxylic acid (Fig. the fact that it is now the only commercially available
1). There is now indication that the JH acid metabolite JH in radiolabeled form. However, JH Il is thought to
also may have intrinsic biological activity (Ismail et be the sole JH of Coleopterans (Grieneisen et al., 1997;
al., 1998). Baker, 1990). A Dipteran JHE fronDrosophila mel-
anogastemwas recently characterized by Campbell et al.
(1998) and is likely to be the same JHE reported by
"+ Corresponding author. Tel+1-530-752-7519; fax+1-530-752- Rauschenbach et al. (1995) and Khlebodarova et al.
1537, (1996). Recently, Vermunt et al. (1998b) reported a
E-mail addresshdhammock@ucdavis.edu (B.D. Hammock). dimeric form of JHE fromL. decemlineataby native
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@) ides based on JHE by exploiting unusual or otherwise

VZ VZ OCH; different properties of JHEs found in diverse organisms.
Herein, we describe partial purification by affinity chro-
matography, subsequent characterization of a putative

1 "
R R R 0 dimeric form of JHE, and patrtial cloning of the gene.

H.0O 2. Materials and methods
JH ESTERASE _
Chemicals: C-10H]-JH Il was purchased from New
England Nuclear Research (Boston, MA) at a specific
radioactivity of approximately 16.4 Ci/mmol and was
0 mixed with unlabeled JH 11l (8104 M), which was pur-

OH chased from Calbiochem (San Diego). 3-Octylthio-1,1,1-
=z z trifluoropropan-2-one (OTFP, #,,SCH,C(O)CF;) and
3-pentylthio-1,1,1-trifluoro-2-propanone (PTFP,

R R R" O C,HsSCH,C(O)CR,) were used as inhibitors to elute
JHE from the affinity column and were synthesized as
described in Hammock et al. (1984). 3-(4-
Mercaptobutylthio)1,1,1-trifluoropropan-2-one  (MBTFP,
+ HSC,H;SCH,C(O)CF,)) was used as a ligand for the
affinity gel (Abdel-Aal and Hammock, 1986).

2.1. Insects
CHsOH
Fig. 1. Enzymatic reaction catalyzed by JHE. Note that the JH ester _Larv_ae of T. molitor \,Nere purChased from Carolina
is in a chemically stable,B-conjugated system. JH 0=R’'=R"=ethyl; Biological Supply (Burlington, NC) and were reared at
JH I: R=R’=ethyl; R'=methyl; JH II: Reethyl, R=R’=methyl; JH 28°C on a 18L:6D photoperiod and fed a diet of
lll: R=R’=R"=methyl. Cheerio§l and potatoes. Purification was performed on

pupae that were 0-48 h post-pupation and frozen at

gradient PAGE and the cloning of two JHE-related genes —20°C until further use. Enzyme activity was stable
from this insect (Vermunt et al., 1998a). The sequence under these storage conditions. Repeated freeze—thaw
of this protein is quite different from the JHEs reported was found to result in no detectable loss of JHE activity.
from H. virescensit does not contain the characteristic
GQSAG sequence which contains the active site serine 2.2. JHE purification
(underlined and bold). This raises the question of
whether JHE evolved from a monophyletic or polyphy-  All biochemical procedures were performed &C4
letic origin in beetles and moths. unless otherwise specified. The 0-48 h pupae were

JHE from H. virescenshas been particularly well placed in 0.2 M NaP{pH 7.4), 5%(w/v) sucrose,
characterized due to interest in exploitation of this 0.02%(w/v) NaN, 2 mM EDTA, 107 M pepstatin,
enzyme for use as a biopesticide (Bonning and Ham- 0.02% 1-phenyl-2-thiourea, 1 mNB-mercaptoethanol
mock, 1996). Three cDNA clones have been isolated, (purification buffer) at a volume of 1.3 pupae/ml buffer.
and the recombinant form of the enzyme expressed inPupae were homogenized using a Polytron homogenizer
a nuclear polyhedrosis virus has been shown to reduce(Brinkmann Instruments, New York) for& min on ice,
caterpillar feeding and increase the speed of kill over with a 1 min pause between each homogenization to
wild type virus (Bonning et al., 1995). Both the natural avoid heating the samples. The homogenates were cen-
and recombinant JHE cause anti-JH effects upon injec-trifuged at 10,006 for 20 min, the pellet was resus-
tion into the caterpillarManduca sextgHammock et  pended and centrifuged again. The combined super-
al., 1988; Philpott and Hammock, 1990). Modified forms natants were filtered through cheesecloth and were
of JHE recombinantly produced in baculovirus have centrifuged at 100,0@pfor 60 min. It was routinely
been shown to be more highly insecticidal than the wild- found that approximately 80% of the total enzymatic
type recombinant JHE if. niandH. virescengBonning activity was recovered in the 100,0968upernatant. The

et al., 1997). supernatant was diluted three-fold with purification
Our goal is to characterize JHEs from insects that are buffer (previous trials had shown that three-fold dilution
evolutionarily distant fronH. virescensand other Lepi-  of samples resulted in optimal binding to affinity gel)

doptera. It is our hope that one could design biopestic- and was immediately loaded in batch onto MBTFP—
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Sepharose. This was done by combining the crudeas described above. The gel was stained with Nile Red
extract with the gel in a polypropylene tube and then (Sigma) according to the procedure of Daban et al.
rotating on a wheel at°€. At every 30 min the tube (1996). The gel was agitated for 5 min in a solution of
was set upright and the gel was allowed to settle. An 40 pg/ml Nile Red in distilled water. The stained bands
aliquot of the supernatant was assayed for JHE activity. were promptly excised from the gel under UV illumi-
This method was repeated until more than 80% of the nation and immediately placed in 5Q0 12% (v/v) Tri-
JHE activity had bound to the gel. This typically took ton X-100, phosphate buffered saline (PBS) foh at
about 6 h. The affinity gel varied in epoxide activation room temperature with shaking for renaturation. Enzy-
from approx. 6-qumol/g gel. A typical purification pro-  matic activity on JH lll was measured by a partition
cedure started with an extract from approximately 200 assay with radiolabeled JH 1l (Hammock and Sparks,
pupae. The resulting soluble fraction was diluted three- 1977).
fold and was loaded onte3 ml of affinity gel. Affinity
purification of JHE was accomplished similarly to the 2.5. Sequencing and amino acid analysis
method of Abdel-Aal et al., 1988 (Abdel-Aal and Ham-
mock, 1986). 1-OctyB-D-glucoside (OG) (0.1% (w/v)) For N-terminal sequencing, the samples were elec-
was used to encourage elution of the protein by minimiz- trophoresed on precast 8-16% SDS-PAGE (Novex).
ing hydrophobic interaction with the gel. This concen- The gel was transferred to Problot (Applied Biosystems),
tration provided the greatest yield of JHE elution from stained with Coomassie Blue R-250 according to Biorad
the column in the presence of the trifluoroketone inhibi- instructions and submitted to the Protein Structure Lab
tor, OTFP, at a final concentration of 1 mM (Abdel-Aal (University of California, Davis) for amino acid analysis
and Hammock, 1986). or sequence analysis on a Beckman 6300 Analyzer or a
The enzyme was eluted batchwise in several steps inApplied Biosystems 470A Sequencer, respectively. For
the presence of several milliliters of fresh buffer and in-gel Lys C digestion the samples were electrophoresed
inhibitor; the elutions were carried out for 4-8 h with on SDS-PAGE, stained with Coomassie R-250; in-gel
shaking at 4C. Eluates were concentrated by using Cen- proteolysis was performed according to the methodology
tricon concentrators (Amicon, Beverly, MA). Eluates of Y.M. Lee (personal communication) using Lys C
were reactivated by dialysis in purification buffer &C4  endoprotease frorAchromobacter lyticugWako). The
for 96 h in the presence of exogenously added ovalbuminpeptides were separated on ®150 mm, 5um, 300 A
as a carrier at a final concentration of 20§/ml. Further Michrom reverse-phase C18 Reliasil column running on
dialysis resulted in some additional reactivation (approx. a Michrom Ultrafast Protein Analyzer. A gradient of 5—
22%) and the activity was stable to further dialysis for 70% B (A=2% acetonitrile, 0.075% (v/v) TFA, 8L00%

up to 7 days. acetonitrile, 0.1% (v/v) TFA) in 70 min at a flow rate
of 50 pl/min with detection at 210 nm was used. Peak
2.3. Electrophoresis fractions were collected and submitted for analysis to the

Protein Structure Lab (University of California, Davis).

SDS-PAGE and native Tris—glycine gels were run
using either 10% polyacrylamide gels or prepared 8- 2.6. Cloning of JHE
16% gradient gels (Novex, San Diego). The following
standards were run on the native Tris—glycine gels: oval- PolyA RNA was isolated from fat bodies of three 0—
bumin (43 kDa), bovine serum albumin (67 and 134 48 h old pupae off. molitor. Approximately 350 mg of
kDa) and catalase (232 kDa). Wide-range protein stan-wet tissue was used, and yielded 6.6§ of poly A
dards (Novex) were run on SDS-PAGE. Isoelectric RNA. mRNA was isolated using the Poly(A) Pure kit
focusing (IEF) was performed using precast slab gelsfrom Ambion per manufacturer’s instructions. This
(Pharmacia) in a range of pH 3—-7 and 3-10. IEF Wide mRNA was used as template for Reverse Tran-
Range Standards (Pharmacia) were used to calibrate thecriptase—PCR. The degenerate oligonucleotides,
gels. JHE activity from both crude fractions and in 2 TmGPA (5-TAY-ACN-AAR-TAY-GGI-CCI-GC-
mm gel slices from IEF was verified by both partition 3'), TmAIG (5-AAR-TAY-GGI-CCI-GCI-ATH-
assay (Hammock and Sparks, 1977) and TLC (Casas etGG-3) were constructed as sense primers by Gibco Life
al., 1991, Stauffer et al., 1997). Gels were stained with Technologies. These primers were based upon the pep-
Coomassie Brilliant Blue according to the method of tide sequence obtained by in-gel Lys C digestion that

Sambrook et al. (1989). was nearest the N-terminus, TPAIGLTEVSR, based on
the alignment with the JHE sequence frémvirescens
2.4. Renaturation of JHE from SDS-PAGE Likewise, the oligonucleotides, TmPNP "{BAN-

GGR-TTI-GGR-TTI-GCI-GC-3 and TmFEK (%
p71 and p150 forms of JHE were renatured following NII-YTT-YTC-RAA-IGG-RTT-IGG-3) were gener-
SDS-PAGE on 8-16% gradient gels (Novex, San Diego) ated as antisense primers based upon the internal peptide
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sequence, TAANPNPFEK. For the first strand of cDNA low quantities of hemolymph where most JHE is typi-
synthesis, 500 ng of mMRNA was hybridized with 10 cally located in other species.
pmol of the oligonucleotide, TMFEK in TE buffer (10 Quantitative experiments indicate that approximately
mM Tris—HCI, 1 mM EDTA, pH 8.0) in a total volume 98% of the total esterase activity on JH Il is found in
of 5 pl. The mixture was incubated at 40 for 5 min, the soluble crude pupal fractions following 10,800
cooled slowly to 46C and then placed on ice. The RNA- spins and filtering. Of this soluble activity 80% is reco-
:oligonucleotide hybrid mixture was then mixed in a 20 vered in the 100,009 supernatant and approx. 1.0% is
pl reaction containing 20 Wd Superscript Reverse Tran- recovered in the 100,090Qoellet fraction. Thus, 19% of
scriptase 2 (Gibco Life Technologies), 2llbf RNasin activity is lost during ultracentrifugation. Similar results
ribonuclease inhibitor (Promega), and Reverse Tran-were obtained in a second independent experiment.
scriptase buffer (50 mM Tris—HCI (pH 8.3), 75 mM KCl, Crude 100,000 supernatants and pellets of insect
3 mM MgCl,, 2 uM DTT) (Gibco Life Technologies) pupae were analyzed for JH-esterase and JH epoxide
and 0.25 mM dNTP (TaKaRa). The reverse transcriptasehydrolase activities using TLC to separate metabolites
reaction was carried out at 42 for 50 min followed by of radiolabeled JH. JH-acid was found to be the major
50°C for 20 min. An aliquot (0.5ul) of this first strand metabolite present in the 100,@PBupernatant; in a 30
reaction was used for the first round of PCR amplifi- min incubation 87% of the radioactivity was present as
cation in a 10Qul reaction containing 100 pmol each of JH-acid, the balance of the activity was present as JH-
the primers, TmFEK and TmGPA, 2.5 U of Tag DNA diol and JH-diol-acid. No parent JH was detected at this
Polymerase (TaKaRa), 0.2 mM of each dNTP (TaKaRa), time point. The 100,009 membrane fraction, incubated
and Taqg polymerase buffer (10 mM Tris—HCI (pH 8.3), with substrate under the same conditions, yielded 74 and
50 mM KClI, 1.5 mM MgC}) (TaKaRa). The thermocy- 26% JH-acid and JH-acid-diol, respectively. A second
cling was performed in a PTC-100 thermocycler from independent experiment yielded similar results. These
MJ Research, Inc. The reaction was carried out with an results indicate the presence of a low amount of epoxide
initial 2 min denaturing step at 9€ followed by 4 hydrolase activity, and for this reason we assayed the
cycles of 30 set at 9€ 30 set at 69C and 2 min at  subsequent affinity eluate for epoxide hydrolase activity.
72°C; then 6 rounds of 30 s at 9@, 30 s at 59C 2 min
at 72C; then 8 cycles of 30 s at 9¢, 30 s at 57C, 2 3.2. Purification by affinity chromatography
min at 72C; and finally 19 rounds of 30 s at 94, 30
s at 55C, and 2 min at 7ZC. A second round of nested JHE fromT. molitor was purified by an affinity chro-
PCR was performed using# of the first reaction with matography method designed for JHEs from extracts of
the same conditions as above except that the primersother insects. This method relies on the use of a trifluo-
TmAIG and TmPNP were used. The second amplifi- roketone-based transition state analog bound to
cation resulted in an 800 base-pair PCR product, which Sepharose CL-6B to selectively bind JHE with sub-
was then cloned into pPCR-Script Amp SK(plasmid sequent elution using a stronger inhibitor. This technique
according to manufacturer’s instructions using the PCR- typically yields homogeneous JHE from crude prep-
Script Amp Cloning Kit (Stratagene). The recombinant arations of many different insects in a single step (Abdel-
plasmid, pPNP, was amplified iEpicurian coli XL1 Aal and Hammock, 1986).
Blue MRF'O cells (Stratagene). pPNP DNA was pur- In this report, we present results from our attempts to
ified from the recombinant bacteria using published tech- purify and characterize JHE from. molitor using the
niques (Sambrook et al., 1989). The subcloned PCR pro-classical MBTFP—-Sepharose affinity system (Abdel-Aal
duct was sequenced from pPNP DNA using an ABI and Hammock, 1986). MBTFP—Sepharose was used in
sequencing machine Model #377 (Perkin Elmer). an attempt to improve upon the purification of Stauffer
et al. (1997). In all cases, including the purification
reported here, it was found that approx. 60-90% of the
total JHE activity (as measured either by spectrophoto-
metric assay or partition assay with radiolabeled JH III)
o bound to the column after 4—6 h (McCutchen et al.,
3.1. JH metabolites in crude homogenates 1993; Hammock and Roe, 1985). Table 1 includes the
results of affinity chromatography of a crude 100,§00
All experiments in this paper utilized 0—48 h old pupa, supernatant. After dialysis for 72 h, a specific activity
in part because larvae are difficult to stage. Previous of approximately 286 nmol/min mg total protein was
reports by J.L. Connat (1983) and Sparks and Hammockachieved. Further dialysis did not appreciably improve
(1980) have demonstrated that during developmenft of activity, and the activity was stable under these con-
molitor, JHE activity is high in early pupae. Whole body ditions for up to seven days of dialysis &tCl A 20.1-
homogenate was used in this case becauseolitor fold purification was achieved with a total recovery of
consumes little water and thus, inherently has relatively 1.8 and 0.1% in activity and protein, respectively. The

3. Results
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Table 1
Purification table for JHE fronT. molitor

Total protein (mg) Specific activity Fold purification Recovery activity (%)
(nmol/min mg)

100,00@ supernatant 1243 13.9 1 100
Affinity step® 2.02 N.D2 N.D2 N.D2
Reactivatiof 1.11 286.1 20.1 1.8

a Sample was inhibited with the trifluoroketone, OTFP.
b Sample was dialyzed in the presence of 1.6 g/ml ovalbumin for 3 days.

observed recoveries are close to a previous purificationusing the inhibitor, PTFP, yielded similar results. The
in T. molitor (49-fold purification and 1.56% vyield of inhibitor, OTFP, was used for all subsequent purifi-
activity) that was reported by Stauffer et al. (1997). Fig. cations because of its lows relative to PTFP (two

2 shows SDS—PAGE analysis of the affinity eluate using orders of magnitude less than that of PTFP) (Stauffer
OTFP which reveals that eight major bands were purified et al., 1997). The sample proved refractory to further
by this procedure. SDS—-PAGE analysis of purification purification by several methods that included ion

200 kDa—

116.3 kDa—
97.4 kDa—!

66.3 kDa—§
55.4 kDa—§

31.0 kDa—§

Fig. 2. SDS-PAGE analysis of 100,@8upernatant (A), insoluble precipitate from affinity purification (B) and affinity eluate (C) fromolitor.

An 8-16% SDS-PAGE was run in which 12 and g total protein of the crude supernatant and affinity eluate, respectively, apd &0a
SDS-solubulized suspension were loaded onto the gel. The resulting gel was stained with Coomassie Blue R-250. Numbers on the left-hand side
show positions of molecular weight markers and on the right-hand side show estimated molecular weights of bands discussed in the text. Lane D
contains the same affinity eluate as in lane C, but in this lane the resolution is much improved such that each band can clearly be visualized.
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exchange, hydrophobic interaction and lectin chromato- 3.4. N-terminal sequence analysis
graphy.

We observed during the affinity purification of JHE An N-terminal sequence analysis was performed on
from T. molitor that a large amount of protein precipi- several bands of the affinity eluate. Table 2 shows the
tates out of solution during incubation with the trifluo- N-terminal sequence data for the bands of interest in this
roketone inhibitor used for elution. In a single experi- study. The N-terminal sequence of the 71 kDa protein
ment 50% of the total protein following an elution was and the 150 kDa protein are identical. A BLAST datab-
present as an insoluble material as measured by Bioradase search (Karlin and Altschul, 1990) using each N-
protein assay. SDS—-PAGE analysis showed that a subterminal sequence as a query shows similarity of the 71
stantial amount of proteins ranging from 71 to 150 kDa kDa protein and 150 kDa protein to the JHEHfvires-
appeared to be present in this fraction with a much cens(Hammock et al., 1988). Thus we tested the hypoth-
greater proportion of p150 relative to the amount seen esis that the 71 kDa band is a JHE, and that the 150 kDa
in nonprecipitated affinity eluate (Fig. 2). protein represents a dimer of the the 71 kDa protein.

Solubilization of the pellet was attempted with both Identification of homologous proteins in the BLAST dat-
the non-ionic and ionic detergents, Triton X-100 and abase for the remaining three bands which migrate close
sodium dodecyl sulfate (SDS), respectively. Of the to the 71 kDa band, namely, the 81, 64 and 59 kDa
reagents tried, only SDS was capable of fully solubiliz- bands, was not possible with the present data.
ing the pellet. Thus a major factor in the apparent poor
yield may be due to aggregation of JHE that sub- 3.5. Characterization of 150 kDa protein as a putative
sequently precipitates out of solution. JHE dimer

We tested the hypothesis that the 150 kDa protein is
a dimer of the 71 kDa protein. Surprisingly, both the
p71 and pl150 proteins were detected on SDS-PAGE

JHE from the affinity eluate of . molitor was ident- even under strongly denaturing conditions. We could not
ified and characterized by isoelectric focusing (pH 3— separate the p71/p150 couple, and the two forms appear
10), two-dimensional SDS—PAGE and activity analysis. to interconvert on the time scale of many of our experi-
Fig. 3 shows the IEF for the affinity eluate and corre- ments. Interconversion can be demonstrated by concen-
sponding activity profile as measured by the radiometric trating a sample of JHE that eluted from an S200 gel
substrate, 3H]-JH IIl, across an IEF gel for both the filtration column at a molecular weight of 71 kDa in
100,00@ supernatant and the purified affinity eluate. which no 150 kDa protein was initially present as exam-
Two major areas of activity were identified at a=f19 ined by SDS—PAGE. Concentration of this sample 12-
and 6.7, which correspond to the Coomassie Blue stainedfold (65—780ug/ml) caused partial interconversion to the
areas on the IEF gel (Fig. 3). All of the enzyme activity p150 form as measured by SDS-PAGE (data not
that was loaded onto the gel was recovered in these twoshown). Because of the inability to separate the
peaks in a ratio of 46 and 54% for the pl 6.7 and 4.9 p71/p150 couple under native conditions, we resorted to
forms, respectively, for the crude extract and 5% and separation on SDS—-PAGE, followed by renaturation in
95% for the pl 6.7 and 4.9 forms, respectively, for the the presence of Triton X-100 and measurement of renat-
affinity eluate. ured bands for enzyme activity on JH Ill. Not surpris-

A TLC analysis of products formed by incubation of ingly, renaturation after incubation in the ionic detergent,
JH Il with the two pl forms was accomplished to test SDS, was associated with a low recovery of JHE activity
whether the enzymatic activity of the two pl forms is and in all cases only a few percent of the total activity
due to ester hydrolysis. Both pl forms produce JH-acid loaded on the gels was recovered after renaturation. Fig.
as the major product on TLC analysis with no evidence 6 shows a time course of activity on JH Il for the p71
of any JH-diol or JH-diol-acid that would be indicative and p150 bands following SDS—-PAGE and renaturation
of epoxide hydrolase activity (data not shown). in the presence of Triton X-100. The enzyme activity

A two-dimensional SDS—PAGE of the affinity eluate for both p71 and p150 is essentially linear with time over
after the components were separated based on their plsa period ¢ 6 h (Fig. 6).
is shown in Fig. 4. These data show that the pl 4.9 form The 150 kDa protein was also examined to ascertain
appears to be the one that consists of the 71 and 150wnhether it is stabilized via electrostatic interaction or if
kDa proteins. The pl 6.7 form appears to contain only a covalent linkage such as a disulfide bond is present.
proteins smaller than 81 kDa, and appears to be associaWe found that under conditions of heating at’@0for
ted with at least the majority of the 30 kDa protein that 10 min or heating plus the addition of reducing agents,
copurifies on affinity chromatography. These results sug- the 150 kDa protein does not dissociate into smaller pro-
gest more than one of the protein bands in Fig. 2 areteins (data not shown). These results argue that the puta-
JHEs. tive dimer is not likely to be linked via a disulfide bridge

3.3. Ildentification of JHE on isoelectric focusing
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pl=4.9 pl = 6.7

% JHE Activity Recovered

Distance from Anode (mm)

Fig. 3. Enzymatic activity analysis of JHE affinity eluate and crude 10@G@@ernatant on isoelectric focusing (IEF), pH 3-10 (Pharmacia).

(A) 1.1 pg affinity eluate and fug crude material (not shown) were electrophoresed and stained with Coomassie Blue R-250. (B) Esterase activity
on JH Il as a function of distance in mm from the anods).dnd @) represent gel slices from crude homogenate and affinity eluate, respectively.
Activity is displayed as a percent of total activity initially loaded onto the gel. pH gradient is shown as a function of the distance from the anode,
indicated byO (mm).

and are similar to those obtained by Vermunt et al. on 3.6. Cloning of JHE
the JHE ofL. decemlineata(Vermunt et al., 1998b).
Thus the possibility of an electrostatic interaction
between the two putative monomers was tested by serial
dilution of the affinity eluate up to 100-fold; this did not
result in interconversion. Finally, the affinity eluate was
incubated in the presence of 1 mPAmercaptoethanol

The putative JHE (p71) was further characterized by
partial cloning of the protein coding region from cDNA
generated from pupal mRNA. Primers for obtaining the
clone were synthesized based on peptide sequences
obtained from in-gel Lys C digestion of the 71 kDa band

at 90°C in a time course up to 4 h. We found that not ,, spg pAGE. Fig. 5 shows the deduced protein
only did extensive heat and reducing agent notdlssomateSequence of the partial clone of JHE frofa molitor

the 150 kDa protein into smaller proteins, but the 150 \yhich comprises roughly the N-terminal half of the pro-
kDa protein appeared to produce higher order aggregatesein and its alignment with that frot. virescensWhile
that did not migrate into an 8-16% SDS—-PAGE. Thus thjs clone displays 42 and 40% identity to JHESHf
the results indicate the possibility that a putative dimer yjrescensand M. sexta(Hanzlik et al., 1989; A. Hinton,
asspci_ates b_y an uncharacteristically strong eIectro-unpubnshed), it displays only 21% identity to the JHE-
static interaction. related proteins froni.. decemlineataeported by Ver-
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pI =6.7 pI =49 serine (underlined and bold) (Fig. 5). The other two
members of the catalytic triad were not identified due to
an incomplete clone. All of the peptides obtained from
Lys C digestion gave sequences which exactly matched
the corresponding amino acid sequence derived from the
cDNA clone sequence.

150 kDa
4. Discussion
— 81 kDa Several JHEs have been successfully purified to hom-
ogeneity by the MBTFP-Sepharose-based affinity puri-
71 kDa fication method, however, these successes have been lar-

gely limited to insects of the Lepidopteran order. JHEs
from insects of other orders have proven more difficult
to purify. This was recently indicated by Stauffer et al.
(1997) and Vermunt et al. (1998b) for JHE lof decem-
lineata In this study, we purified JHE from the coleop-
teran, T. molitor, using a trifluoroketone-based affinity
purification system, but failed to obtain a homogeneous
preparation of JHE. Upon further study, however, we
Fig. 4. Two-dimensional SDS-PAGE of JHE affinity eluate. 8-16% founq some rather interesting bioc'hemical characteristics
2D SDS-PAGE (Novex) was run on the JHE affinity eluate following of this JHE which are presented in the results.

separation in the first dimension by IEF (pH 3-7) (Novex) in the first  In the application of the affinity chromatography tech-
dimension. Approx. 2.91g total protein was run on the first dimen-  nique to whole body homogenate Df molitor, our con-
Zigng'DgSe'-P TAVEE'EFergier'ls"tvriit%ﬁga(ﬁgv“:;)'Oﬁii;%:;t(’o;h?hse“?:ffq:ned”‘sistent result was the purification of a small number of
right of the gel sf?ow estimated molecular weights of bands of the pl proteins, SDS_PAG.E analysis (Elg. 2). reveals the pres-
isoforms discussed in the text. Thus both the 150 and 71 kDa JHE €NC€ Of major protein bands at eight different molecular
bands can be detected in the band focusing a4.6l weights. The fact that more than one protein eluted from
the affinity gel could either indicate multiple forms of
JHE, other esterase enzymes, or unrelated proteins.

Table 2 o e .
N?tbe?minal sequence analysis of proteins inthe affinity eluate from As the purlflcatlon table .(Table .1) indicates, there is
T. molitor a 20-fold increase in specific activity as measured by
radiometric JHE assay, and a 1.8% yield in total JHE
Molecular weight Sequence activity. Though greater than 90% of the soluble JHE
150 ENTLSPWDKEVIYNWKA activity bound to the aﬁin!ty gel, elution anq reactivation
81 HSVHSTNYAQKDV of_the enzyme was difficult. The I0\_/v_y|eld _o_f cata-
71 ENTLSPWDKEVIYNWKA lytically active enzyme from the affinity purification
64 YAPKSPIVY scheme, in this case, is likely due to two causes. The
59 PPEVTIEQGKLR first reason is the apparent aggregation and precipitation

of the enzyme following purification under the con-
ditions presented in this paper. The precipitate was
resistant to resolubilization, and the analysis of partially
solubilized precipitate by SDS—-PAGE revealed a sig-
munt et al. (1998a). Further analysis by the CLUSTAL nificant amount of 150 kDa protein. Possibly, the smaller
W alignment program (Thompson et al., 1994) for the JHE protein(s) has a tendency to dimerize and then pre-
JHEs of H. virescens T. molitor and L. decemlineata  cipitate out of solution, or the majority of JHE activity
yielded homology scores of 34 for the alignmenthbf exists as a 150 kDa protein in vivo, but is unstable under
virescensand T. molitor, 4 for the alignment off. moli- the in vitro conditions that have been reported here.
tor and L. decemlineataand 5 for the alignment of. A second reason for low yield of activity is the nature
virescenandL. decemlineataThese results suggest that of the affinity gel and the elution buffer. Elution requires
while JHE fromT. molitor has significant similarity to  incubation of the gel with a very tight binding inhibitor.
that of JHE from H. virescens, the JHE reported from The trifluoroketone inhibitor forms a covalent bond with
L. decemlineataloes not. The clone reported here shows the enzyme’s catalytic site serine. Thus, catalytically
similarity to the other JHEs studied, and contains the active enzyme is needed for both elution from the col-
characteristic GEAG sequence around the active site umn and removal of the inhibitor. In addition to poor

@ Molecular weights of proteins sequences were determined on a
8-16% SDS-PAGE.
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Fig. 5. Protein sequence alignment of partial clone of JHE fibrmolitor (upper sequence) with that &f. virescens(Hanzlik, et al, 1989)

(lower sequence). Partial clone of JHE frammolitoris aligned with that oH. virescensising the software, DNASIS. Numbering system includes

amino acids and gaps. Thus, catalytic serine 203 from JHE. efrescenss 238 in this figure. Underlined residues correspond to peptides whose
sequences were obtained from in-gel Lys C digests. All of the peptides obtained by this method agree exactly with this sequence. Shaded region
corresponds to the catalytic serine sequence. JHE Tromolitor andH. virescendlisplay 42% identity in the region of the clone, which comprises

the majority of the N-terminal domain. The sequence flondecemlineatdVermunt et al., 1998a) did not have high enough similarity to present

a meaningful alignment by either DNASIS or CLUSTAL W (Thompson et al., 1994).

elution, low observed recovery may be due to incom- of activity in the crude homogenate migrates to pl 6.7
plete removal of the trifluoroketone inhibitor from the than in the affinity eluate. The distribution of total
enzyme despite extensive dialysis. This observation hasactivity between the pl 6.7 and pl 4.9 groups goes from
been made before with other JHEs. Trifluoroketones 46 and 54%, respectively, in the 100,@08upernatant;
exhibit slow tight-binding kinetics, and OTFP has been to 5 and 95%, respectively, in the affinity eluate. This
reported to have and of 107° M on JHE of T. molitor indicates that the JHE activity of pl 6.7 is even more
(Stauffer et al., 1997). unstable, or more difficult to reactivate after binding to

The affinity eluate contains two groups of JH affinity gel than is the activity at pl 4.9. In a previous
hydrolyzing proteins which can be separated based onstudy by Stauffer et al. (1997), only one area of JHE
their pls. The two sets at different pls are enzymatically activity was observed with IEF. This form ran at
active and both produce JH-acid as their sole reactionpl=4.43, and accounted for 100% of the activity reco-
product. Though the majority of JHE activity of the vered from the gel. The discrepancies between these pre-
affinity eluate migrates at p#.9 with IEF analysis, part  vious results and ours can be explained either by subtle
of the original JHE activity is apparently present within differences in experimental technique, or by genetic vari-
a group of proteins with a pl of 6.7. A higher proportion ations between two different populations Bf molitor.
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1500 Despite the fact that there is more than one protein
which possibly represents an independent JHE, we were
able to make a logical decision to focus upon the 71
kDa protein and the 150 kDa protein for several reasons.
Firstly, both of these proteins exhibited JHE activity
after elution from SDS—PAGE and dialysis. Secondly,
they both are represented in the group of proteins which
migrates at pt4.9 by isoelectric focusing. This area of
the IEF gel represents the majority of JHE activity in
the affinity eluate. Thirdly, N-terminal analysis indicates
not only that the two proteins have identical N-termini,
but that this protein sequence has homology to a pre-
2 * Ovalbumin viously cloned JHE from another speciés, virescens
0 - — ——arrer Based upon these reasons, we decided to focus upon this
“ T =% pair of proteins.
Time (Hr) Analysis of the 71 kDa band by partial cloning was
accomplished. This clone, which encompasses the N-ter-
manomet of JHE afer renatiraion rom SDS-PAGE. Each pornt rep- 11 domain of p71, is 42% identical to the region of
resents the averageSD of two independent experiments in wEich thep H. virescensIHE to .WhICh it allgns. _ThIS sequence dem-
data were each collected in triplicate. A blank gel slice was averaged ONstrates that the isolated clone is probably that of an
and subtracted from each datum point for each independent experi-esterase similar to JHE based on homology to JHE of
ment. H. virescensand the signature sequence in the vicinity
of the catalytic serine, GQSAG. Although this clone
The significance of additional forms of JHE activity shows high homology to JHE sequences frémi, M.
remains uncertain. When both pl groups of JHE from sexta(Hinton, A.C., unpublished), andymantria dispar
IEF are run on a second dimension of electrophoresis(Nussbaumer, C., 2000), it shows low identity (21%) to
using SDS—PAGE, each pl group separates into variousthe JHE-related sequences recently reported from the
molecular weights. There is some overlap between thebeetleL. decemlineatagVermunt et al., 1998a). Com-
2 groups (64 and 81 kDa), but several other bands areparison of our sequence data frdmmolitor with JHEs
unigue to each pl group. The 71 and 150 kDa proteins from Lepidopterans strongly suggests a monophyletic
seem to be limited to the pl 4.9 group of JHE activity. origin, at least with the homologue or paralogue
In the future, the thorough explanation of the roles of described here. The observation that our sequence data
these different forms of JHE will likely require the pro- are not highly similar to JHE fronk. decemlineatas
duction of antibodies and/or molecular cloning and unexplainable at this point (Vermunt et al., 1998a).
expression of individual proteins within these groups. However, Vermunt et al. (1998a) report the absence of
With such tools available it would be feasible to deter- both a catalytic serine and the characteristic GQSAG
mine whether these are isoforms of the same protein, orsequence in the vicinity of the active site serine in their
different gene products of completely independent translated sequences of the two JHE-related genes in
genes. It will also be interesting to assess the roles of Colorado potato beetle. Furthermore, catalytic activity
each form and assess their prominence throughout develon JH Il has not been demonstrated for the proteins
opment. purified by Vermunt et al. (1998b). This suggests that
Under the conditions used for affinity chromato- the JHE reported herein is not the same as that isolated
graphy, a variety of proteins were eluted. All major from L. decemlineatgVermunt et al., 1998a,b), although
bands were eluted from SDS—-PAGE, and the eluate wasthe JHE reported by Vermunt et al. (1998a,b) may corre-
dialyzed and tested for esterase activity. Two of the pro- spond to a small percentage of JHE froln molitor
teins (71 and 150 kDa) are able to hydrolyze JH. One unidentified in this study.
other protein (38 kDa) had catalytic activity onnaph- SDS—-PAGE of the affinity eluate shows an additional
thyl acetate but not JH. The remainder of proteins that band that is approximately twice the molecular weight
co-eluted from the affinity gel have no known function, of the 71 kDa JHE (150 kDa, Fig. 2). We tested the
as they neither exhibited any catalytic activity nor hypothesis that this band is a dimer of the 71 kDa pro-
revealed any homology to known proteins by N-terminal tein. Fig. 4 shows, by two-dimensional SDS—-PAGE fol-
sequence analysis. The inability to recover JHE activity lowing isolectric focusing, that this 140—150 kDa protein
from the other eluted proteins following SDS—-PAGE has a pl of 4.9, which is identical to that of the 71 kDa
does not rule out the possibility that these are JH protein. Furthermore, an N-terminal sequence analysis
hydrolyzing proteins which are less stable or which fail of the putative monomer and dimer obtained from SDS—
to reactivate under these conditions. PAGE shows that both the 71 and 150 kDa proteins have
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