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ABSTRACT

We have determined the nucleotide sequence of the Drosophila retrotransposon 1731. 1731 is 4648 bp
long and is flanked by 336 bp terminal repeats (LTRs) previously described as being reminiscent of
provirus LTRs. The 1731 genome consists of two long open reading frames (ORFs 1 and 2) which
slightly overlap each other. The ORF1 and 2 present similarities with retroviral gag and pol genes
respectively as shown by computer analysis. The pol gene exhibits several enzymatic activities in the
following order: protesse, endonuclease and reverse transcriptase. It 1s possible that 1731 also
encompasses a ribonuclease H activity located between the endonuclease and reverse transcriptase
domains. Moreover, comparison of the 1731 pol gene with the pol region of copia shows similarities
extending over the protease, endonuclease and reverse transcriptass domains. We show that codon usage
in the two retrotranspesons is different. Finally, no ORF able to encode an env gene is detected in 1731.

INTRODUCTION

The retrotransposons constitute a broad class of moderately repeated mobile genetic elements
abundantly represented among Eukaryotes, as for example the copia- ke elements of Drosophila ( for a
review see 1), the Ty element of yeast (2), the intracisternal type A particles (IAP) of rodents (3)
and the THE! repeats of humans (4). These elements share structural features analogous to the
proviral form of Vertebrate retroviruses: the entire element ts surrounded by short direct repeats
(4/5 bp), corresponding to the duplication of the target insertion site; long terminal repeats (LTRs)
about 200 to 600 bp flank the element, each LTR begins by TG... and ends by ...CA; these two nuclestides
are themselves part of short inverted repeats which flank the LTRs. Moreover, the retrotransposons
contain, just downstream from the S'LTR, sequences which could serve as tRNA primer-binding sites
and olgopurine tracks which act in priming the second strand synthesis during retrovirus replication
at the internal boundary of the 3'LTR (for a review of retrovirus replication see 5).The complete
sequence of four Drosophila copia-like elements (copia, 412, 17.6 and 297) (6 to 9) as well as the
sequence of Ty ( 10) and IAP ( 11) show the existence of at least one or two open reading frames (ORFs)
which encode proteins showing similarities respectively with the gag and pol genes of retroviruses.
The occurence of a third ORF encompassing an env gene will be discussed later. The pol gene of
retrotransposons would encode both integrase (endonuclease) and reverse transcriptase activities and
it seems likely that the transposable slements mediate their own mobility through encoded enzymatic
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activities. These elements are fully transcribed into a polycistronic polyadenylated messenger RNA
originating in the S'LTR and terminating in the 3'LTR. Virus-like particles containing the
corresponding RNA genome and reverse transcriptase activity have been described in the case of copia
(12) and Ty (13). Circular extrachromosomal forms of copia-like elements ( 14-15), similar to
those seen within cells infected with retroviruses, have been observed and it is widely believed that
circular DNAs are intermediates in transposition (14). Moreover, Boeke et al. (16), using a Ty
element with an artificially inserted intron, have shown that precise removal of the intron occurs
during transposition, demonstrating that Ty transposes through an RNA intermediate. Thus,
retrotransposons appear to be retroviruses having an exclusively intracellular life cycle.

The role of retrotransposons has been extensively discussed (17-1-18). They can behave as
insertional mutagens and it is now clear that many mutations in Drosophila melanogaster are due to the
insertion of transposable elements occasionally leading to inactivation of the recipient locus ( 19-20).
Moreover, their insertion might introduce a new promoter and then might provoke the inappropriate
expression of an adjacent gene (see for example 21-22).

We have previously reported the isolation of a new retrotransposon of Drosophila (23) through a
search for genes modulated by ecdysterone , a sterod hormone which plays a crucial role 1n insect
development. This element, named 1731, is fully transcribed into a polyadenylated messenger RNA and
its transcripts decrease under ecdysterone treatment. 1731 is flanked by long terminal repeats
(LTRs), which show similarities with provirus LTRs. Moreover, 1731 is moderately repeated in the
genome and extrachromosomic DNA circles occur in Drosophila cells. We report here the complete
nucleotide sequence of 173 1. It contains two large open reading frames ( ORFs) showing similarities in
size and location respectively to the gag and pol genes of retroviruses.

MATERIALS AND METHODS

Materials

Restriction enzymes, DNA polymerase | (Kienow fragment) and labelled nucleotides were purchased
from Amersham.

Synthetic oligonucleotides were prepared with the use of an automated DNA synthetizer as previously
described (23).

13 cloning and DNA sequencing

The BamHI/Sall 3.1 Kb fragment of subcione pFPSc (23) was transferred into M13mp8/M13mp9 and
sequenced by the chain termination method ( 24).

The sequence of both strands was obtained. We used the cyclone system of 1Bl and the 17-mer universal
primer for a large part of the sequence. It was completed with 25-mer synthetic oligonucleotides used
as specific primers. Regions rich in GC were sequenced using the 7-deazadGTP kit of ABN.

Alignment of protein or nucleic acid sequences were realised using the Goad and Kanehisa method (25)
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Fig.1: Sequencing strategy for 1731. The arrows indicate the extend of sequence determined from each
template. H: Hindl!l; B: BamHI; P: Pstl; Pu: Pvull; K: Kpnl; X: Xhol; S: Sall. Sequence strategy for the
Hindli1/BamH| and Sal/Pstl fragments wers previously described (23).

and the mutation matrix of Dayhoff et al. (26). Alignment betwesn 1731 and copia were realised using
the DIAGON graphic program of Staden (27).

RNA isolation
RNA was extracted from Kc cells and analysed by Northern blotting as previously described ( 23).

A B
Kb 23.1 ]
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Fig.2: Northern blot analysis of polyA RNAs from Kc cells with M 13 strand specific probes.

A: Probe: BamHI/Sall 3.1 Kb internal fragment of 1731 subcloned in M13mp8 ( minus strand)
B: Probe: BamHI/Sall 3.1 Kb internal fragment of 1731 subcloned in M13mp9 (plus strand)
Molecular size markers: Hindl ! digest of lambda phage DNA.
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The M13mp8 and M13mp9 recombinants which contain the BamHI/Sall 3.1Kb fragment of 1731 were
P32-labslled by enzymatic extension of the 17-mer hybridization primer (Amersham) as described
by Hu and Messing (28).

RESULTS

A SOLI0e SOQUONCE O ool gt {69 o

The nucleotide sequence of the Hindil1/Pstl Drosophila genomic fragment containing 1731 was obtained
by combining the sequences of the Hindlil/BamHI and Sall/Pst| fragments previously established ( 23)
with the sequence of the BamHI/Sall internal fragment determined according to the strategy shown in
figure 1. The whole sequence is 5486 nucleotides long. It contains 1731 which is 4648 bp long,
flanked on one side, by 386 bp and on the other side, by 452 bp of Drosophila genomic sequences. 1731
is bracketed by two S bp direct repests (GAATA). Such direct repeats occur in proviruses and
retrotransposons and seem to be generated during integration (29-30). The LTRs are 336 bp long and
were previously described as being reminiscent of provirus LTRs (23). 1731 is AT rich, containing
37.68 A, 27.2%8 T, 15.08 Cand 20.2% G as the flanking sequences which contain 60.5% AT and share
no similitude with any sequences of the GENBANK database.

Translation of 1731 shows two long overlapping open reading frames (ORF 1 and ORF2). These two long
ORFs reside on the DNA strand ( plus strand) which contains the TATA-box, the polyadenylation signal,
the possible polyA acceptor sequence, the putative tRNA primer binding site and the polypurine-rich
track. The complementary strand (minus strand) does not show any open reading frame of significant
size. Northern blots of Drosophila cell RNAs have been probed with the M13mp8 and M13mp9
recombinants containing the BamHI/Sall internal fragment of 1731 (figure 2). The M13mp8
recombinant probe which contains a part of the minus strand reveals the major transcript 4.6 Kb long
(23), while the M13mp9 recombinant probe (plus strand) does not reveal any transcript. The
presence of ORF1 and ORF2 in messenger RNA strongly suggests their usage by the transiational
machinery.

Moreover, we compared the sequences flanking the ATG of ORFs 1 and 2 with the consensus sequence
flanking translational starts in Drosophila (31). It reveals that the ORF 1-ATG (with a G in position
-3) is in a better context for initiation of translation than the ORF2-ATG (with a T in pesition -3).

Fig.3: Nucleotide sequence of 1731 (plus strand).

The arrows indicate the 5' and the 3' LTRs.

a: TATA box; b: polyadenylation signal; c: primer binding site (see figure 4); d: nucleic acid binding site
(see figure 5); e: region showing homology with retrovirus and retrotransposon proteases(see figure
6); f: zinc-binding site (beginning of the endonuclease domain) (see figure 7); g: region showing
homology with reverse transcriptases (see figure 9); h: polypurine-rich track.
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1731 RNA Genome pes
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Fig.4: Alignment between the 1731 genome and a Drosophila melanogester met-tRNA (34). The
sequence of the 1731 RNA genome was deduced from the DNA sequence of the plus strand (figure 3). In
our model, the Drasophila met-tRNA should have lost the nucleotides located downstream position 3S.
PBS: primer binding site.

This would argue for the production of an ORF1-ORF2 fusion protein obtained by a specific
frame-shifting event as was propesed for HIV (32), MMTV (33),17.6 (9) and 412 (7).

Figure 3 shows the nuclestide sequence of the plus strand of 1731, the amino-acid sequence of ORF 1
and 2 are represented beneath the corresponding nucleotide sequences. As in the case of the other
retrotransposons sequenced so far, ORF1 and ORF2 show similarity to the gag and pol genes of
retroviruses respectively.

Binding site for tRNA pri

Retroviruses replicate through a DNA intermediate. Reverse transcription of their RNA genome is
primed by a tRNA whose binding site is located just downstream from the S'LTR (5). In order to find
the tRNA primer binding site of 1731, the 30 nucleotides located downstream the S'LTR ( position 337
to 366) were compared with a tRNA sub-bank from GENBANK. Alignment between this 1731 sequence
and a Drosophila melanogaster initiator met-tRNA (34) was obtained. This alignment involves an 11
nucleotide homologous region (ATGGGCCCAGC) corresponding to position 342 to 352 of 1731 and to
position 25 to 35 of the met-tRNA (figure 4). It has been previously reported that the copia
retrotransposon is primed by a truncated met-tRNA as shown by primer extension analysis of the
virus-like particles RNAs (35). Similarly, we propose that the first strand synthesis of 1731 is
primed by a met-tRNA modified by the loss of the nucleotides located downstream from the 11
nucleotide sequence, therefore localizing the primer binding site of 1731 between residues 342 and
352,

Gog similarities

The ORF at the 5° side of 1731 (ORF 1) begins with the ATG in position 431 and ends with the TAG in
position 1250 (figure 3). This ORF could encode a protein with a molecular weight of 30 000 daltons.
Computer searches through the GENPRO and NBRF detabases show similarities between this putative
protein and the gag polyprotein of retroviruses; it should be noted that the whole ORF 1-encoded
protein presents 23% homology with a corresponding region of the HIV/ARY2 gag gene (36). Figure S
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1731-ORF1 (228) M C E R RIH[F|K{ANIC...
I1AP (462) RTICIF K P GH|FIKIK D|C]...
COPIA (230) ...BKCH HC G|RE GH|! [KIKDIC]...
HIV/ARV2 (392) ..IMK|CIFINCGIKE GJH|I AKN(CI...

HTLV1(378) ..GPICIPLICQDPTH KIrDIC]...

Fig.5: Nucleic acid binding site of 1731, IAP (11), copia (6), HIV/ARV2 (36), and HTLV | (37).
Numbers in parentheses indicate the position of the first amino acid in the appropriate protein or ORF.

shows a 16 amno acid conserved region corresponding to the nucleic acid binding domain of some
retroviruses (HIV/ARY2, HTLY) (36-37) and retrotransposons (IAP, copia) (11-6). These
similarities lead one to conclude that the 1731 ORF 1 encodes a "gag-1ike" protein.

Protease, endon egse

GO CUl QoC X d CYOr S0 QNSCr IDTQOe S1M1ig oo
The ORF2 (ATG in position 1203; TAG in position 4149) slightly overlaps the ORF 1 and could encode a
protein with a molecular weight of 110000daltons. Computer analysis shows similarities between this
large ORF and the pol gene of retroviruses and suggests the existence of three enzymatic domains in the
1731 ORF2.

The first domain of about 140 amino acids is characterized by the five amino acid long stretch
Leu-Asp-Ser-Gly-Ala. This domain is highly conserved among retroviruses and retrotransposons. It
occurs for example in RSY (38), copia (6) and Ty (10) (figure 6) end is described as being the
retroviral protease domain. Moreover, this domain could encode a polypeptide with a molecular weight
of 15000 daltons which recalls the P 15 RSY protease involved in the cleavage of viral polyproteins.
When the putative protein encoded by the 1731 ORF2 was submitted to computer analysis, similitudes
were also detected in the region coding for the endonuciease (integrase) activity of retroviruses. The
existence of an amino acid configuration which constitutes a zinc-binding domain interacting with DNA,
could define the amino-terminal region of the 1731 endonuclease domain. This zinc-binding region,
described in retroviruses by Johnson et al. (39), involves a pair of histidines separated by 20 to 30
residues from a pair of cysteines. 1731 contains such a zinc-binding site at position 140 of the ORF2
protein. This site is made by a pair of histidines and a pair of cysteines, each pair being separated by
28 amino acids from the other ( figure 7). Moregver, comparing the sequence of copia, 412, 17.6 (6 to

1731-0RF2 (15) ...CLDSGA|TS...
RSV (612) ..LLLDSGADI ...
COPIA (291) ..MLDSGA|SD...
TY (32) .LLDSGA [SA..

Fig.6: Homologies between 1731 and the protease region of RSV (38), copia (6) and Ty (10).
Numbers in parentheses indicate the position of the first amino acid in the appropriate ORF.
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NRA Hooo 29 ... CRVC...

1731 (140) +H KRNG  H w28 o CKT C
B~ MoMLV  (848) «H QLT  H-32 CKAC ..
COPIA  (419) «+H ERFG  H w27 o CEl C-
412 (901) -H DDPIQGG H w29 v CQKC ..
17.6 (758) «+H EKLL  H 29 o CSl C..
...H

GYPSY (726)

Fig.7: A- Representation of the putative zinc-binding site of 1731.

B- Alignment of the putative zinc-binding sites of 1731, MoMLY (46), copia (6), 412 (7), 17.6 (8)
and gypsy (40) endonucleases. Numbers in parentheses indicate the position of the first histidine
residue in the appropriate ORF.

8) and gypsy (40) endonucleases, we noticed the existence of this binding site in their amino-terminal
portion (fig.7). The 1731 endonuclease region presents 2 short conserved amino acid sequences
Asp-Asn-Gly and Glu-Arg-Ala-Asp-Arg- Thr-Leu, whose successive order and relative localisations
recal) those found in retroviral endonucleases ( figure 8). Alignment of retroviral endonucleases ( 39)
also involves the short amino acid stretch Try-X-Gly. The appearance of the same amino acid sequence
in 1731 ORF2 suggests, by analogy with retroviruses, that the end of the 1731 endonuclease domain
may be about SO residues after this stretch. The approximate size of the entire domain is 270

UDNWN —

KAl TKDNG|SCF|TSKSTRENL ARGI [AHTT

:..OVLT iDNG|P A VSKVTQTVADLGI D

F?as) Alignment of the putative endonuclesses of 1731 copia (6), MoMLY (46), HIV/ARY2 (36), RSY
1- 1731-0RF2; position of the first amino acid in the ORF2: 263.

2- copia; position of the first amino acid in the appropriate domain: 545.

3- MoMLY; pesition of the first amino acid in the appropriate domain: 970.

4~ HIV/ARY2; position of the first amino acid in the appropriate domain: 838.

S- RSY; pesition of the first amino acid in the appropriate domain: 688.
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1731 (579)
MoMLV (187)
RSV (27)
COPIA (954)
412 (368)
17.6 (260)

Fig.9: Alignment of the putative reverse transcriptases of 1731, MoMLY (46), RSY (38), copia (6),
412 (7) and 17.6 (9). Numbers in parentheses indicate the position of the first amino acid in the
appropriate ORF.

residues, which is 1n agresment with the length of corresponding retroviral polypeptides previously
described.

Retroviral reverse transcriptases are encoded by a portion of the pol gene about 240 residues long and
show two highly conserved sequences among them (39). 1731 also contains these two conserved
sequences (figure 9) at positions 645 and 711 of ORF2. This suggests that the carboxyl-terminal
portion of the 1731 ORF2 encodes a reverse transcriptase-like activity. Moreover, the beginning of
this domain could be located in position 579 by alignment of the Lys-Ala-Arg-Leu-Val-Ala stretch
with the amino-terminal portion of retroviral reverse transcriptase, as shown in the figure 9.

1t has been reported that the pol gene of retroviruses also encompasses a ribonuclease H (RNAse H)
activity. Alignment between the RNAse H of some retroviruses and the RNAse H of E. coli showed that the
RNAse H activity is associated with the reverse transcriptase domain (39). Computer analysis using
similar techniques was undertaken for the entire 1731 sequence. There was wesk homology ( 18%)
between 1731 and the E.coli RNAse H from position 420 to S30 of the ORF2. This alignment is located
between the endonuclease and reverse transcriptase domains previously described, without overlapping
any of these two regions. These two points argue for the existence of a RNAse H domain in 1731.
Absence of eny gene

No ORF able to encode for the totality or a part of an env gene was detected in the 1731 internal
nucleotide sequence.

) -

rences ang Simiig )eIwee QNg CODIQ,; COQON USJC

The nucleotide sequence of copfa (6) shows the existence of one large ORF which presents similarities
to the gag gene of retroviruses in its amino-terminal region, and to the pol gene of retroviruses in its
carboxyl-terminal region. Comparison between 1731 and copia was performed by various techniques
including the DIAGON program of Staden (27). Amino acids similarities between 1731-0RF 1 and the
gag region of copia reach 248 and extend over the entire gag gene of 1731 (not shown). A higher score
was obtained when 1731-0RF2 was compared to the pol region of copia. The matrix obtained (figure
10) reveals two large similar regions which correspond to the protease and endonuclease domain (318
homology) and to the reverse transcriptase domain (36& homology) respectively. Apart from these

es De
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Fig.10: Alignment of 1731 and copia (6) using the DIAGON program of Staden (27). Abscissa:
1731-0RF2; ordinate: copia-ORF. The first alignment (A) corresponds to the protease and
endonuclease domain. The second alignment (B ) corresponds to the reverse transcriptase domain.

amino acid homologies, no significant similarities were observed at the nucleic ecid level. We checked
codon usage wn copis and 1731 and showed that these two retrotransposons are very different with
regard to the choice of codon usage. For example, CCT was used in 16 out of the 39 proline codons in
copia and in only 4 out of the 38 proline codons in 1731 ; conversely, AAG was used in 60 out of the 92
lysine codons in 1731 and in only 43 out of the 138 lysine codons in copia. In the reverse
transcriptass domain previously described, 96 of the 157 identical amino acids (except the methionine
and tryptophan residues) are encoded by different codons.

Moreover, codon usage in copia and 1731 differs from codon usage in Drosophila as revealed by
examining a Drosophila sub-bank of GENBANK. Lastly, we showed that codon usage in 1731 and copia
also differs from codon usage in E.coli, yeast, rat and man.

DISCUSSION

We report here the complete nucleotide sequence of 1731, a retrotransposon of Drosophila (23). As it
has been previously described for integrated viral sequences (41), 1731 shows a base composition
(6C: 35.28) very close to the base composition of the region where it is inserted (6C: 39.58).

The overall structure of 1731 is reminiscent of vertebrate proviral structure. 1731 is flanked by
336 bp LTRs and pressnts two long open reading frames (ORF 1 and ORF2) respectively corresponding
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to the gag and pol genes of retroviruses. The putative protein encoded by the gag gene of 1731 shows
similarities with the gag protein of HIV/ARV2 (36). Moreover, the ORF2 would present three specific
domains respectively assigned to protease, endonuclease (integrase) and reverse transcriptase
activities. This can be deduced from sequence homologies noticeable in the inner part as well as at the
limits of each domain. In addition, the size of these domains is similar to their retroviral counterparts.
The first domain, of about 140 residues, would encode a protease activity involved in cleaving a
polyprotein into smaller functional proteins. The second domain, corresponding to the endonuclease
(integrase), covers about 270 residues and presents short nucleotide stretches that are conserved
among retroviral endonuclease genes. It should be noted that the amino-terminal portion of this domain
has a zinc-binding site also found in the endonuclease domain of retroviruses (39) and which contains
a pair of histidines at the amino-terminel end and a pair of cysteines at the carboxyl-terminal end.
Zinc-finger structures, with two cysteines at the amino-terminal end and two histidines at the
carboxyl-terminal end, have been described as protein motifs implicated in nucleic acid recognition
(42). Thus, it is possible that “zinc-fingers” of retroviral and retrotransposon endonucleasss are also
involved in a preliminary step of the integration process. Lastly, we assign 8 RNA-dependent DNA
polymerase activity to the third domain of the 1731 ORF2. Similarities with retroviral reverse
transcriplases extend over the whole domain and include the highly conserved sequence among
retroviral reverse transcriptases: Tyr-hydrophobic residue-Asp-Asp. This sequence has also been
shown to be conserved among hepadnavirus polymerases (43) and has been proposed to play a critical
role in polymerase function (44). Moreover, it is possible, with regard to amino acid similarities,
length and localization, that 1731 also encompasses a RNAse H activity, as is the case for retroviruses
(39). Taken together, these results allow us to define the ORF2 as the pol gene of 1731. The
organisation of this gene (S'-protease-endonuclease-reverss transcriptase-3') is reminiscent of
those of copia and Ty, although the order in retroviral pol gene is S'-proteass-reverse
transcriptase-endonuclease-3', as is also the case for the retrotransposons 17.6 and 297.

Moreover, we demonstrate the existence of homologies between 1731 and copia in the protease,
endonuclease and reverse transcriptase domains. These homologies are found despite a different codon
usage in the two retrotransposons. For the time being, we cannot determine whether similarities
between 1731 and copfa reflect evolution from a common ancestor or convergence towards a similar
function. Neverthless, these results reinforce the likelihood that these enzymatic functions exist in
1731,

Finally, the analysis of 1731 sequence shows the absence of an env gene. Although this is also the case
for copta (6) and Ty (10),the absence of env gene is not a common characteristic of retrotransposons.
The retrotranspesons 17.6 and 297 of Drosophila (8-9) show a large 3' ORF described as an env-like
gene. However, no similarities between these large ORFs and the conserved sequence of retroviral env
genes were detected. Whether the product of this env-1ike gens is functional remains a matter of
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speculation. The nucleotide sequences of some mouse IAP elements show a region of about 1100
nucleotides located upstream to the 3'LTR (11). This region, long enough to encode an env gene, shows
multiple stop codons and no homology to env genes. Neverthless, the nucleotide sequences of other mouse
IAP elements show a 3' ORF sharing homology with the env region of several retroviruses such as
MMTV and MAV ( Myeloblastosis Associated Virus) (45).

The overall organisation of 1731, the existence in Drosophila cells of 1731 extrachromosomic DNA
circles (23) and the presence of virus-like particles containing the 1731 RNA genome (J.L.Becker,
personal communication) recall the characteristic features of retroviruses. The main difference
between 1731 and retroviruses would be the absence of an env gene in 1731, implying the absence of
an extraceliular phase during the 1731 life cycle. Moreover, the existence of 1731 transcripts and
1731 DNA circles indicates that 1731 might transpose by a mechanism analogous to that descr ibed for
Ty (16). The decrease of 1731 transcripts in the presence of ecdysterone could provide a negative
control of 1731 spread out.
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