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A single copy of the retrotransposon TED, from the moth Trichoplusia ni (a lepidopteran noctuid), was
identified within the DNA genome of the baculovirus Autographa californica nuclear polyhedrosis virus.
Determination of the complete nucleotide sequence (7,510 base pairs) of the integrated copy indicated that TED
belongs to the family of retrotransposons that includes Drosophila melanogaster elements 17.6 and gypsy and
thus represents the first nondipteran member of this invertebrate group to be identified. The internal portion
of TED, flanked by long terminal repeats (LTRs), is composed of three long open reading frames comparable
in size and location to the gag, pol, and env genes of the vertebrate retroviruses. Sequence similarity with the
dipteran elements was the highest within individual domains of TED open reading frame 2 (pol region) that are
also conserved among the retroviruses and encode protease, reverse transcriptase, and integrase functions,
respectively. Mapping the 5’ and 3’ termini of TED RNAs indicated that the LTRs have a retroviral U3-R-U5S
structural organization that is capable of directing the synthesis of transcripts that represent potential
substrates for reverse transcription and intermediates in transposition. Abundant RNAs were also initiated
from a site within the 5’ LTR that matches the consensus motif for the promoter of late, hyperexpressed
baculovirus genes. The presence of this viruslike promoter within TED and its subsequent activation only after
integration within the viral genome suggest a possible symbiotic relationship with the baculovirus that could

extend transposon host range.

The retrotransposons represent a class of eukaryotic
transposable elements that bear a striking resemblance to the
vertebrate retroproviruses in genetic structure and function.
Identified thus far in the plant, fungus, and animal kingdoms,
these elements share a common mechanism for transposition
involving reverse transcription of an RNA intermediate.
Numerous families of retrotransposons containing long ter-
minal repeats (LTRs) have been identified in invertebrates,
including more than 10 such families in Drosophila melano-
gaster alone (for recent reviews, see references S to 7). On
the basis of their size and overall gene organization, the D.
melanogaster elements 17.6, 297, and gypsy most closely
resemble the vertebrate retroproviruses (for retrovirus re-
views, see references 48 and 49). These retrotransposons
possess three long open reading frames (ORFs) comparable
to the retroviral gag, pol, and env genes (24, 28, 41); of
these, the pol region is typically the most highly conserved
among the retrotransposons and the retroviruses, a possible
consequence of the importance of reverse transcription in
the maintenance of these elements through evolution (25, 29,
47). The LTRs of the D. melanogaster elements also possess
a U3-R-US structural organization that is used to progress
through stages of reverse transcription that are analogous to
those of the retroproviruses (2). Finally, the D. melanogas-
ter retrotransposons, like the retroviruses, represent an
important class of insertion mutagens owing to their ability
to integrate randomly into the host genome and alter gene
expression (5, 7).

We have investigated the structure and gene organization
of the retrotransposon TED, a lepidopteran element (7.5
kilobases [kb]}) that, as we report here, is closely related to
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the dipteran elements 17.6 and gypsy. TED represents a
dispersed, middle repetitive sequence within the genome of
the cabbage looper Trichoplusia ni, a nocturnal moth (31).
Active transposition of this element within 7. ni is evident
from its amplification and alternate locations within the
genome of cultured cells compared with that of larvae.
Moreover, TED is capable of transposing to the DNA
genome of the baculovirus Autographa californica nuclear
polyhedrosis virus (AcMNPV) during viral replication in
susceptible 7. ni cells (31). Such large insertions of foreign
DNA, including a variety of other host-derived transposable
elements, can be accommodated by the double-stranded,
circular genome (~128 kb) of ACMNPYV without compromis-
ing replication functions (for baculovirus reviews, see refer-
ences 17 and 32). TED was first identified as an insertion of
host T. ni DNA within the genome (86.7 map units) of virus
FP-D, an AcMNPV mutant distinguished from wild-type
virus by the reduced number of occluded virus particles it
produced in cell cultures (31, 38). Integration disrupted an
early viral gene and resulted in alterations in the transcrip-
tion of surrounding genes (18, 19).

Identification of a single copy of TED integrated within the
AcCMNPYV genome has provided an opportunity to examine
the structure, expression strategies, and mutagenic proper-
ties of an active retrotransposon in a context different from
that of the cell in which it resides. In this study, we report
the complete nucleotide sequence of TED as integrated
within AcCMNPV mutant FP-D. Since the LTRs play an
essential role in the expression of transposon-encoded
genes, element transposition, and alterations in the expres-
sion of nearby genes, we have also examined the transcrip-
tional activities of the TED LTRs embedded within the
baculovirus AcCMNPV genome and the host 7. ni genome.
Transcriptional mapping indicated that the TED LTRs pos-
sess a U3-R-US5 structural organization analogous to that of
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the retroproviruses; moreover, full-length (genomic) RNAs
were synthesized from the 5' LTR to the 3° LTR. These
data, in addition to the presence of a gene with striking
sequence similarities to the pol gene of the dipteran retro-
transposons and the vertebrate retroviruses, support the
contention that TED transposition occurs via reverse tran-
scription of an RNA intermediate.

MATERIALS AND METHODS

Recombinant plasmids and DNA sequencing. Overlapping
restriction fragments containing portions of element TED
and flanking viral DNA at the site of integration (86.7 map
units) of AcMNPV mutant FP-D were cloned into the
Bluescript (KS) vector (Stratagene, La Jolla, Calif.) by
standard methods (27). The unidirectional exonuclease III
deletion procedure of Heinkoff (21) was used to generate
progressive deletions of each plasmid in the directions
indicated in Fig. 1B. Single-stranded phagemid DNA was
isolated after infection of plasmid-containing Escherichia
coli IM101 cells with VCS-M13 helper bacteriophage (Strat-
agene) and was sequenced with T7 DNA polymerase (U.S.
Biochemicals, Cleveland, Ohio) in conjunction with the
dideoxy chain termination method of Sanger et al. (42).
Nucleotide sequences shown were determined for both
DNA strands. Computer-assisted sequence comparisons and
analyses were conducted with the sequence analysis soft-
ware package of the University of Wisconsin—Madison
Genetics Computer Group (14).

Cells and viruses. Established moth cell lines T. ni TN368
(cabbage looper; Lepidoptera: Noctuidae) (22) and
Spodoptera frugiperda IPLB-SF21 (fall army worm; Lepi-
doptera: Noctuidae) (50) were propagated in TC100 growth
medium (GIBCO Laboratories, Grand Island, N.Y.) supple-
mented with 10% heat-inactivated fetal bovine serum.
AcMNPYV insertion mutant FP-D was isolated after 25 serial
passages of wild-type strain L-1 of AcMNPV through the T.
ni TN368 cell line (31, 38). Virus FP-D is referred to as an FP
(or few-polyhedron) mutant because of the reduced numbers
of polyhedral occlusion bodies it produces in cell cultures
relative to wild-type AcMNPV. FP-D represents a mixture
of two virus genotypes, FP-DL and FP-DS, containing the
full-length TED element or a single (solo) TED LTR, respec-
tively. During infection, FP-DL spontaneously generates a
mixture of FP-DL and FP-DS in an approximate ratio of 4:1,
whereas the FP-DS genotype is stable (31).

RNA isolation and Northern (RNA) blot analysis. For
isolation of RNA from uninfected or virus-infected cells, cell
monolayers (107 cells per 100-mm plate) were mock infected
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or inoculated with extracellular virus at a multiplicity of 20
PFU per cell. After a 1-h adsorption period, residual inocu-
lum was removed and replaced with fresh growth medium.
Cells were harvested 20 h later by dislodging the monolayer
and washing the cells with phosphate-buffered saline (pH
6.2). Total RNA was extracted by the guanidine isothiocy-
anate-cesium chloride method (11), and poly(A)™ RNA was
purified by oligo(dT)-cellulose chromatography (23).

For Northern blot analysis, poly(A)* RNA was denatured
by glyoxalation (30), subjected to electrophoresis on 1.2%
agarose-10 mM sodium phosphate (pH 7.0)-1 mM EDTA
gels, and transferred to nitrocellulose membranes (46). Blots
were hybridized with RNA probes for 40 h at 65°C in 25 mM
Tris hydrochloride (pH 7.5)-1x PE (0.1% sodium PP,, 5 mM
EDTA, 1% sodium dodecyl sulfate, 0.2% each polyvinylpyr-
rolidone, Ficoll, and bovine serum albumin)-5x SSC (1Xx
SSC is 0.15 M NaCl plus 15 mM trisodium citrate)-50%
formamide—150 pg of denatured salmon sperm DNA per ml.
Strand-specific RNA probes were synthesized by in vitro
transcription of plasmid DNA as described previously (3).
Bluescript (KS) plasmids containing appropriate DNA frag-
ments of the TED element juxaposed with T3 or T7 bacte-
riophage promoters were linearized with various restriction
endonucleases and transcribed with T3 or T7 RNA polymer-
ases, respectively, in the presence of [a->?PJUTP (800 Ci/
mmol; Amersham Corp., Arlington Heights, Ill.). Greater
than 90% of the resulting RNA transcripts were full length,
as judged by denaturing agarose gel electrophoresis.

Primer extension and S1 nuclease analysis of TED tran-
scripts. For mapping of the 5’ ends of RNAs initiated from
the 5" TED LTR, a 36-nucleotide primer (extending from
nucleotide positions 303 to 268; Fig. 1) was radiolabeled
exclusively as its 5’ end (located within the internal portion
of TED) with T4 polynucleotide kinase and [y-*?P]JATP. The
end-labeled primer was annealed to poly(A)®™ RNA from
infected or uninfected cells and extended with Moloney
murine leukemia virus reverse transcriptase (Bethesda Re-
search Laboratories, Inc., Gaithersburg, Md.) as described
previously (34).

The 3’ ends of RNAs terminating within the 3' TED LTR
were mapped by the S1 nuclease procedure of Weaver and
Weissman (51). A 433-base-pair (bp) Sau3A-EcoRI probe
(extending from nucleotide position 7222 within the internal
portion of TED to the EcoRlI site located 149 bp from the end
of the 3’ LTR within flanking viral sequences) was 3’ end
labeled exclusively at the Sau3A site with the Klenow
fragment of E. coli DNA polymerase and [a->’P]JdGTP. The
probe was denatured, annealed to poly(A)* RNA under the

FIG. 1. Nucleotide sequence of TED as integrated within the genome of AcCMNPV mutant FP-D. (A) The sense strand of TED is shown
along with the predicted translation products of the three ORFs (ORFs 1, 2, and 3) as indicated by single-letter amino acid designations. The
first methionine of ORF 1 is underlined, and termination codons are indicated by asterisks. Amino acids corresponding to putative protease
(prt), reverse transcriptase (rt), RNase H (rnh), and integrase (int) domains of ORF 2 that are the most conserved among the retrotransposons
and retroproviruses are also underlined. Brackets mark the boundaries of the 5’ and 3’ LTRs, which are further subdivided into U3, R, and
U5 regions. The U3-R and R-US junctions within the 5’ and 3’ LTRs, respectively, designate the initiation and polyadenylation sites of TED
RNAs as synthesized in host T. ni cells (see text). The RNA start sites that are located within the baculoviruslike promoter (boxed sequences
in 5" LTR) and that are utilized after viral integration (see text) are indicated by small arrows. Also underlined are the putative polyadenylation
signal (PA), the tRNA PBS, the polypurine tract (PP), and the 4-bp duplication (dup) (AATG) of viral DNA at the site of integration. (B)
Restriction map of TED (darkest area) illustrating the plasmids and the direction of exonuclease 111 deletions used to obtain the sequence.
Also shown are the locations of RNA probes (arrows) used in Northern hybridizations (see text): probe P,P, (0.98 kb) extends from the Ps:I
site at position 1237 (P,) to the Ps¢I site at position 261 (P,), probe SsS (1.13 kb) extends from the SstI to Sall sites (positions 2831 to 1705),
probe BgX, (0.71 kb) extends from the Bg/lI to Xbal (X,) sites (positions 5414 to 4706), and probe X,H (0.54 kb) extends from the Xbal (X,)
to HindlIIl sites (positions 6606 to 6070). The restriction sites at the boundary of each probe are indicated in the sequence. Restriction site
abbreviations: B, BamHI; Bg, Bglll; H, Hindlll; K, Kpnl; P, Pstl; R, EcoRI; S, Sall: Ss, Sstl; V, EcoRV: X, Xbal; Xh, Xhol; Xm, Xmal.
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MOTH RETROTRANSPOSON TED

5'LTR
TGTTAGGTATGGAGCCTTAATGGATATCATCGACGCTGCATTTCCTGT TATTGTCCGCCAGCTGCATAGAAACTGTCTGAATGACGTAAATCGTCATGAACCGCTGATGTAGCGARATTT
-3 |r- PA er|uUs-
GTAATTAGTTATTAACTCAAAATTGTATGCATTCCTATTTCTAATATCGAGTAGGTCTCACGCATTAATTATTGTAAT AATAAATTAGCATTTAAAATCATTTTTGGTTT
_Pstl SR tRNA PBS
TTTTTCTATCTGCCGTCTGCAGTATACGTAATI GGCGCAGTCGGTAGGATACTCGCGGGCCGGT TCGCGAGCAATAGAGTCATCTCATATCGATATTCGCGT TCGCGAGTCGCCCRGEEG

GCTTTCAAGCCACATCCTGAGTATCCTGAATCTACGGGACAACTGCGGAGCCAGGCGGAGAATCCAGACATCGAT TCGCAGAGAAAGAACCAATATGAAACTTATGTAAGTACACTTGAA
ORF 1 ~

TCGTTCTCGTGTTGCTTCCTTTCTATTCCTAGTTACTTTAATCTCTAAAAAT TTTTCGTCACGAAAAGTTTTACACCCGGGAACCTGCATCACGCCAGGCTCGCCGGAATATCATTGATA
S$ L X1 FRHEIKTFYTRETPASR R O@ARRNIILIDOII

TTAATAGAGACTTAGATAATTCAGATTTAAACTTAGGTTTAGATAGAT TATTTAGTATAAAAATGCCACACGATCCTGACGTAATTTTCAAGGCT TTGCGACTTGTGCCGGAATTTAATG
N RDLDNSDLNLGLDRILTESTIKMPHDFPDVI!IFKALRLVYTPETFNGEG

GCAACCCCAATATTTTAACGAGATTTATAAATATATGTGATAAACTAGTAGAGCAATATGCGAGCGCTGAGCCGGGAAGTGAGT TAGGAAATTTATGTTTGTTAAATGGCATCTTGAACA
N P N T L TRF T NITCDKLULVEQYASAETPGSETLGWNTLTCLLNGTILNK

AGGTCACTGGAACAGCTGCCTCTACCATAAACGCAAATGGCAT TCCTGAAACCTGGGTAGGCATTAGATCATCTTTAATTAACAACT TTTCAGACCAGCGCGATGAAACGGCTTTATATA
VTGT AASTINANGTIPETWVGEIRSS LI NNTFSDG EGRDETALTYN

ATGACCTCTCATTAGCTTCACAAGGTAATAAGACTCCTCAGGAGT TCTACGAACAATGCCAAACCTTATTCAGTACCATAATGACGTATGTAACGTTGCATGAGACTTTACCAACGACTA
DL SLASOQGNKTP QETFYEQCQTULFSTI1IHTY VT LHETLPTTIT.]

TCGAAGCTAAACGGGCACT TTACAAGAAAGTAACTGTGCAGGCTTTTGTGCGGGGACTAAAAGAACCT TTAGGT TCACGTATAAGGTGTATGCGCCCCGAGACTATCGAGAAAGCCCTTG

€E AKRALYKIKXKVYTVAaAFVRGLKEPLGS®RIRTCMRBRPETTIET KA ATLE
Pstl

AATATGTGCAGGAAGAGCTAAATGTAATATATCTGCAGCAACGCAATGAGTCT TCGAGGGCTCACAGCTCTCCTAAAATGCTTCCTATACCGCAACAGTCTCCTGTGACCCCATTCAATA

Y V@ E EL NV 1Y LOQGRWNET ST SRAHNSSPKMLZPI POQOSZ®PVITPFNT

CATTAGGTATTCACAGACCGCCGGTACCTAACTGGCCGGTTCCGATGGGACAACGTGGCAATCAACCACCACCTCAACCCTTTAAATTTAATGTGCCTAACCAATATCATAATCGCATGE
L GI ¥R PPV P NWPVPMGAQRGNOPPPOQPFIKTFNKVPNQAQYHNRMEP

CTACTAAAACTCAACAGATGCTTAGAGCACCGCCACCAAATTATCATCCTCAGAGTAACGTTTTCCGCTTACCACCACGTAATCCACCACCAAATCAAATTGTAAAACCGATGAGTGGAG
T KT Q@@ MLRAPPPWNYHPOGSNVYFRLPPRNINPPPNQQIVKPMNSGYV

TTCAACATTTTGTCCCAAAAACTTTACCTGTAATGACGGGACATGACTGGCGTAAATCCGGGAATCCGCCGCCAAATAATTACT TCAAAACTCGCGAATTAAACGT TAACGAATTCTACT
@ H F VP KTLPV MTGHDMWRKSGNPPP NNY F X TRETLNVNETFYS
Sall

CGTCTGACGACTCATATAACTCAGTCGACTATTATTCCGAACCAGGGTGCGACTATTATACTGACTATTATAACAACCCCTATGACTATGACACAAACGCGACCTGTTACGACTTACCTT
S ODS Y NSVDYY SEPGCDYYTDYYNNPYDYDTITNATCYZDLZPY

ORF 2 -« ~ ORF 1
ACGACGCTAGTGAGACAGAAGCTCAACCAGGCCCTAGCCATGTACATGAAAGTCAGGATTTTCAATCGACCAAACCATCAAACGAACAAGGATAGATATTAACCTACAGTACCAAAGACA
D A S ETEAQPGP S HVY HESOQDTFOQSTKPSNEU QG ™

K §$ G F S 10 @e@T1KRTR1IDINLU QYU QRZEQ
ACTACCATATATAGAATTTTCTGATCCACCATTAAAATTCTTGATTGACACTGGTGCCAATCAATCATTTATTAGCCCCCAAGCCGTCCAAAAATACTTTTCCAATTACTCGGTGAATTA
L PY 1 EF SDPP_LKF_L 1 DT G AN GSTFTISPOQAVQ@KYTFSNYSVNY

prt
CGACCCATTTGAAATAACGAACATACACGGTGTCAGTAGAAATGAGCACTCAATTACATTACCATGTTTCCAGGAGT TTAACGAAACCCAAGATATTAAATTATTTATATACCATITICA
D P F E 11 T NI HGV SRNEWMKS T TLPCTFOQETFNETQQQCDTIKLTFTILIYHFN

TGATTATTTCGATGGAT TAATAGGACTAGATTTATTGTCTAAATGGGAGGCCAAGATAGATTTAAAAGACTTTTTACTAATAACTAAATTTGCAACTAACCGCATTAAGCTATATAACTC
0O Y FDGLlLIGLDODLLS KWEAKTIDLIKXKDTFLLITKEFATNRTIKTLTYNS

TCGTAATGTCAACCTGTACGAGGATATGATACCTGCAAGAAGT TCTAAGTTAGTAAGGATACCTATTAACGCTACGGATGGCGAAGT TTTAGTAGAAGAACAAATGTTTTGCAACTGCAT
R NV NLYEDMTIPARSSIKLV®RI!IPINATDGETVLVETES® EGMTFTCNTECI!

TGTCCATGAATGCGTTACCATGGTAAAAGATGGCCGTGGATATGTAGAAT TAGAGAATCCAACCCCTAATGATGTAATTTTTTACCTGGATCAGCCAGCTTCTGCCGAATTATTCAATAT
V K ECVTIMVXDGRTGYVELEWNPTPNDVIFYLDOPASATEILTFNI

CAAGTGCACACAAGT TGAACAGTCACAACGTGTAGACGATGTTTTATCACGATTGCGTACAGACCATCTCAATGAGGAGGAAAAAGCTAACCTTTTAAGACTTTGCTCTCGATATTCAGA
K € T QVEQSOQRVYVYDDVLSRLRTDMHILNETETE=ANLILTR RLTCSRZRYSD

TGTATTTTACATTGACGGGGAAGCCCTTACATTCACTAATAAAATTAAACACCGTATAAGAACAACGGACGAAGTACCCGTGTACACCAAAAGT TACCGGTACCCCTTCATCCATCGCCA

vV FYT1DGEALTTFTNKIKMHRTIRTTDEVPVYTIKSYRYZPTFTI1IHRSZEQ
Sstl

GGAAGT TAGGGACCAAATCACGAAAATGT TGGACCAAGGAAT TATAAGACCATCAGACTCTGCATGGAGCTCACCCATATGGGT TGTGCCCAAGAAAATCGACGCT TCTGGGAAACAAAA

€ VR DOI T KM LD @GI I RP SDSAWSSPI WVVPKIKIDASSGEI KD QK

GTGGCGTCTCGTAGTTGACTTCCGTAAGT TGAACGAGAAGACTATCGATGACAAATACCCGATACCAAACATAAGTGACGTACTTGACAAGTTAGGTAAGTGCCAATACTTCACCACETT
W RLVVDTFRKLANES KTTIDDIKXKY®PTIPNISDVLDKXKILSGKTCAQYTFTTL

AGATTTGGCAAGTGGGTTTTATCAGGTGGAGATGGACCCTCAAGATATATCGAAAACCGCGT TTAACGTAGAACACGGGCAT T TTGAATTCCTTCGAATGCCTATGGGAT TAAAAAACTC
0D L ASGTF Y QVEMDTPO QDI SKTAFNYVYEHGHTFETFILRMPMG L KNS
rt
ACCATCTACTTTTCAAAGAGT TATGGACAATGTCCTAAGAGGTCTCCAAAATAACATCTGTCTCGTCTACCTTGACGATATTATTGTCTATAGTACTTCCCTACAGGAACACCTGGAGAA
P ST F QRV MDNV LRGLONNTICLV Y L DD I VYSTSLAQEHILTEN
rt
CCTGGAACGAGT T TTCCAAAGACT TAGAGAAAGTAACT TCAAAATTCAAATGGACAAGTCCGAATTCTTGAAGCTCGAAACTGCTTATCTTGGTCACATCATAAGCAGGGACGGTATCAA
L ERVYV FQRLRETSNTFIKTIOQMDI KT SETFTILKLETAYLGHTI!I1SRDGI!K

GCCTAACCCTGATAAGATTTCCGCTATTCAAAAATATCTGAT TCCAAAGACCCCTAAGGAAATAAAACAATTTTTAGGLCTTCTCGGTTATTACCGAAAATTCATTCCAGATTTTGCACG
P NPDKTISAIQKY LI PEKTPKETLIK®EFILGLLGYYRKTFTIPDTFAR

ACTCACAAAACCCCTTACACAGTGCT TAAAAAAAGGTAGTAAAGTAACTCTTAGTCCCGAATATGTAAATGCTT TTGAACACTGTAAAACTCTGTTAACCAACGACCCAATATTACAATA
L TKPLTOQCLKIKGSI KV T LSPEYVNAFEHWKCKTILLTITNDPI L QY

CCCAGACTTTACCAGAGAATTTAACCTCACGACAGACGCTTCTAACTTCGCTATTGGAGCGGTACTATCCCAAGGACCAATAGGATCCGACAAACCCGTCTGTTACGCTTCTCGAACACT
PDFTRETFNLTTDASNEFAIGAVLSOQGPIGSDKPVCYASRTL
rrh
CAATGAGAGCGAACTAAACTATAGCACAATAGAGAAAGAATTACTGGCTATAGT TTGGGCTACAAAATATT TTAGACCCTACTTATTCGGTAGAAAATTTAAGATATTGACTGACCACAA
N E S ELNY ST 1 EK L LAI VW¥WATKYFRPYLTFGRKTFHIXKTILTDHEK
roh
ACCACTACAGTGGATGATGAACT TAAAAGACCCAAACTCACGAATGACTAGATGGCGACTACGACTAAGTGAATATGACTTCTCTGTAGTGTACAAGAAAGGAAAGTCTAATACCAACGC
P L Q WMMOMNTLTEKTDTPNSRMTITRUWYRLRLSETYDTFSVVYKKSGKSNTNA

TGATGCCCTTTCTCGTGT TGAGATCCATACCACGGAAATAGACGAAAT TGACTCAGTAATAGAAAACATTAAAGAACTTAGCTCAATGAT TAATAACCCCTCCGAGACATCTCGACCTCA
D AL SRV ETI HTYT T EI1IDETILIDSVI1IENTIKTETLTSS®HINNPSETSRZPAQ

600

720

840

1080

1200

1320

1440

1560

1680

1800

1920

2040

2160

2280

2400

2520

2640

2760

2880

3000

3120

3240

3360

3960
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4081  AAGACAAACCGAAAACACAGACGAAATCAGACAGAACTCGACAACCGACACTGTACATACTAGTGATGAACACCCTATTCTGGAAGTGCCCATTACAAACGAACCACTCAACAGATTTCA 4200
R QT ENTDET! RAQNSTTDTVHTSDEH WPILEVPITNETPLWNREFLIE

4201  TAGACAGATTCATCTTACCGTAGTAGGAGACATAAAACGACGACCTAT TGTGACAAAACCTT TCGAAAGTCATACCCGAATAGCAATCCAACTATCAGAGTCAAACTTAGAACAAGATGT 4320
R Q11 H#LTVVGEDI!IKRRPIVTKPFESHTRIAL!IGLSESNLTE® QDYV

4321  TATAAGTGCCATCAAAGAATACGT TAACCCAAAAGTCAAAACAGCCCTGATCATAAATCCGCCCT TAAAGATGTATTCTATTATCCCTATTATACAAAAGACGTTCAGAAGTTCATCCCT 4440
I $ A @I KEYVNPKVY KXKTALTIINPPLKXMYSII1TPII!1QKTTFRSSSL

4441  TAACTTAGTGTTAACCAAAGTCGAACT TGAAMATGTCAAGAGTATCTTAGACAACAAGACAT TATACGACAT TACCATGACGGAAAGACAAACCACCGGGGAATAAATGAATGCTACET 4560
N LVLTYTKYELENWNYKETYLROGSDTITIIRHEYHDGKTNHRGINET CTY.L

4561 AGCACTCTCAAAAAGGTATTACTGGCCCAGGATGAAAGATCAAATCACTAAATTTATCAATGAGTGTACTATCTGTGGT CAAGCCAATATGACAGGAACCCAATACGACCTCAGTTTAA 4680
ALSKRYYMWPRMKODODOGI TEKFTINETCTTICGOQAKYDRNPTIRPAQEFN
Xbel
4681 TATTGTACCCCCAGCTACGAAACCTCTAGAGACCGTTCATATGGACCTATTTACAGTTCAAAATGAGAAATATATAACGTTCATTGACGTATTTACGAAGTACGGTCAGGCATACCACCT 4800
1 vVPPATKPLETVYHWHMNDLFTVANEKYI]ITFI1DVFTKYGQQATYHL

4801 ACGTGATGGCACCGCTATTAGTATTTTACAGGCATTGTTACGATTTTGCACTCATCACGGATTACCCATAACCATAGT TACTGATAACGGCACCGAATTTTCCAATCAATTATTCTCTGA 4920

R DGTAISI LQALLRETCTMHMNMGLPTITIVTIDNSGTETFSNOQLEFSE
int

4921 ATTCGTACGTATTCATAAGATAATTCATCATAAGACCT TACCCCACAGCCCGAGCGATAACGGAAATATTGAACGTTTCCATTCCACAATTCTTGAGCATATTCGAATTCTAAAACTACA 5040

FVRITI HKTI 1T HHKXKTLPHSPSDNGNTI1ERTFMHNS 1 L ENW I RILKILASG
int

5041 ACATAAGGATGAACCAATTGTTAACCTTATGCCATACGCTATCATAGGCTACAATAGT TCCATACATAGTTTCACCAATGCAGACCTTTCGATCTACTAAATGGACACTTTGATCCAAG 5160

# KD EPI VNLMPYAITIGYN NS SI!IHSFTKCRPTFDLTLNGHWEFDPR

5161 GGACCCGCTTGACATAGACCTAACCGAACACATTCTGCAGCAATATGCTCAGAATCATCGTCAACAGATGAAACAAGTCTACGAAAT TATCAATGAAACATCTCTTGCTAATCGTACGGE 5280
0P LD IDULT EMNILQGOG Y AQNMNROAGOMKOQQVYYETITINETSLANRTA

5281 TTTAATAGAAAGTAGAAACAAAACGCGCGAATCTGAAGTAGAATACATCCCTCAGCAGCAAGTATTCAT TAAAAACCCTCTCGCCAGCCGTCAGAAGGTAGCACCACGCTATACCCAGGA 5400
L1 ESRNKTRESEVETYTILI®POQQQVY FIKNPLASRGKVYAPRYTA QD
1991 ORF 3 -
5401 TACGGTCTTAGCAGATCTGCCCATACACATCTATACGTCTAAAAAACGTGGGCCCGTAGCTAAMGCGCGACTAAAACGTGTTCCTAAAGGTAACACATTGTTACAGGACTCTGCTGCTAC 5520
TV LADLPINIYTSKI KRGPVAKARTLKRYPKGNTLLGDSAAT
- ORF 2 NV FLKVYVTITHNCYRTLLLL
5521 TGACAATACATGCGACGCATCCTCAAGAGATAAGACTTGAGACCCTAGCTGATGGACCCGGACTAT TACCATACAAACTGGGACCGACACGACTAACCATACACTATCATTCCTTTATAC 5640
0O NT CDASSRDIKT ™
T I HATHPOETIRLETLADGPGLLPYKLGPTRLTTIHYHSTFIAOQ
5641 AACCCATTGACCTCAACGATATTGAAAATAAAATCGACTCTGTACAGACTCAACT TAATACATTTAGGACTAAACTCGATAACGAAACTTACCTACTCTATGAATATCAAATTGATTATC 5760
P1DLNDIENKTIDSVATOQ@LNTFRTKLDWNETYLLYEYOQIDYL

5761 TTACTAATAAGGTTGGCAAATTACTACACCAAATTAAATCTTTAGAACCTGTTAGAGT TAAAAGAGGTCTTATAGATGGCCTAGGGTCTATAGTAAAAAGTGTCACTGGCAACTTAGACT 5880
T NKVGKLLHOQI KSLEPVRVKRGLTIIDODGLG ST VKSVTITGNLDY

5881 ACCAAGATGCCCTTAAATACGACGAGGCTCT TAAAACCTTACAGACCAACGAAGGCAAAT TAACATCAGAATTTAATAGCCATCTGAGTCTTTGCAAAGAGTGGATGTCCCAACACAATA 6000
QD ALK YDEA ALIKTILA®Q@TNETGKLTSETFWN®S HLSLCKEH®WMNSOOHNK
Hindll]
6001 AAGTGTTAGAACAACTAACTTTAAATCAAATAAGAGT TAATGCCACTTTAGAACTACTAT TACAAAAAGAAGCT TATAGGGACTATAGCT TAATTAAATTTGCGAAATTCGCACAAATCT 6120
VL EQ@LTLNQI] RV NATLTEILILTLZ GKEHA AKYRDYS SILIKTFAKTFA AOQI!L

6121 TAGGAATTATAACAAACAACGTAGAAGATTTAATGT TAGAAATAATCAGAT TAGAAAATATGATGGCTTTTATACGCGCATCTAGTACTCATCATTCCATGATTGATATAGAGGCCTTGE 6240
G I 1 T NNV EDLMLETITILIRLENMMAFTILIRASSTMHMHNSMNIDTIEHA KLNDEOQ

6241 AGTCAATGATAGATAGATTAAAATCCCTTTATACTCCAAATCAAATTCTAAATTTAGAACT TAGGGAATATTACAGCT TAATCAAGCCAGGATCTTATTTCATCGATAAACGTATAGTAA 6360
S M1 DRLXKSLYTPNGQGI LNLELREYYSILIKPGSYTFTIDKRTIVI

6361  TAGTATATAATTTTCCAATTGTTTCCCAAGATACATATGACCTATACAAACTATCCATTGTACCCAACAAAAGACAACTTGCCCTTATTCCTTCCTCTCCTTATATAGCAACAGATGAGA 6480
VYNEFEPI VS QQDTYODLYKLSIVPNKROGLALTIPSSPY!1ATDEHK

6481 AATCGTTCGYGTACATAGAGGCTGAATGCCCGAAGTATAGCAGTACTTATCTCTGCGAAAAGAAGACCGGCCAGCAGATCCAGTCGAAACCTGATTGTATTCAGAAACTCATCGTTICATC 6600
$ F VY1l EAECPKYSSTYLCEKKTGOQ@OTQ@SKPDC! QKLIVHZQ

Xbal
6601 AGAGTCTAGAGAATACTTGTCAATTCACGAAGATATCYCTCATCAAGGAAGCAGTAGAAAAAT TAGACGACCAACATTACGTGCTGTCTCTACCCGAACCTACCAAAGTTCAGTTGGCAT 6720
S LENTCOQFTKTI1I S LI KEA AVYEKTILDDOOQ@HNYVLSLPEPTIKVYOQLATC

6721 GTGGGAGAAAGGACT TCAACACACTTCAAGGAAGCTACCTCGTAACCATCCCTATGGGTTGCTATCTACAGACTCCAGAAT TAACTATAATAAACGATGACAACGCGATAAAGGGTCAAC 6840
G R KDF NTLAQGSY LV ITIPMNGECYLOGTPETLTTITINDDNAIKTGSGS QP

6841 CATTGAAACTAGCGAAGATACCATACGATGAAATGAATCTGACTGCCGYCTCTACCCACATCAATTTCAGCTCGATCGATCTGGAAGACTTACACAGCATCCAAACTAAATTCATGT TGG
LKLAKTILIPYDEMMNLTAYVSTHTINEFSSI!IODLEDLWMSESITI QT KTFMLGEG

g

6961 GAAAACCTATTGACATCGAGGAGATTCAACCAACTGCCCTGTACCACACAACCATCCCACTATACGTCATATTACTGGGCGCAATCETATTTTTCACTCTGAGAT TAATTCGCAAATACA
K P 1 DI1EET QP T ALY HH¥TTIPLYVILLGATILTFTFTLRLIRIKLYHK

g

7081  AATGTTGGAGACTAARATCAGAAGATAAAGAAAAGCAGTCATCTCTTGAGATACATACATACGAAGACGTCAAGAAAAATACCAGAAAACGAGATGACT TTECAGCAACATTTTCTCTTA

CMRLKSEDTEKETE K aSSLETLHNTYEDVKKNTRKRDDFPATEFSLN
- ORF 3 P —3Um

7201 Anrecrmmrmrrcctuuctwmnmrumnurwrnuimvccnnccmmmtcccccmcvmrmucmvcrwm 7320
WVEKNSC® - | R~

721 Accrmm:rcumccccrmrtlmccunrrrcmn1mtnnucrumrmurmnccnnrcnmnmrmrcrmnnnnmruﬂﬁnu 7440
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TED 268 IDGEALTFTNKIKHRIRTTDEVPVYTKSYRYPFIHRQEVRDQI TKMLDQGI IRPSDSAWSSP IWVVPKK . IDASGKQKWRLVVD FRKLNEKT IDDKYPIPNISDVLDKLGKCQY 380

17.6 185 hEGOKLTFTNQtKHtINTKhNLPLYSK.YSYPqayeQEVesQIqdMLNQGt tRTSNSPYNSP IWVVPKK . DASGKQKFRIVIDYRKLNE i TVQORhPIPNMJE I LGKLGRCNY 297

Gypsy 159 ttnEALPFntaVtatIRTvONePVYSRAYptimgvsDfVNNEVKQLLKDGIIRPSrSPYNSPtWVVAKKgtDAfGNPNKRLVIDFRKLNEKTIpDRYPMPSIPmILanLGKakF 273
— - - — -— — - ~ - ® ®m wm— = am=m —

TED 381 FTTLDLASGFYQVEMDPQDISKTAFNVEKGHFEFLRMPMGLKNSPSTFQRVMDNVLRGLGNNICLVYLODIIVYSTSLQEHLENLERVFQRLRESNFKIQMDKSEFLKLETAYL 494

17.6 298 FTTIDLAKGFhQIEMDPESVSKTAFStkHGHYEYLRMPfGLKNAPATFQRCMNDILRPLINKhCLVYLDDIIVFSTSLOEHLQSLGIVFEKLakANLKLQLDKCEFLKQETTFL 411

Gypsy 274 FTTLDLKSGYhQlytaehDreKTSFsVNQGKYEFCRLPfGLRNASSi FQRaLDDVLReqigkICyVYVDDVIIFSenesDHVrhIDtVIkcL iDANMRVSQEKTrFfKesveYt 386
- T e WAt N = - — NS TS G AN U - - - = W - .- T .

TED 495 GHIISRDGIKPNPDKISAIQKYLIPKTPKEIKQFLGLLGYYRKFIPDFARLTKPLTQCLK....vvuun.s KGSKVTLSPEYVNAFEHCKTLLT .NDPILQYPOFTREFNLTTD 596

17.6 412 GHVLTpDGIKPNPEK1eAlQKYpIPtkPKEIKaFLGLtGYYRKFIPNFAQIAKPMTKCLK. ... ...... knmk i dT tnPEYdSAFKKLK.yLiSEDPILkvPDFTKKFLLTTD 514

Gypsy 387 GfIVSKDGtKSDPEKVKkAlQeYpePdcvykVRsFLGLaSYYRVFIKDFAaIARPITDiLKgengsvskhmsKkipVefnetqrRAFQRIRNILASEDVILKYPDFKKPFDLTID 500
- — e - - .- e es = e-—- ——— —-—r - - . e e —

TED 597 ASNFAIGAVLSQGPIGSDKPVCYASRTLNESELNYSTIEKELLAIVWATKYFRPYLFG.RKFKILTDHKPLQWMMNLKDPNSRMTRWRLRLSEYDFSVVYKKGKSNTNADALSR 710

17.6 515 ASDVALGAVLSQd....gHPLSYiSRTLNEhEINYSTIEKELLATVWATKtFRhYLLG.RHFelsSDHQPLSWLYrMKDPNSKLTRWRVKLSEFDFAIKY iKGKeNCVADALSR 623

Gypsy 501 ASasGIGAVLSQe....gRPItmiSRTLKQPEGQNYATNERELLAIVWALgklgnFLYGsReinlfTDHQPL tFaVadRNTNAKIKRWKsyld@hNakVfYKpGKeNfvADALSR 610

FIG. 2. Comparison of the putative amino acid sequence of the pol regions (ORF 2) of TED and D. melanogaster retrotransposons 17.6
and gypsy. Residues that are identical or chemically similar (44) among each of the three elements are indicated by double and single
overlines, respectively. Individual residues chemically similar to those of TED are also capitalized. Numbers indicate the positions of residues
from the start of ORF 2 for each element beginning with residue 268 (nucleotide position 2651) of TED. The amino acid sequences for 17.6
and gypsy were taken from references 41 and 28, respectively. Alignments were determined with the Bestfit program of the University of

Wisconsin—Madison GCG sequence analysis package (14).

conditions described previously (34), and treated with S1
nuclease. S1 nuclease-resistant fragments and primer exten-
sion products were subjected to electrophoresis on 6%
polyacrylamide-8 M urea-TBE (100 mM Tris borate [pH
8.3], 2 mM EDTA) gels followed by autoradiography.

RESULTS

Complete nucleotide sequence of element TED. The DNA
sequence (7,510 bp) of TED as integrated within the genome
of ACMNPV mutant FP-D is presented in Fig. 1A. Charac-
teristic of a transposon integration event, four nucleotides of
viral DNA (AATG) were duplicated at the site of insertion.
This copy of TED originated from the 7. ni (a lepidopteran
noctuid) genome, where it represents a dispersed, middle
repetitive sequence present in approximately 50 copies.
Southern blot analysis of total genomic DNA indicated that
only limited sequence polymorphism or partial copies of
TED exist in cultured cells of this host (31). The restriction
map (Fig. 1B) derived from the sequence determined here
suggested that this particular copy of TED, found integrated
within the AcMNPV genome, was representative of a ma-
jority of these elements within the host T. ni genome.

TED is flanked at both ends by LTRs, a feature charac-
teristic of the copialike retrotransposons and retroprovi-
ruses. Both LTRs (273 bp long) are identical in sequence
(Fig. 1). The first (leftmost) and second (rightmost) LTRs
were designated the 5’ and 3’ LTRs, respectively, on the
basis of structural analogy with the retroproviruses, the
location of the major ORFs, and the predominant direction
of transcription (left to right; see also below). Immediately
adjacent to its 5' LTR, TED possesses a putative tRNA
primer-binding site (tRNA PBS); the 18-bp sequence over-
laps the 5’ LTR by 1 nucleotide. In the case of the retrovi-
ruses, the first step in reverse transcription of genomic RNA
is the initiation of first-strand DNA synthesis from a tRNA
primer bound to the tRNA PBS (reviewed in references 48
and 49). Second-strand synthesis is then initiated from a
polypurine tract located to the immediate left of the 3" LTR.
The presumed polypurine tract for TED is 11 bp long (Fig.
1).

Translation of the DNA strand of TED shown in Fig. 1
revealed three long ORFs (ORFs 1, 2, and 3). Each ORF,

consisting of 457, 1,236, and 582 amino acids, respectively,
overlaps the previous one. The longest ORF not shown (148
amino acids) is encoded by the opposite strand of DNA and
is complementary to the N-terminal portion of ORF 1.
Predicted gene products of TED resemble those of other
retrotransposons and the retroviruses. A computer search for
sequence similarities revealed that the genetic and structural
organizations of TED most closely resemble those of the D.
melanogaster retrotransposons 17.6 (41), 297 (24), and gypsy
(28), which in turn resemble the provirus form of avian
leukosis virus (43), a vertebrate retrovirus. Flanked by
LTRs, the interior portion of each element contains three
overlapping ORFs with sizes and locations comparable to
those of TED. The greatest sequence similarity is centered
within ORF 2, corresponding to the pol domain of the D.
melanogaster elements. Over a 440-amino-acid stretch, TED
exhibits 64% amino acid identity (79% chemical similarity)
and 45% amino acid identity (65% chemical similarity) with
ORF 2 of elements 17.6 and gypsy, respectively (Fig. 2).
Interestingly, the same stretch of TED ORF 2 is 39%
identical (57% chemically similar) to the fungal retrotrans-
poson Ty3 from Saccharomyces cerevisiae (20). In each
case, these similarities extend over domains containing
amino acid stretches that are highly conserved among the
retroviruses (25, 29, 47) and encode reverse transcriptase
and RNase H activities (Fig. 1). In addition, the N-terminal
portion of TED ORF 2 possesses a hexapeptide, (hydropho-
bic residue),-D-T/S-G-A/S (Fig. 1), that is conserved among
retroviruses and retrotransposons and thought to correspond
to the active site of an aspartyl protease involved in the
proteolytic processing of gag-pol polyproteins (1, 26, 47, 52).
At the C-terminal region of TED ORF 2, several stretches of
amino acids match highly conserved regions within the DNA
endonuclease or integrase (Fig. 1) domain implicated in the
retroviral integration process (15, 35). This region also
possesses paired histidine (nucleotide positions 4517 and
4535) and cysteine (nucleotide positions 4625 and 4634)
residues representing a potential site for coordinated binding
of zinc ions, a feature found in many retroviral integrase
domains (25). Thus, the inferred order of the conserved
retroviruslike functional domains within TED ORF 2 (pro-
tease, reverse transcriptase, RNase H, and integrase) is
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identical to that within the D. melanogaster 17.6 and gypsy
elements.

The sizes and locations of TED ORFs 1 and 3 are
comparable to those of the retrovirus gag and env genes,
respectively. Computer comparisons of ORFs 1 and 3,
however, revealed no significant sequence similarities with
other retrotransposons or vertebrate retroviruses. Neverthe-
less, the predicted translation product of TED ORF 1
resembles the gag products of Moloney murine leukemia
virus (45) and the retrotransposon Tyl (12) in exhibiting an
unusually high content (10%) and uneven distribution of
proline residues; for example, 29% of an 87-amino-acid
stretch within ORF 1 is composed of proline residues. This
property of the Tyl gag-like proteins has been implicated in
the formation of viruslike particles that contain both Ty
RNA and reverse transcriptase activity (1). Like Tyl and the
D. melanogaster elements 17.6 and gypsy (12, 28, 41), TED
OREF 1 lacks a putative nucleic acid-binding domain that is
conserved among the retroviruses (13) and is also found in
the D. melanogaster copia element (16, 33) and Ty3 (20).
Suggestive that TED ORF 3 encodes an env-like membrane
protein(s) is the presence of an uncharged, hydrophobic
stretch of amino acids (nucleotide positions 7014 to 7055)
within the predicted translation product at a C-terminal
position analogous to the transmembrane portion of many
retrovirus env proteins (48). Except for a similarly placed
hydrophobic domain at the C terminus, it is noteworthy that
ORF 3 of element 17.6 and ORF 3 of element gypsy are
dissimilar despite residing within the same host, D. melano-
gaster (28, 41).

FIG. 3. Primer extension mapping of RNAs initiated from the 5’
TED LTR. (A) A 5'-end-labeled primer (36 nucleotides [nt] long
extending from position 303 within the body of TED to the SnaBI
site at position 268 within the LTR) was annealed to poly(A)* RNA
and extended with reverse transcriptase; the asterisk denotes the
position of the 5’ end label of the primer. Shown are the relative
locations (in nucleotides [nt] from the primer end) of the 5’ ends of
RNAs transcribed from the 5’ LTR of TED within virus FP-D or
host T. ni cells. Also shown are the U3-R and R-US junctions within
the LTR (shaded box), the polyadenylation signal (AATAAA), the
baculovirus late promoter consensus sequence (black box), and
relevant restriction sites. (B) Extension products synthesized from
RNA isolated from cultured S. frugiperda cells infected with AcM-
NPV mutants FP-D (2 pg [lane 5] and 6 pg [lane 6]) and FP-DS (15
ng [lane 9]) and RNA isolated from T. ni cells either mock infected
(15 pg [lane 7)) or infected with wild-type (wt) ACMNPV (15 ug [lane
8]) were subjected to electrophoresis along with a dideoxy sequenc-
ing ladder (lanes 1 to 4) generated with the same primer and
single-stranded DNA from an M13mp19 clone of the 5’ LTR. A
threefold increase (3X) in RNA from FP-D-infected S. frugiperda
cells was used to better visualize minor extension products (lane 6).
Nucleotides at the initiation sites, numbered from the beginning of
the LTR, are indicated on the right by arrows. We estimated that the
resolution of these start sites was within 1 or 2 nucleotides.

Identification of host- and virus-induced transcription initi-
ation sites within the 5' TED LTR. The LTRs of the retro-
transposons (and retroproviruses) carry signals necessary
for the promotion, initiation, and polyadenylation of RNA
transcripts. To locate these signals within TED, we first
mapped the major 5' and 3’ ends of RNAs initiated and
polyadenylated within the respective TED LTRs. The RNA
start sites within the 5’ LTR were determined by primer
extension mapping (Fig. 3). The predominant extension
product derived from poly(A)* RNA isolated from unin-
fected T. ni cells (containing endogenous copies of TED) was
a 154-nucleotide fragment (Fig. 3B, lane 7). Thus, when TED
resided within the host 7. ni genome, transcription was
initiated from a single site (cytosine residue at nucleotide
position 150) within the 5’ TED LTR (Fig. 1). This initiation
site represents the U3-R boundary that defines the end of the
unique sequences at the 3’ end (U3) and the beginning of the
redundant (R) region of potential full-length RNAs (Fig. 1).
Several A+T-rich regions that might function as TATA
elements are present immediately upstream.

In contrast, the most prominent transcripts detected in S.
frugiperda cells infected with virus FP-D (carrying a single
copy of TED) were initiated further downstream within the
LTR (positions 204 and 205), as demonstrated by the pres-
ence of 99- and 100-nucleotide extension products, respec-
tively (Fig. 3B, lanes 5 and 6). Transcription from the
upstream site (position 150) was greatly reduced relative to
that from the downstream sites. Of particular interest was
the observation that the abundant downstream RNAs were
initiated 1 nucleotide apart within the sequence TTATAAG
TAA (start sites indicated by underlining), which matches
the conserved sequence comprising both the promoter and
RNA start site for most, if not all, late ACMNPV genes (37,
39, 40). The absence of these RNAs in uninfected 7. ni cells
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(Fig. 3B, lane 7) suggested that transcription from the
baculoviruslike LTR promoter was a consequence of the
incorporation of TED into the genome of virus FP-D,
possibly the result of rrans activation by transcription fac-
tors specific for late viral promoters. To test whether viral
infection was also capable of inducing transcription from the
same site when TED resided within the host genome, we
infected 7. ni cells with wild-type AcCMNPV and isolated
RNA 24 h later. Primer extension revealed no evidence of
transcription from the baculoviruslike promoter; only re-
duced levels from the upstream host promoter were ob-
served (Fig. 3B, lane 8).

The lack of extension products synthesized in response to
RNA from cells infected with virus FP-DS, carrying a solo
TED LTR (Fig. 3B, lane 9), confirmed that the above-
described prominent transcripts, initiated from LTR posi-
tions 204 and 205, were derived solely from the intact 5’ LTR
and not the solo LTR of virus FP-DS. Virus FP-DS, repre-
senting an element excision derivative, is generated sponta-
neously in the FP-D virus stocks used here (31).

Location of RNA termini within the 3' TED LTR. S1
nuclease protection analysis with a 3’-end-labeled DNA
probe (Fig. 4A) was used to map the ends of transcripts

AATAAR % EcoRlI

Pstl SnaBI

FIG. 4. Mapping the ends of poly(A)* RNAs within the 3° LTR
of TED. (A) A 433-bp DNA probe 3’ end labeled exclusively at the
Sau3A site (position 7222 within the internal portion of TED
[asterisk]) and extending to the viral EcoRI site was annealed to
poly(A)” RNA and treated with S1 nuclease. The positions of the
terminus of the major TED RNA (in nucleotides [nt] relative to the
3’ end label) and the U3, R, and U5 domains of the 3’ LTR (shaded
box) are shown. (B) DNA fragments protected by RNA from S.
frugiperda cells infected with virus FP-D (2.5 pg [lane 2]) or FP-DS
(2.5 pg [lane 51 and RNA fronr T. ni cells either mock infected (10
ng {lane 3]) or infected with wild-type (wt) AcCMNPV (10 pg [lane 4])
were subjected to electrophoresis and autoradiography. Sizes in
base pairs of DNA markers (lanes 1 and 7, MWs) are shown on the
left, while prominent S1 nuclease-protected fragments and the
433-bp DNA probe alone (lane 6) are indicated on the right by the
arrows.

polyadenylated within the intact 3’ LTR. RNA from FP-
D-infected S. frugiperda cells (Fig. 4B, lane 2) protected
three major fragments of 245, 234, and 196 bases, with the
245-base fragment predominating. The 245- and 234-base
fragments were also predominant species protected by RNA
from uninfected 7. ni cells (Fig. 4B, lane 3). Thus, the major
3’ ends of TED-specific RNAs mapped to nucleotide posi-
tions 7456 and 7466 within the 3' LTR (Fig. 1), correspond-
ing to a pair of CA dinucleotides located 5 and 15 bases
downstream from the single polyadenylation signal
(AATAAA, positions 7446 through 7451) within the 3' TED
LTR. Since the downstream (second) polyadenylation site
(position 7466) was utilized most frequently by TED RNAs
transcribed in both T. ni cells and FP-D-infected S. fru-
giperda cells, we have assigned the R-US5 boundary to this
position. Thus, for potential full-length RNAs, this position
marks the end of the redundant (R) region and the beginning
of the U5 unique region (Fig. 1).

The less prominent 288-base fragment protected by T. ni
RNA from both uninfected and wild-type AcMNPV-infected
cells (Fig. 4B, lanes 3 and 4) corresponded to the distance
from the labeled terminus of the probe to the end of the 3’
LTR (288 bp). This result suggested that a significant number
of RNAs extended through the 3' LTR without polyadeny-
lation. A substantial number of transcripts that escaped
polyadenylation were also detected in FP-D-infected cells,
as demonstrated by the presence of a protected fragment
identical in size (433 bp) to the full-length probe (Fig. 4B,
lane 2). The solo TED LTR of virus FP-DS also exhibited
termination leakiness in allowing viral transcripts initiated
from outside the LTR to extend uninterrupted through the
LTR (19). The lack of protection of the 234- and 245-base
fragments by RNA from FP-DS-infected cells (Fig. 4B, lane
5) confirmed that these fragments were specific for termina-
tion within the intact 3' LTR and not the solo LTR. The
196-base fragment protected by both FP-D (Fig. 4B, lane 2)
and FP-DS (Fig. 4B, lane 5) RNAs represented nonspecific
protection of a portion of the probe, possibly by host S.
Jrugiperda RNA.
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FIG. 5. Strand-specific Northern analysis of TED RNAs.
Poly(A)* RNAs isolated from S. frugiperda cells 24 h after infection
with virus (V) FP-D (2.5 pg per lane; lanes 1, 3, 5, and 7) and from
uninfected T. ni cells (10 pg per lane; lanes 2, 4, 6, and 8) were
fractionated by agarose gel electrophoresis, blotted, and hybridized
to the indicated strand-specific probes (P,P;, SsS, BgX,, and X,H).
The location of each probe within the internal portion of TED is
indicated in Fig. 1B. Longer exposures of autoradiograms for probes
BgX; and X,H (lanes 5 to 8) were used to better visualize the
full-length RNAs. The sizes in kilobases of various RNAs are
indicated on the right.

Transcription of full-length RNA copies of TED. The ob-
servation that RNA transcripts were both initiated and
terminated within the 5’ and 3’ TED LTRs, respectively,
suggested that the transcription of TED included the synthe-
sis of a full-length (genomic) RNA extending from LTR to
LTR. Such an RNA would be expected to play a role in the
expression of TED-encoded gene products and in transposi-
tion. To examine transcription within the internal portions of
TED, we hybridized Northern blots of poly(A)* RNA to
strand-specific RNA probes generated from four different
regions of TED (Fig. 5). These probes (Fig. 1B) were
designed to hybridize to transcripts extending from left to
right (from the 5’ LTR to the 3’ LTR), the predominant
direction of transcription, as determined in other hybridiza-
tion experiments (data not shown).

The predominant TED-specific RNA identified in unin-
fected T. ni cells carrying endogenous copies of TED was
approximately 7.1 kb in length (Fig. 5B, all lanes designated
T. ni). That this RNA was sufficiently long (within the error
of the empirical method used to determine RNA size) and
hybridized to each of the four probes (P,P,, SsS, BgX;, and
X,H) suggested that this transcript represented a full-length
(genomic) RNA extending from the 5 LTR to the 3' LTR.
Other smaller but less abundant RNAs were also detected in

MoL. CELL. BioL.

T. ni cells with longer exposures (data not shown). The
full-length (7.1-kb) RNA was also transcribed in S. fru-
giperda cells infected with virus FP-D (Fig. 5B, all lanes
designated V). In addition, smaller but more predominant
RNA species were observed. Several of these were detected
by adjacent probes, including the 2.2-kb RNA hybridizing to
probes P,P, and SsS (Fig. 5B, lanes 1 and 3) and the 2.6-kb
RNA hybridizing to probes BgX, and X,H (Fig. 5B, lanes 5
and 7); others appeared to be unique to the region comple-
mentary to the specific probe (i.e., 1.5- and 1.6-kb RNAs
hybridizing to probe X,H [Fig. 5B, lane 7]). Few, if any, of
these RNAs exhibited mobilities identical to those of the
smaller RNAs detected in uninfected 7. ni cells. Currently,
the origin of these less-than-full-length transcripts and the
basis for their relative abundance are unknown; possibilities
include that they represent spliced versions of the full-length
RNA or are the products of the activation of cryptic promot-
ers within the internal portion of TED. It is noteworthy that
at least three groups of internal sequences (centered at
nucleotide positions 990, 5045, and 5770) resemble the late
baculovirus promoter consensus motif (see above).

DISCUSSION

TED is a member of the D. melanogaster 17.6-gypsy family
of retrotransposons. Sequence and structural analyses of
TED indicated that this lepidopteran (moth) transposable
element belongs to the family of LTR-containing retrotrans-
posons that include D. melanogaster elements 17.6, gypsy
(also designated mdg-4), 297, and Beagle (5). TED thus
represents the first nondipteran member of this family to be
identified. A number of striking similarities exist between
TED and these D. melanogaster elements. Most prominent
is the correlation in size and location of the three long ORFs
that are encoded by each of these elements and that are in
turn analogous to the gag, pol, and env genes of the
retroviruses. Of the three ORFs, TED ORF 2 exhibits the
greatest similarity to the same region within the D. melano-
gaster elements; this sequence similarity is the highest
within individual regions (45 to 65% amino acid identity; Fig.
2) that also bear a high degree of resemblance to the domains
within the retrovirus pol gene that encode protease, reverse
transcriptase, RNase H, and integrase functions. As in the
D. melanogaster elements, a frameshift in the —1 direction
would be required for the expression of a putative TED
gag-pol (ORF 1-ORF 2) fusion polypeptide.

As with gypsy expression in D. melanogaster (36), the
most abundant TED RNA in host 7. ni cells was a poly(A)*
transcript extending from the 5’ LTR to the 3’ LTR (Fig. 5).
Mapping the ends of this RNA (Fig. 3 and 4) indicated that it
possessed redundant termini (80 bases at each end), as
initiation within the 5' LTR occurred upstream from the
termination (polyadenylation) site within the corresponding
3’ LTR. Thus, like the LTRs of gypsy (2), the LTRs of TED
possess a retroviral U3-R-US5 organization (Fig. 1) that is
capable of directing the synthesis of transcripts that corre-
spond in structure to a full-length RNA copy (extending from
the 5’ LTR to the 3’ LTR) of the integrated element (Fig. 6).
Such transcripts represent potential intermediates for re-
verse transcriptase-mediated transposition (8). In turn, re-
verse transcription is expected to initiate from the putative
tRNA PBS (Fig. 1) which is located adjacent to the 5' TED
LTR and which is identical to that of 297 and closely related
to that of 17.6 (24, 41); the 297 tRNA PBS is complementary
to the 3’ end of a D. melanogaster tRNAS®". Unlike their
retroviral counterparts, the primer-binding sites of the D.
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FIG. 6. Gene organization of retrotransposon TED as integrated within the AcMNPV genome. (Top) The site of TED insertion (86.7 map
units) is within the N-terminal region of a viral gene encoding a 94,000-molecular-weight (94K) protein located on the HindIll K genome
fragment of wild-type (wt) AcCMNPV. (Middle) Virus FP-DL carries the intact TED element (7,510 bp) possessing identical 273-bp LTRs
(darkly shaded regions). The putative tRNA PBS (PBS), polypurine tract (PP), and three ORF:s (orf 1, orf 2, and orf 3) are located within the
body of TED. The regions corresponding to the protease (prt), reverse transcriptase (rt), and integrase (int) functional domains conserved
among the retrotransposons and retroviruses are indicated. The putative gag and env domains are also shown. The full-length TED RNA (long
arrow) extends from the 5’ LTR to the 3’ LTR. (Bottom) Virus FP-DS, generated from virus FP-DL, carries a single (solo) LTR at the site
of integration that directs the transcription of divergent RNAs from the baculoviruslike promoter into flanking viral sequences (19).

Restriction site abbreviations are identical to those in Fig. 1.

melanogaster 17.6-gypsy retrotransposons, including that of
TED, overlap the 5 LTR by 1 nucleotide; it has therefore
been postulated that priming is accomplished by a tRNA
lacking its 3'-terminal nucleotide (5). Finally, TED integra-
tion results in the duplication of 4 bp of target DNA, a
characteristic feature of members of this family.

Despite their residence in invertebrates that are consid-
ered relatively distant phylogenetically (orders, Lepidoptera
and Diptera, respectively), the marked similarities between
TED and other members of the D. melanogaster 17.6-gypsy
family support the contention that these elements were
derived from a common ancestral transposon. The sequence
similarity between the pol region of the fungal retrotranspo-
son Ty3 from S. cerevisiae and those of 17.6 and TED
further suggests that such a hypothetical ancestor existed
prior to the divergence of the fungi from other eucaryotes
(20) and continued to evolve as the Lepidoptera and Diptera
diverged. On the other hand, available data cannot rule out
the intriguing possibility that the observed similarity be-
tween these elements is due to a more recent horizontal
transfer between different organisms (see also below) of an
ancestral element that has diverged into the present-day
elements.

Possible effects of the activation of baculoviruslike promot-
ers on the transposition of TED. Integration of TED within
the AcCMNPV genome resulted in the activation of a pro-
moter that directed the synthesis of new and abundant RNAs
from the 5’ LTR. Since these RNAs were initiated from a
sequence that is identical to the consensus motif that con-
stitutes the promoter and RNA start site for late AcCMNPV
genes (37, 39, 40), it is likely that transcription from this site
is mediated by the viral transcriptional machinery specific
for late, hyperexpressed AcMNPV genes. The same site

directs abundant transcription from the solo TED LTR of
virus FP-DS during infection of both S. frugiperda and T. ni
cells (19; J. Fleming and P. Friesen, unpublished results) and
may account for the numerous RNAs transcribed from
internal portions of TED within virus FP-D (Fig. 5). In
contrast, transcripts initiated from the same viruslike pro-
moter of TED LTRs residing within the T. ni genome were
not detected even after infection with wild-type AcMNPV
(Fig. 3). This result suggested that when embedded within
the host genome, the baculoviruslike promoter of the LTR
was unresponsive to the zrans-acting factors that mediate
late viral transcription. Thus, at least during the late period
of infection, AcCMNPV does not appear to stimulate host
TED transcription. Earlier effects have not been ruled out.

Transcription from the baculoviruslike promoter within
the 5’ LTR of TED in virus FP-D produced RNAs that were
nearly identical to the full-length RNAs of 7. ni cells,
differing only in the size of the redundant (R) region at each
end (25 bases versus 80 bases for the full-length RNA).
Assuming that this decrease in redundancy has no effect on
nascent-strand transfer (reviewed in reference 48), the virus-
induced transcripts could also serve as intermediates in
transposition. We estimate that late in infection (24 h), §.
Jfrugiperda cells infected with virus FP-D (possessing a single
copy of TED) contain levels of full-length or nearly full-
length RNA that are 5 to 10 times higher than those in
uninfected T. ni cells (possessing approximately S0 resident
copies of TED). As is the case with transposition of the yeast
Ty elements (8, 20), this increased synthesis of full-length
TED RNAs may act to increase the frequency of TED
transposition. Thus, a possible effect of the integration of
TED within the viral genome and the resulting activation of
the baculoviruslike promoter may be to increase the mobility
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of this retrotransposon. Increased mobility late in infection
during the period of active viral DNA replication could
facilitate the spread of TED through the virus population, a
feature expected of ‘‘selfish’> DNA.

Our observations here, coupled with numerous examples
of the insertion of host-derived DNA and/or transposable
elements into the ACMNPYV genome (4, 9, 10, 31), have also
raised the interesting possibility that baculoviruses are ca-
pable of shuttling transposons (and therefore host DNA)
between insect hosts. Such a transfer strategy (31) could
serve to extend transposon host range. Successful shuttling
by a virus would depend upon several factors, including the
transpositional competence of the mobile element after viral
integration and an ensuing nonlethal or abortive infection of
the recipient host by the transposon-carrying virus. Studies
intended to test the capacity of TED to transpose from the
AcMNPYV genome are currently under way.

Transposon-mediated evolution of the baculovirus genome.
The frequent insertion of host-derived transposons at vari-
ous sites within the AcCMNPV genome also suggests that
transposition is a general mechanism for the spontaneous
introduction of foreign DNA into the baculovirus genome. If
such mutagenic events provide a selective growth advan-
tage, such as that provided by mutations resulting in the
baculovirus FP (few-polyhedron) phenotype (reviewed in
reference 32), then transposition may play a significant role
in virus evolution.

Our studies here indicated that the integration of TED
generated numerous mutational changes within the
AcMNPYV genome. Most conspicuous was the addition of
several new retroviruslike genes (gag, pol, and env) to the
viral genome (Fig. 6). Synthesis of poly(A)" RNAs from the
viral copy of TED suggested that at least some of the
products of these genes are synthesized; indeed, FP-D-
infected S. frugiperda cells contained significantly higher
levels of reverse transcriptase activity than did wild-type
virus-infected cells (R. Lerch and P. Friesen, unpublish-
ed results). Another mutagenic effect was the potential in-
activation of the early 94K protein gene (located on the
AcMNPV HindIII K genome fragment), since TED integra-
tion disrupted the coding region of this gene (Fig. 6). Finally,
the incorporation into the viral genome of viruslike promoter
sequences located within the TED LTRs resulted in the
transcription of new and abundant RNAs having the poten-
tial to affect nearby viral genes. Most dramatic in this respect
was the effect of the solo TED LTR within virus FP-DS (Fig.
6). Representing an element excision derivative, the solo
LTR directs abundant transcription of divergent RNAs that
initiate from the viruslike promoter and extend into flanking
viral genes (19). Studies of the role of TED integration in
altering AcCMNPV gene expression are in progress.
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