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Abstract

A full-length epoxide hydrolase (EH) cDNA (TmEH-2) and a partial EH cDNA (TmEH-3) were isolated from a
Trichoplusia ni digestive system cDNA library made with equal proportions of fifth stadium, day 1 (L5D1) and
L5D2 larvae. TmEH-2 was 2054 base pairs (bp) in length with a 1389 bp open reading frame that encoded a putative
polypeptide of 463 amino acids. TmEH-2 differed from aT. ni EH cDNA (TmEH-1) previously cloned from fat
body. TmEH-2 was 67 and 73% identical at the nucleic acid and amino acid levels, respectively, to TmEH-1. A
portion (789 nt) of TmEH-3 was sequenced yielding 293 amino acids in one open reading frame by conceptual
trandlation. The nucleotide sequence of TmEH-3 was 64.9 and 65.4% identicd to TmEH-1 and TmEH-2,
respectively. The deduced amino acid sequence was 73.8% similar (with 63.2% identity) and 75.7% similar (with
66.2% identity) to TmEH-1 and TmEH-2, respectively.

TmEH-1 was subcloned into a baculovirus system for in vivo expression in T. ni larvae. Following injections of the
non-occluded TmEH-1 virus, no increased JH 111 epoxide hydrolase activity was found compared to larvae injected
with non-transformed control baculovirus. However, the time to lethality of the TmEH-1 baculovirus was shorter
than the control virus. At 72 h post-injection, the cumulative mortality for the TmEH-1 and control baculoviruses
was 95 and 41%, respectively. The mechanism of accelerated toxicity of the TmEH-1 baculovirus is unknown.

Introduction

Epoxide hydrolases (EHs) (EC 3.3.2.3) belong to a diverse group of enzymes known as the a,3-hydrolase fold
family (Ollis et a., 1992; Lacourciere and Armstrong, 1994). EHs metabolize epoxides by hydration of the oxirane
ring to producetrans diols. In mammals, a large humber of reports are available on the role of EHs in the
metabolism of xenobiotic (e.g.: Oesch, 1973; Guenthner and Oesch, 1981; Guengerich, 1982; Seidegard and
DePierre, 1983; Wixtrom and Hammock, 1985; Lake et al., 1987; Meijer and DePierre, 1987 and 1988) and
endogenous epoxides (Halarnkar et a., 1989 and 1992; Nourooz-Zadeh et a., 1992). Much less is known about the
function of EHs in insects. Previous work has shown that insect EHs can metabolize xenobiotic epoxides (Brooks et
a., 1970; Brooks, 1974 and 1977; Slade et a., 1975; Mullin, 1988; Taniai et a., 2003). Additionally, EHs likely are
involved in detoxifying dietary plant epoxides (reviewed by Mullin, 1988), and may have arole in metabolizing
endogenous epoxides such as juvenile hormone (JH) (Halarnkar et al., 1993; Kallapur et al., 1996; Harris et al., 1999
and others reviewed by Hammock, 1985; Roe and Venkatesh, 1990; and Gilbert et al., 2000). Although the role of
the different EHs in endogenous and xenobiotic metabolism is not yet clear, Taniai et a., (2003) found that a
clofibrate-inducible microsoma EH from D. melanogaster metabolized cis-stilbene epoxide but not JH I11.

Several reports have been published describing insect EH cDNAs from Manduca sexta (Wojtasek and Prestwich,
1996), Ctenocophalides felis (Keiser et a., 2002), and Trichoplusia ni (Harris et al., 1999; Anspaugh, 2003). cDNAs
from Drosophila melanogaster, Aedes aegypti, Anopheles gambiae, Apis mellifera and Bombyx mori are available
from the GenBank database. Multiple EH alleles in insects were suggested by Mullin (1988) and validated in studies
with D. melanogaster (3 EH cDNAs identified) and C. felis (2 EH cDNAS). All of the epoxide hydrolases sequenced
from insects to date have been microsomal enzymes (reviewed by Anspaugh, 2003).

In the present study we report the cloning and sequencing of a second, unique EH cDNA (TmEH-2; NCBI accn.
AF035482) and of a portion of athird EH cDNA (TmEH-3; NCBI accn. BG354599) from the digestive system of T.
ni. To explore the role of EH in JH metabolism, TmEH-1 was subcloned into baculovirus for in vivo expressionin T.
ni larvae.

Materials and M ethods

I nsects
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Cabbage loopers, Trichoplusia ni (Lepidoptera: Noctuidae), for this study originated from the Shorey strain
(Department of Entomology, University of California, Riverside). Larvae were reared on an artificial diet (Roeet d.,
1982) at 27 + 1°C with a relative humidity of 50 + 5% and a 14 h light: 10 h dark cycle. The ages of gate 1, last
(fifth) stadium larvae were determined as previously described (Kallapur et al., 1996). In our laboratory, the fifth
stadium of this strain lasted 4 days, which were designated L5D1, L5D2, L5D3 and L5D4. The time immediately
following ecdysis to the fifth stadium was called L5DO0. Larvae wandered on L5D3, became prepupae on L5D4 and
underwent ecdysis to pupae by the next day.

cDNA library construction

An equal proportion of L5D1 and L5D2T. ni larvae were used to construct a cDNA library from the digestive
system, which included fore-, mid- and hindgut (hereinafter referred to as gut). After guts were excised, any
remaining malpighian tubules, tracheae and connective tissues were removed, and the gut contents were purged with
sodium phosphate buffer (0.1 M, pH 7.4). Total RNA from guts was then isolated according to the method of
Chomczynski and Sacchi (1987). Poly (A) RNA was purified using a Poly(A) Quik mRNA Isolation kit
(Stratagene, La Jolla, CA). The cDNA library was constructed using Zap Express cDNA Synthesis and Gigapack |1
Gold Cloning kits (Stratagene) according to the manufacturer’s instructions.

cDNA library screening (TmEH-2)

The T. ni gut cDNA library was screened using the high-stringency procedure of Israel (1993). Basically, the phage
library was aliquoted into an 8 x 8 matrix of a sterile microtiter plate at a concentration of 2000 plaque-forming units
(pfu) per well. The phage were propagated and then pooled across columns and down the rows of the matrix to yield
16 phage pools. Aliquots from each pool (0.5uL) were used as templates in 16 different DNA amplification
reactions using the primer 5 AGTCTCTGTCCTTGCTG3 (EHRP2), and the universa M13R primer. EHRP2
corresponds to nucleotides 66-82 of TmEH237) (NCBI accn. U35736), a 237 base pair (bp) putative EH cDNA
fragment isolated by RT-PCR of total RNA from L5D3 T. ni (Harris et a., 1999). The conditions for DNA
amplifications were 1 x reaction buffer (Promega, Madison, WI), 1 ug/uL bovine serum albumin, 1.5 mM MgClz,

0.4 mM dNTPs, 1.0 pM of each prlmer and 1.0 unit Tag DNA polymerase (Promega) in 25 L total volume. The
thermal cycling conditions were 95°C for 5 min followed by 35 cycl& of 95°C for 1 min, 45°C for 3 min and 72°C
for 2 min. The last cycle was followed by a final extension at 72°C for 7 min. Five iL of each amplification
reaction were analyzed by agarose gel electrophoresis. The DNA was then denatured, neutralized and transferred to
Hybond- N* nylon membranes (Amersham, Arlington Heights, IL) according to the manufacturer’s instructions.
Nylon membranes were UV crosslinked in a Bio-Rad GS Genelinker (Bio-Rad, Hercules, CA) after transfer. The
nylon membranes were pre-hybridized at 50°C for 30 minin Rapid- H)Q(b buffer (Amersham), and then hybridized at
50°C for 90 min with TmEH237) that was random prime labeled with ~"P-dCTP (Du Pont NEN, Boston, MA) using
the Redi-Prime kit (Amersham). Also at 50°C, the membranes were washed twice in 2 x saline sodium citrate (SS0),

0.2% sodium dodecyl salt (SDS) for 10 min per wash and then twicein 0.2 x SSC, 0.2% SDS for 15 min per wash.

The blots were analyzed by autoradiography for the DNA amplification product of the expected size. By matching
the positive signals obtained from pooled rows and columns of phage, several wells in the microtiter plate were
identified as potentially containing the desired cDNA clone. The phage in one of these wells were then diluted and
distributed into another 8 x 8 matrix at a concentration of 56 pfu/well. The entire DNA amplification and Southern
blotting procedure was repeated. The microtiter plate wells of this second matrix were identified that potentially
contained the desired cDNA clone. The phage in one of these wells were then diluted and distributed into a third 8 x
8 matrix at a concentration of 4 pfu/well, followed by another round of DNA amplification and Southern blotting.

From the third matrix, phage from the appropriate well were pIated on NZYM agar plates and screened by
traditional library screening procedures (Sambrook et al., 1989) using P abelled TmEH(237) as a probe. This last
step of conventional screening produced a single clone. The phagemid containing the desired EH cDNA was excised
according to Stratagene's recommendations and transferred into the E. coli XLOLR strain. The resultant plasmid
pGUT-EH was isolated with a QIAprep Spin Miniprep kit (Qiagen, Valencia, CA) and sequenced in both directions.
The full-length EH insert (NCBI accn. AF035482) in pGUT-EH is referred to as TmEH-2.

cDNA library screening (TmEH-3)

One hundred cDNAs were randomly chosen from the gut library described above. White (recombinant) plaques were
subjected to PCR to determine the length of the cDNA insert contained in the isolated phage. Each plague was picked
separately using a sterile pasture pipette and transferred into a 0.5 ml tube containing 50ul sterile SM buffer. These
were stored at 4°C overnight to allow phage to enter the SM buffer. One-half ul of phage in SM buffer was added to
29 ul of sterile water and frozen at -20°C for at least 1 h to break the phage coat. PCR was conducted using the
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universal T3 and T7 primers (50 pmol each), 1x reaction buffer, 200uM each dNTP, and 2 unitsTaq DNA
Polymerase (Promega). PCR conditions were 95°C for 5 min followed by 35 cycles each containing 95°C for 1 min,
40°C for 1 min and 72°C for 2 min. Following the last cycle there was a fina extension of 72°C for 7 min. Five pl of
each reaction were analyzed using agarose gel electrophoresis. Amplification products of 1000 bp or larger were
sequenced, and the phage yielding these amplification products were subjected to single clone excision according to
the instructions of the Zap Express cDNA Synthesis and Gigapack 11 Gold Cloning kit (Stratagene) and stored at -
80°C. Following sequencing to yield expressed sequence tags (ESTSs; see below) the resulting DNA sequences were
compared with sequences in the NCBI GenBank database by the Basic Local Alignment Search Tool (BLAST;
www.nchi.nim.nih.gov; National Institutes of Health, Bethesda, MD) to determine the putative function of each EST.
One clone, SK59, was similar to epoxide hydrolases and therefore chosen for further sequencing and analysis.

DNA sequencing and sequence analysis (TmEH-2)

DNA sequencing was performed by the DNA Sequencing Core Laboratory of the Interdisciplinary Center for
Biotechnology Research, University of Florida (Gainesville, FL). The sequenced cDNA fromT. ni gut was
identified as a putative epoxide hydrolase by BLAST. The amino acid sequence was obtained by computational
trandation of the EH cDNA using the Wisconsn Genetics Computing Group (GCG, Madison, WI) SEQWeb
Sequence Analysis software, version 1.1. GAP analyses by SEQWeb were utilized to calculate al reported
percentage identities between EH cDNA or protein sequences.

DNA sequencing and sequence analysis (TmEH-3)

PCR products were purified using the QIAquick PCR Purification kit (QIAGEN, Valencia, CA). Purified PCR
products were sequenced using the ABI PRI sm® BigDye™ Terminators Cycle Sequencing kit (Applied
Biosystems, Foster City, CA). Sequencing reactions contained 3 pmol of T3 primer, 50 ng of purified PCR product
and 8l BigDye terminator mix in a total reaction volume of 20pul. The thermal cycling conditions were 35 cycles at
96°C for 10 sec, 50°C for 5 sec and 60°C for 4 min. The reaction mix was then purified using a CENTRI-SEP
column (Princeton Separation, Adelphia, NJ). The purified PCR product was dried in a vacuum centrifuge and sent
to the Forest Biotechnology lab at North Carolina State University to be analyzed on ABI PRISM 370 DNA
Analyzer (Applied Biosystems).

TmEH-1 baculovirus expression in vivoin T. ni larvae

TmEH-1 cDNA was subcloned into the Autographa californica multiple nuclear polyhedrosis virus (AcMNPV)
vector system. The pG6-1 plasmid was sequentially digested withBamH | (Promega) and Xho | (Stratagene),
providing a fragment containing the EH message. This fragment (1908 bp) was ligated using T4 DNA ligase
(Novagen, Madison, WI) with the viral transfer vector pBacPak8 (pBP8; CLONTECH, Palo Alto, CA), previously
treated withBamH | (Promega) and Xho | (Stratagene), which provided the recombinant baculovirus plasmid
(pBP8-G6-1). Recombinant baculovirus was obtained by addition of pBP8-G6-1 (containing TmEH-1) and Bsu 361-
digested BacPak6 viral DNA (CLONTECH), producing the non-occluded virus, vG6-1. All virus man|pulat|ons
were according to O’ Rellly et a. (1992). Two microliters of complete medium containing 3.0 x 10° pfu of either
vG6-1 EH baculovirus or wild-type (AcMNPV; non-transformed) control baculovirus were injected at the base of
the second pair of prolegs (from the anterior) of L5DO T. ni. Uninfected control insects were injected with 2L of
complete medium containing no baculovirus. Needles for injections were made from glass Pasteur pipettes that were
melted and pulled for a smaller gauge opening and a sharper tip. The injection volume was measured with a
Hamilton syringe (Reno, NV) and then aspirated and delivered by mouth inhalation and exhalation, respectively,
through a rubber hose attached to the base of the pipette needle. Separate syringes, needles and rubber hoses were
used for each treatment to prevent cross-contamination. Larvae that bled excessively following injections were
discarded. Insects were then placed on artificial diet in separate containers and held at normal rearing conditions.
The physical condition of treated larvae was observed every 24 h for 4 d.

Results and Discussion

Nucleotide and deduced amino acid sequences of T. ni EH cDNA, TmEH-2

Previously in our laboratory, a full-length EH cDNA (TmEH-1; NCBI accn. U73680) was cloned from a library
made with the fat body of T. ni (Harris et al., 1999). This cDNA library was constructed with L5D3 larvae. This is
the stage during the last stadium when fat body JH IIlin vitro EH activity is highest (Kallapur et al., 1996). In
midgut, however, EH activity peaked on L5D2. The developmental differences in the levels of EH activity between
fat body and midgut, and the results of Southern blots with T. ni genomic DNA (Harris et al., 1999) suggested that
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multiple EH genes may be present inT. ni larvae. Recent reports have shown the presence of multiple insect EH
cDNAs in C. felis (2 EH cDNAs) and D. melanogaster (3 EH cDNAS). In the present study, a cDNA library was
constructed from the whole guts of an equal proportion of L5D1 and L5D2 T. ni, and then screened by PCR and
Southern blotting with the TmEH(237) fragment (NCBI accn. U35736) as a probe. TmEH(237) is a 237 bp putative EH
fragment generated by RT-PCR of total RNA from whole body L5D3T. ni (Harris et al., 1999). A putative EH
cDNA, TmEH-2 (NCBI accn. AF035482), was subsequently cloned and sequenced from the T. ni gut library (Figure
1). This cDNA contained the complete coding sequence of a protein predicted to have EH activity. TmEH-2 and the
TmEH(237) probe were 81% identical, and the region of overlap between these two sequences (found in the translated
region) is single-underlined in Figure 1. The length of the TmEH-2 insert was 2054 bp, with 5’'- and 3’ -untranslated
regions consisting of 29 and 636 bp, respectively. The putative polyadenylation signal, ATTAAA, began at
nucleotide 1966 (double underlined, Figure 1), while the poly-A tract started at nucleotide 1983. It is unusual that
the polyadenylation signal was not AATAAA. This typical sequence is highly conserved but occasionally a single
base may be different (Lewin, 1994), as was the case with TmEH-2. Overall, the sequence of TmEH-2 differed from
TmEH-1, which was 1887 bp with 81 and 416 bp in the 5'- and 3’ -untranslated regions, respectively. Unlike TmEH-
2, TmEH-1 had the typical AATAAA polyadenylation signal. The two EHs (TmEH-1 and -2) appear to be unique
based on these variations and the percent identities from sequence alignments. The nucleotide sequences of TmEH-1
and TmEH-2 were 67% identical, while the two EHs shared 73% identity of deduced amino acid sequences (GAP
alignment analyses, SEQWeb). Despite the disparities in sequence, both T. ni EH cDNAs had open reading frames
of 1389 bp, which coded for identically sized (463 amino acids) putative proteins. These findings provide further
evidence that multiple EHs are present in T. ni. TmEH-1 and TmEH-2 are at least different alleles of the same gene,
and may be the products of two separate genes. When compared to other EH sequences, the amino acid sequence of
TmEH-2 was only 46% identical to that of another lepidopteran, M. sexta. The percent identities ranged from 42 to
47% when TmEH-2 was compared to other insect EH amino acid sequences. Interestingly, TmEH-2 was similar to
microsomal EHs of mammals. For example, TmEH-2 was 42 and 40% identical to rat and human mEH. However,
when GAP-aligned with soluble EHs (sEHs) of rat and human, TmEH-2 was only 18 and 19% identical. These
alignments suggest that TmEH-2, like TmEH-1, is a microsomal enzyme.

Nucleotide and deduced amino acid sequences of T. ni EH cDNA, TmEH-3

A portion of a third EH cDNA was isolated in our studies, TmEH-3 (NCBI accn. BG354599). The partial nucleotide
sequence of TmEH-3 and the predicted amino acid sequence are shown in Figure 2. The TmEH-3 cDNA is ~ 1500 bp as
determined by agarose gel electrophoresis. A total sequence of 789 bp was obtained. Conceptual translation of the
sequence yields one open reading frame coding for 293 amino acids. The nuclectide sequence of Tm-EH3 was 64.9 and
65.4 % identical to TmEH-1 and TmEH-2, respectively. Also, the deduced amino acid sequence was 73.8% similar (with
63.2% identity) and 75.7 % similar (with 66.2% identity) to TmEH-1 and TmEH-2, respectively. The amino acid alignment
of TmEH-3 with TmEH-1 and TmEH-2 aong with the human microsomal EH (HmEH) is shown in Figure 3 (see below).

While the cDNAs of TmEH-1 and TmEH-2 contained the entire coding sequence of both EHs, the cDNA of TmEH-3
contains only a portion of the sequence. After sequence analysis and alignment with other EHSs, it is clear that the clone is
missing about 291 bp of coding sequence from the 5 end including the start codon ATG. It is also missing the 5
untranslated region containing some of the regulatory elements of the mRNA. This EH sequence, which is approximately
35% diverged from the two previously identified EH cDNA from T. ni, confirms the presence of at least three EH alelesin
T.ni.

Catalytic triad of T. ni mEHs

The catalytic triad residues of the EH active site were identified and their role elucidated (Lacourciere and Armstrong,
1993; Borhan et al., 1995; Linderman et al., 1995 and Arand et a., 1996). For microsoma EHs (mEHS), a covaently
bound ester intermediate is formed by attack of the nucleophilic Asp (D) on the least substituted carbon atom of the
epoxide ring. The intermediate ester is then hydrolyzed by a water molecule activated by His (H) and Glu (E). The catalytic
triad in the active site of theT. ni mEHs is denoted by asterisks in Figure 3. TmEH-2, like TmEH-1, uses the typical
microsomal catalytic triad; Asp-Glu-His. Only the first amino acid of the catalytic triad is part of the sequenced region of
TmEH-3. Like the other T. ni mEHs, TmEH-3 retains Asp acid as the first amino acid of the catalytic triad. For soluble
EHs (sEHS), the catalytic triad is similar to the mEHSs but the Glu residue is replaced by Asp. Recent studies on the sEHs
suggest that two other tyrosine residues are involved in the formation of the ester intermediate (Argiriadi et al., 2000; Rink
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caactttttatttcaattgtgtttttaat

ATGGCCCGTCTCCTCTTCATACTACCAGTATTGGCACTGGTCTTTCTCCCAGTATACTTCTTATTCCTACAAAGT CCTCCA
MARLWLUFI L PVLALVFLUPVYFLFLQSUZPP

CCGGTACCCAATGT TGACAT GAACGAT TGGT GGGGGCCT GAGAGCGCGAAAGAAAAACAGGATACCAGTATCAGGCCATTC
PV PNVDMMNUDWWGPESAKEIKOQDTSI RPF

AAAATCAGT TTTGGAAATAATAACGT CAAAGACTTAAAAGAT CGT CTCCAAAGAACAAGACCGCTAACACCTCCACTAGAA
K1 S F GNNNVI KDL KDRLQRTWRWPLTPPILE

GGTGTCGGCTTCGACTACGGCT TCAACACCAACGAAAT CGACAGCT GGT TGAAGTACT GGGCCAAGGACTACAATTTCAAG
GV GFDYGFNTNEI DSWLKY WAIKUDYNTF K

GAGAGGGAAACTTTCTTGAACCAGT TCCCGCAGT TCAAGACTAACAT CCAGGGACTGGATATACACTTCATTAGGGT TACG
ERETVFLNOQQFPOQFIKTNI QGULDI HFI1 RVT

CCAAAGGT TCCTCAAGGGGT TGAAGT TGT TCCCCTCCTTCT TCTCCACGGCT GGCCAGGAT CCGT CAGGGAGT TCTATGAA
P KVPQGVEVV PLILILLHGWPG GSVRETFYE

GCCATCCCTCTGCTGACTGCTGT CAGCAAGGACAGAGACT TTGCCTTTGAAGT CATCGTGCCCAGTCTTCCTGGT TATGGG
Al PLLTAV S KDWRDZFAFEWVI VPSL P GY G

TTCTCTGATCCGGCAGT ACGACCAGGACT GGGAGCGCCT CAGAT TGGCGT CGT GAT GAAGAACCT GAT GAGCAGGCT CGGA
F S DPAVRPGLGAPQI GVVMKNLMMSRIL G

TACAAGCAGT TCTACCT GCAAGGCGGT GACT GGGGAGCACT CATTGGAAACT GTATCGTAACTCTATTCCCTAAGGATATC
Y K QF YL QGGDWSGALI GNZCI VTLFUPKD

CTTGGTTACCACACTAACAT GCCCATCGT GATGT CAGCAAAATCCACCTTATTTGAACTCCTTGGT TCAGTCTTCCCATCT
L GYHTNMPI VMSAKSTLFELILGSVF P S

CTGATTCTGGAAGACATGAGTACCTATGAAAGGT TGTATCCTCTGTCAACGAGGT TTGCTAACCT GCTGCGGGAGACTGGC
L1 L EDMSTYERLYPLSTRFANLILIRET G

TACATGCATATTCAATCGACGAAGCCT GATACT GT TGGAGT TGCACT TTCGGAT TCCCCAGCGGGT CTTCTAGCCTACATC
Y MHI Q S TKWPDTVGV AL SDSUPAGLILAY

CTCGAGAAGT TCGCAACCT GGACT CGGCCTGACCT GATGT CTAAACCCAAT GGAGGT CTGGACTACCGCT TCACCAGAGAC
L EKFATWTRWPIDILMS KPNGG GLDYRTFTRD

CAGCTGATTGACAACCTAATGATGTACT GGACCAACAGAGCGAT CACGCCGGCCATGAGATTGTATGCCGAGAACTTTAAT
QLI DNLMMYWTNRAI TPAMRLYAENTFN

AAGAGGACT GTGGAAATGAAACT TGAT GAGAT CCCAACT CCAGT GCCAACAT GGGGCTTGCAAACGAAATACGAATTAGGA
K R TVEMKTLDTEI PTPVPTWGLQTIKYE L G

TATCAACCTAAATATATCCTAAAAAT TAAGT TCCCAAACCT AGT CGGCACCACAGT ACT TCAAGAGGGAGGT CACTTCATT
Y QP K Y1l L KI KFPNLVGTTVL QE G GH F

GCCTTCGAATTGCCCGAGGT CTTTACGAAT GACGT CAT CAAGGCT GT GACAGAGT TCAGAAAACT GCAGAAGAAGAATGTC
AF ELPEVFTNUDUVI KAVTETFRIKILQKIKNV

AAGACTGATTTGTAAt t attt gat tt t gaaact ggaaat gt att aat gt aat t gt t gacaaggaagt gaaggaagttgtta
K T D L *

ggat aat gaagat gat at at ggctcgtattttttt gt caaat aacgaaaat gattttttttttgcat ccct gactcctgtg
ct cgggat t aggact t cccagagt ct gcgt t aat agcccgaat t caaat t aaaccgt t acagcaaccgcet aaat tt cgt ag
aattttacgtcatcatacgagattttggagcaat gt aatttcgtctaccatt aaaaaat t aaat aagat gt at t accagct
atact caattccctgtgctatgcatttctattattaaatagttaaacacgacagt agaaaaagaaaat at agt acaagggt
gctgettatttcaaaagaaat ct ctt ccagaaaacccgct at agaaaagt ggttattattattgggtacgeattcatcggg
ttgtatttaatcgcagtcttgttgtgttgacaacatttactttaaatatattatgcaacctgttttttttgttattaaatt

atcttacat anaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa

1467

Figure 1. Nucleotide and deduced amino acid sequences of the full-length epoxide hydrolase cDNA (TmEH-2;
NCBI accn. AF035482) cloned from the gut RNA of equal proportions of L5D1 and L5D2T. ni. Untranslated
regions are in lower case type. The region of overlap between TmEH-2 and the EH probe (TmEH237); NCBI accn.
U35736) used for cDNA library screening is single-underlined in the translated region. The proposed amino acid
residues of the catalytic triad are indicated by asterisks: D*, E* and H*. The putative polyadenylation signal is
double-underlined.



1468
2005 Beltwide Cotton Conferences, New Orleans, Louisiana - January 4 - 7, 2005

1 ttgagctact gggcagaggagt acaat tt cagt gaacgagagacc
L S Y WAUEEYNUF S ERET
46 ttcctgaaccagttcccccact acaagacttacatacagggtctg

FLNQFWPHYKTYI Q GL
91 gat atccacttcat cagggt gaagccacaggt accacaaaat gt g
DI HF I RV KWPQVP QNYV
136 gagattgtcccacttctcttaat gcacggct ggccagggtctgtg
E Il vV P L L L MHGWZPG S V
181 cgagagttctat gaagccattcctctgct cacccgccagcaacca
R E F Y E A1 P L L TRQQP
226 ggatacaactttgctttcgaagttattgtaccaagtatacctgga
G YNFAFEVI VP SI PG

271 tatggattttcacaaggagccgt ccgcccggggct cggagcacct
Y GF S Q GA VR RPGL GAP
316 caagt at cagt gat ct fcaagaacct gat gaaccggct cgggt ac
QVSsS‘VI FKNLMNIRLGY
361 gacaagttctacatt cagggaggagact ggggcgcagt aat agcg
D K FYIlI Q G GDWG AWV I A
406 tctactatggctactatattcccagaattgcttcttggacat cat
S T MATI1 F P EULULUL GHH
451 tcaaacat gctgacggtt cat aacagcaaat caacgtt gaagatg
S NML TV HNSK S T L K
496 ttcatcggcgcatatttcccgtcgttcgtaatgcccgagcacttg
FI GAYF P S FVMPEHL
541 gtcgacagact gt acccactgtccagtttgttcgcttacgtcatg
v D RL Y PL SSL FAY VM
586 gaagagttcggct acat gcacct gcaagccact aaacct gat act
E EF GY MHUL QAT KWPDT
631 attggtatacctctaacagactccccagct ggtctcctcgcat at
I 61 P L T DS PAGTL L AY
676 attttagagaaattctccacat ggacaaagaggagccacaagttc
I L E K F ST WT KR S H K F
721 aaagaagacggtggccttgaattcaggttcacaaaagaccagctc
K E DG GUL EVFRFTKD QL
766 ctagacaatctaatgatctactgg 789
L DNLMI Y W

Figure 2. Nucleotide sequence and deduced amino acid sequences of the partial epoxide hydrolase cDNA (TmEH-3;
NCBI accn. BG354599).

et al., 2000; Yamada et a., 2000; and Gomez et a., 2004). Rink et al. (2000) compared the amino acid sequence of
severa mEHs and sEHs and showed that there are two conserved tyrosine residues (Y2 and Y3 in Figure 3) that are
expected to play arole in nucleophilic addition. The tyrosine residues conserved in the three mEHs from T. ni are
shown in Figure 3 in comparison with the human mEH. The tyrosine residues Y1, Y2 and Y 3 are conserved in all
mEHSs (Rink et a., 2000) while Y2 and Y 3 are conserved in both sEHs and mEHSs. These three tyrosine residues are
conserved in TmMEH-2. The Y1 and Y 2 residues are present and conserved in TmEH-3. Y 3 is outside the sequenced
region of TmEH-3.
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Figure 3. Alignment of deduced amino acid sequences for TmEH-1, TmEH-2 and TmEH-3 compared to the Human
mEH (HmEH). The catalytic triad D/E/H is indicated by asterisks and the tyrosine residues (Y) conserved in all
mEHSs are indicated by Y1, Y2 and Y 3 as explained by Rink et al. (2000).
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Baculovirus expression of TmEH-1 in vivoin T. ni larvae

The involvement of JH esterase in the regulation of insect development has been clearly demonstrated in
Lepidoptera by selectivein vivo enzymatic inhibition (Roe et a., 1997) and by the appearance of developmental
abnormalities in larvae infected with a JH esterase-transformed baculovirus (Hammock et a., 1990). Injection of a
JH esterase baculovirus into second stadium M. sexta led to blackened larvae. Feeding the virus to first stadium
larvae reduced weight and growth when compared to control virus treatments. Both of these conditions likely are
due to an abnormal decrease in JH titer caused by an increase in JH esterase levels from viral expression (Hammock
et al., 1990). The increase in JH esterase levels compared to control treatments was validated by measuring activity
in vitro in hemolymph of infected insects.
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Figure 4. Effects of in vivo expression of TmEH-1 recombinant, non-occluded baculovirus inT. ni larvae. Insects
were injected at L5DO0 with 2 L of complete medium containing 3.0 x 10° pfu of either EH-transformed baculovirus
(EH-BV) or non-transformed, wild-type control baculovirus (Control-BV). Uninfected control larvae were injected
with 2 yL of complete medium containing no baculovirus. Each value is the mean of four replicates (10 insects per
replicate) and error bars represent + 1 SEM.

As discussed earlier, the importance of EH in decreasing JH titer and the regulation of metamorphosis is unknown.
A major reason for this uncertainty has been the difficulty in developing potent in vivo inhibitors of insect EH and
determining the effects of EH inhibition on insect development and endogenous JH levels. In an attempt to
determine the importance of EH in larval development, the TmEH-1 cDNA was subcloned into a baculovirus
expression system and expressed in vivo in T. ni larvae. Only TmEH-1 was used in these studies since there was a
high percent identity between this EH and TmEH-2. In addition, Anspaugh (2003) showed that both EHs were
expressed in fat body and gut, tissues known to be important in JH metabolism. Finally, TmEH-1 expressed in a
Spodoptera frugiperda (Sf9) cell line was JH-specific when compared to other epoxide substrates (Harris et a.,
1999). If TmEH-1 plays a role in clearing JH in vivo, its overexpression by the transformed baculovirus should
cause a decrease in the JH titer and precocious metamorphosis. L5DO T. ni larvae were treated by injection with
either the TmEH-1-transformed or non-transformed control (wild-type) baculovirus. When equal titers of each non-
occluded baculovirus were injected, there were no differences in physical appearance between insects of each
treatment over the course of the experiment. Furthermore, the TmEH-1 virus caused no significant reduction in body
weight as compared to the control (data not shown). Surprisingly, however, the TmEH-1 baculovirus produced a
higher larval mortality in a shorter time post injection as compared to the control (Figure 4). While no mortality
occurred at 24 h post-injection, the TmEH-1 baculovirus elicited 48% cumulative mortality at 48 h compared to
29% for the control. The differences were greater (2.3-fold) and statistically significant (t-test, a = 0.05) at 72 h
post-injection, as cumulative mortality was 95 and 41% for the TmEH-1 and control baculoviruses, respectively. By
96 h after injection, both treatments resulted in 100% mortality. The cumulative mortality of uninfected control
treatments (injections with media that lacked baculovirus) did not exceed 15%at any time during larval
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development. The increase in the rate of mortality for TmEH-1 baculoviruses was similar to the lethal times for a
scorpion peptide neurotoxin-transformed baculovirus injected into the silkworm, Bombyx mori (Maeda et al., 1991).
In these studies, insects died between 60-75 h after injection.

The mechanism responsible for the increase in the rate of mortality postinfection for the EH-transformed
baculovirus inT. ni is unknown. The enhanced virulence does not appear to be explained by an increase in JH
metabolism, since there was no increase in the whole body JH 111 EH activity as compared to controls (data not
shown). However, TmEH-1 baculovirus-treated larvae did have higher levels of expressed EH protein typical of that
previously shown by SDS-PAGE for this same EH expressed in cell culture (Harris et al., 1999). TmEH-1 JH 11
epoxide hydrolase activity might have been susceptible to proteolytic digestion specifically associated with a
baculovirus infection. Otherwise T. ni EH activity is not especialy labile and is stable in crude insect homogenates
and during protein purification. The viral induced production of ecdysteroid UDP-glucosy! transferase could have
reduced EH activity, as was predicted with low JH esterase baculovirus expression in vivo (Hammock et al., 1990).
It is also possible that the mechanism of enhanced toxicity for baculovirus expressed TnEH-1 is non-specific.
Because the enzyme is hydrophobic, overexpression and incorporation of the protein into cell membranes could
interfere with normal cell membrane function. This non-specific mechanism has been suggested previously as the
cause of enhanced toxicity for a baculovirus transformed with URF13, a membrane-bound maize mitochondrial
protein (Korth and Levings, 1993). The URF13 non-occluded baculovirus killed T. ni larvae significantly faster
(within 60 h) than the non-transformed control virus after injection. The lack of enhanced EH activity in vivo by the
TmEH-1 baculovirus prevented any conclusions on whether or not EH has a significant role in titer regulation of JH
but may have some significance in the application of these viruses in insect control (Possee and Bishop, 1992;
Bonning and Hammock, 1996; Possee et al., 1997). Further studies are needed to better understand the mechanism
for the apparent increased virulence of the EH transformed virus.

Summary

The cloning of two new EH cDNAs (TmEH-2, TmEH-3) from T. ni has provided further evidence for the existence
of multiple EH alleles or genes in this species. Amino acid alignments suggest that TmEH-2 and TmEH-3, like
TmEH-1, are microsomal enzymes. In vivo baculovirus expression of TmEH-1 inT. ni larvae did not resolve the
role of EH in JH metabolism. However, the TmEH-1-transformed baculovirus accelerated toxicity significantly in
fifth stadium T. ni, as compared to the non-transformed control virus. Further studies are needed to elucidate the
mechanism behind this enhanced virulence of the TmEH-1 baculovirus.
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