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ABSTRACT The structural organization of Drosophila F
elements closely resembles that ofL1 sequences, a major family
of repetitive DNA elements dispersed in the genome of all
mammals. Members of both families are flanked by target-site
duplications of different length, vary in size because of heter-
ogeneity at one end, and invariably terminate at the other end
in characteristic adenosine-rich stretches often preceded by
polyadenylylation signals. The nucleotide sequence of Fw, an F
element found in the white locus of w+A flies, reveals a large
open reading frame upstream of the 3' adenosine-rich terminus
encoding a possible reverse transcriptase homologous to those
potentially encoded by functional Li units and Drosophila I
factors. A cysteine-rich region within an interrupted frame
located at the 5' terminus of Fw suggests that complete F
elements might additionally encode a nucleic acid binding
protein. The observation that F elements and I factors encode
functionally related polypeptides, and the extensive similarity
of their hypothetical reverse transcriptases to Li open reading
frames, favors the hypothesis that all these sequences are
evolutionarily related and transpose upon the cDNA conversion
of RNA intermediates.

More than 10% of the Drosophila melanogaster genome
consists of moderately repetitive DNA, a large fraction of
which is accounted for by at least 40 distinct families of
transposable elements that can be grouped according to their
structure into a few major classes (1-3). Whereas some
elements have terminal inverted repeats and presumably
transpose by mechanisms similar to those proposed for
bacterial transposons (4), the largest group (copia-like ele-
ments) is made up of sequences that structurally resemble the
integrated forms of vertebrate retroviruses (2, 3). The iden-
tification of reverse transcriptase-like products in all these
elements (5-10) and the presence of copia RNA in ribonu-
cleoprotein complexes associated with reverse transcriptase
activity in cultured Drosophila cells (5) suggest that this type
of element might transpose by way of an RNA intermediate
using a mechanism similar to that of retroviruses.
Other Drosophila transposable elements, markedly differ-

ent in structure from copia-like elements because they lack
terminal repeats, may also originate from a reverse transcrip-
tion process. This group includes I factors, the transposable
elements involved in the I-R system of hybrid dysgenesis that
encode a reverse transcriptase-like enzyme (11), as well as F
(12, 13) and G (14, 15) elements, long, interspersed DNA
sequences that terminate at one end with stretches of ade-
nosine residues preceded by polyadenylylation signals (12-
15). F and G elements are structurally reminiscent ofa variety
of dispersed DNA sequences, variously classified as pro-
cessed pseudogenes (16) or retroposons (17), which are

present in mammalian genomes and have been proposed to
originate from the reverse transcription of RNA molecules.
While G elements are mostly interspersed with chromo-

centric repeated DNA sequences and seem to have a rela-
tively stable chromosomal location (15), the nomadic nature
of F elements is clearly established by their different location
in Drosophila stocks (13, 18) and by the isolation of mutant
alleles generated by the insertion of F family members at
different loci (19-21).

It has been reported (13) that the organization of F
sequences is similar to that of LINE-1 or Li sequences, a
family of long interspersed oligo(A)-terminated sequences
dispersed throughout all mammalian genomes (reviewed in
refs. 22 and 23). In addition to oligo(A) tails at the 3' end,
common features exhibited by F and Li sequences include
size heterogeneity due to different degrees of 5' truncation
and target-site duplications of various lengths flanking indi-
vidual family members (13, 23).
We show here that F elements encode an open reading

frame (ORF) that could encode a protein exhibiting extensive
homology to the reverse transcriptase-like domains of the
potential products of I factors and L1 sequences. This
observation suggests that these DNA elements are closely
related and are presumably mobilized within the genome by
means of a similar mechanism.

MATERIALS AND METHODS
DNA Sequence Analysis. Restriction fragments derived from

pA22.7, a recombinant plasmid carrying the Fw element (21),
were subcloned into M13mpl8 or M13mpl9, and their nucleo-
tide sequence was determined by the dideoxy chain-termination
method (24). Part of the Fw DNA sequence has also been
determined by the chemical method of Maxam and Gilbert as
modified (13). The sequencing strategy adopted is illustrated in
Fig. 1. Most of the sequence was determined on both strands.

RESULTS
Sequence Analysis of Fw. Structural analysis of Drosophila

F elements showed that family members vary in size and that
full-length elements are about 4.7 kilobases (kb) long (13). A
3.6-kb F element has been found within the white locus of
wi+A flies (13). wi mutation results from the duplication of a
2.9-kb segment within the white locus (19). wi+A revertants
had lost one copy of the 2.9-kb repeat and acquired a DNA
segment (21) that was identified by Southern blot and partial
nucleotide sequence analysis as Fw, a 5'-truncated F element
(ref. 13; Fig. 1).
We have determined the complete nucleotide sequence of

Fw (Fig. 2). Fw is 3542 base pairs (bp) long and is flanked by

Abbreviation: ORF, open reading frame.
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FIG. 1. The white gene DNA segment duplicated in wi flies is
shown together with the same region from wi+A revertants where one

repeat is lost and Fw is inserted. An expanded restriction map of the
Fw element is reported, and arrows below the map indicate the
cloning strategy and the extent of DNA sequence derived from
different clones. Thicker arrows denoted DNA regions analyzed by
the chemical method. Only relevant restriction sites are shown. A,
Ava I; B, Bgl II; D, Dra I; E, EcoRI; H, HindIll; Hf, Hinfl; N, Nru
I; Nh, Nhe l; Ps, Pst l; Pv, Pvu II; T, Taq 1.

12-bp target-site duplications (13). Like other members of the
F family, Fw has no terminal repeats, and one end is marked
by a long stretch of adenosine residues preceded by two
canonical polyadenylylation signals (Fig. 2). Translation of
the Fw DNA sequence reveals a 2577-bp ORF (F-ORF2) that
starts at nucleotide 711 and ends 230 bp before the 3' adenosine-
rich terminus (Figs. 2 and 3). The ATG located at the second
amino acid residue in F-ORF2 might correspond to an initiating
methionine according to the consensus established by Kozak
(25). An additional 366-bp ORF (F-ORF1) is present at the
truncated 5' terminus of the element (Fig. 2; see below).
Homology of F-ORF2 to Li ORFs. Conceptual translation

of the DNA sequence of several mammalian Li sequences
established that at least some complete Li units encode a
long ORF (23) that has homology to reverse transcriptases
(26, 27). A homologous protein is potentially encoded by F
elements, since the introduction of a few gaps permits the
alignment of F-ORF2 from residue 378 to the central seg-
ments of both mouse and human Li ORFs (Fig. 4). One
hundred and one (21%) and 95 (20%) amino acids are identical
between F-ORF2 and human and mouse ORFs, respectively.
Taking into account favored amino acid substitutions, the
similarity between F and Li ORFs polypeptides reaches
40%. The homology is higher within the region of F-ORF2
extending from residue 436 to residue 550. In this stretch 40
(35.0%) and 37 (32.1%) amino acid residues are shared by the
Drosophila sequence and human and mouse sequences,
respectively. The overall homology between Drosophila and
mammalian proteins in this region, including favored amino
acid substitutions, is 50%.

Interestingly, this region coincides with CS2, one of the
two segments identified by Southern blot analysis as the most
evolutionarily conserved portions of Li sequences through-
out mammals (29).
The homology extends further upstream, since we ob-

served that a region similar to the F-ORF2 interval from
residue 318 to residue 359 occurs within both Li ORFs (Fig.
4). Although differently spaced in the two sequences, this
upstream segment might correspond to an additional func-
tional domain shared by Li and F-encoded polypeptides.
F-ORF2 Is Homologous to ORF2 Encoded by I Factors.

Fawcett et al. (11) have shown that Drosophila I factors, a

class of transposable sequences that induce a high rate of
mutation in certain Drosophila strains (3), contain two ORFs

(I-ORF1 and I-ORF2) that are 1278 and 3258 bp long,
respectively. I-ORF2 is partly homologous to the ORF
encoded by Li sequences (11), and comparative analysis
shows an extensive similarity between I-ORF2 and F-ORF2
(Fig. 5). F-ORF2 can be aligned with few gaps from residue
396 to the end to the interval from residue 251 to residue 724
of I-ORF2. Within the homologous region, 28% of residues
are identical in F-ORF2 and I-ORF2; the similarity of the two
polypeptides, taking into account favored amino acid substi-
tutions, exceeds 50%. The regions aligned in Fig. 5 corre-
spond to the segments of F-ORF2 and I-ORF2 that are
homologous to L1-ORFs (ref. 11; see also Fig. 4). We have
not found within I-ORF2, as in the case of Li (Fig. 4), an
additional segment homologous to the F-ORF2 interval from
residue 318 to residue 359.
Homology of F-ORF2 to Reverse Transcriptases. Ten of the

13 invariant amino acids present in known and putative reverse
transcriptases (30) are in F-ORF2 (Fig. 6). The alignment of Fig.
6 shows that Fw, I, and Li potentially encoded reverse
transcriptases clearly belong to a distinct class, as they are more
similar to each other than to retroviral polymerases, both in
terms of number and of relative distance of identical and/or
similar residues. A noticeable exception (11, 26) is constituted
by the remnants of potential gene products encoded by class II
mitochondrial introns present in the cytochrome oxidase sub-
unit I gene of Saccharomyces cerevisiae (36). Except for
residues invariably present in all reverse transcriptases, the Fw
polypeptide exhibits a poor similarity to the reverse transcrip-
tase encoded by the 17.6 element, as well as to those encoded
by other Drosophila copia-like elements (data not shown).
Although the diversity of reverse transcriptases encoded by
copia-like elements is much greater than that in retroviruses
(10), this observation supports the notion that F and copia-like
elements constitute distinct classes of mobile sequences, al-
though they both presumably transpose by way of the cDNA
conversion of RNA intermediates.
The homology of F-ORF2 seems to be restricted to the

polymerase region of reverse transcriptases. We have not
found extensive similarities between segments of F-ORF2
and the protease and ribonuclease domains present in retro-
viral reverse transcriptases (30).
F-ORF1. A 366-bp ORF (F-ORF1) is found at the 5' border

of Fw and might extend further upstream in complete F family
members. F-ORF1 has an unusually cysteine-rich domain
containing one copy of the motif CN2CN4HN4C, where N
stands for any nucleotide, followed by two imperfect ones (Fig.
2). One or more copies of this motif are invariably present in the
nuclear binding proteins that originate from the cleavage of
retroviral gag proteins (37). These proteins are known to
interact specifically with the retroviral genomes within virus
particles and might bind the tRNA primer ofDNA minus-strand
synthesis (37). Notably, one copy of this motif and two
imperfect ones are present in the first ORF of I factors (11), and
a slightly different cysteine-rich segment is also present in the
carboxyl terminus portion of Li ORFs (38).

DISCUSSION
F elements are DNA sequences quite distinct from most
Drosophila transposable elements (13). The structural organi-
zation of this DNA family, which consists of 60-80 units, is
reminiscent of that of L1 sequences, a major repetitive DNA
family of dispersed DNA sequences present in 104-105 copies in
several mammalian genomes (22, 23). Members ofboth families
similarly terminate at the 3' end in a run of adenosine residues
preceded by polyadenylylation signals, differ in size because of
variable truncation at the 5' end, and are flanked by target-site
duplications of different length (13, 23).
The relationship between these two distant sequence types

is further substantiated by the finding that they potentially
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1 TGAACCAGAAAACAAGC(;TC CTAGAAAAAACGAGGTTCACCCAATT'EACAAACTCCAGCTCCTTTT(iCACCGTAGGATC A(;(GTAGAAGAGiCCGCAC AAhCGC AACGCT(: CTGTAC AATG
GluProGluAsnLysProProArgLysAsnGluV alHisPro lleTyrLysLeuGlnLeuLeuLeuHibArgArglIleThr ValGi uu |uProHi sLysArghsnA iLProV ailncy

121 1TACAAACT(iCCAAGAGTATCAl;CACACAiAGliTCAATATTGATACAACT'rTiCCCC(GUGbTUTGTTCTGTG(iAGATCTC CACACTCCAAiCAG'1'6TCa^AT'hAAAGAAAAI'( CA'EG(:b
sThrAsnCys~inGluTyril yli sThrArgSerTyr bysThr Leu Al aProV al CysV6aiV al bys~l yAspLeu HlsAsp~er Ly56in CysGl n i ie xsLys~iiuhsn Al atysu l

241 GAAAAAATGTAATAA;TGC(iGCGCAA'tACACAGCAAACTACA(TAG(iCTUI'CGAATCTACAAAGAGACTGhAAATC(;TCTTCACAAA>AATtiAAC A(:(U ,G(iAAA h TU
uLysLy s(ysAbnAsn(;ys~lyily AsnlilsThr Al vAstiTyr ArtGilyCysPro lleTyr Lysil uLeuLysIlieAr6Leu hi sLybAr6Met AsnThr Al awrbV alH i sLy5A5pGI1

361 (iCTACC CTGATAC(:ATCACAGACAAATCCTGAAGTAATTTT(,T(:GAAAGCA;GCTAGiTTTCGCTCC CTGG CCTACATTCAAC ACTACAAAA(iAACAhTTTswi(TAAC;TI'Tl'AAAAT(;hUUT
nLeuPro

481 ATGACGCCTCCAACCCAAAACTCCCGiAACTGCACATGAAGTGCACA(;AAAATTAGAC AGACAAC AwAACTATC ACCCAGCl (CGC A(CAGGAAACAAAAACTliAAGCTATGhTGS;AAGCC

601 TTACAACAGAGCATGiATGGAATI'TATGACATTTATGAAUiACCACCAl lTCAAfiACATGATGCGTAATCAAAACCTTTTGATACAAATGCI'TGTAGCCCAACAATCAAATAhAATAATGUiCTA
IleMethlaT

721 CCTTAC(iC ATAGCTACGTGGAACGCCAATGGCGTCTC ACACiCCCAAACTTGAGCTAGCTC AATTCCTACATGiAGAAGC ATATCGAC6iTAA TGCTTCTTTCGG AAbCTCAI'CT(;AC AAGCA
hrLeuArgIleAlaThrTrpAsnAlaAsnGlyValSerGlnArgLysLeuGluLeuAlaGlnPheLeuHisGluLysHis lleAspValMetLeuLeuserGluThrHisLeuThrlerL

841 AATACAATTTTCAAATAAGAGACTACC ATTTCTACGGTACAAATCATCCCGACGGAAAAGCACACGGTGGCACCGCCCATACTCATAAGGAACCGTATGiAAGCACCACTTTTACAAAGAAT
ysTyrAsnPheGln IleArgAspTyrHisPheTyrGlyThrAsnHisProAspGlyLysAlaHisGlyGlyThrAlalleLeu IleArgAsnArgMetLysHisHisPheTyrLysGluP

961 TTGCGGAAAATCATCTTCAGGCCACATCTATC AACATTCAGCTGGATCACAACACTCTCCTTACACTAGCGGC CGTATACTGCCCC CCCCGTTTCACAGTATTAGAAGCTC AATT'CCTGG
heAl aGluAsnllisLeuGlnAl aThrSer IleAsnIleGlnLeuAspAspAsnThrLeuLeuThrLeuAlaAl aValTyrCysProProArgPheThrVal LeuGluAl aGInPheLeuA

1081 ATTTCTTCCAAGCACTAGGGCCACACTT(;ATTGCAGCAGG CGACTACAACGCTAAACATACTCACTGGGGATCGCGACTTGiTGAACC(;AAAAG;eAAAACAGCTT'TATAAGACGiATAATA A
spPhePheGlnkl aLeuGl yProHi sPhe IleAl aAl a~l yAspTyr AsnAl aLysHisl hr.Hi sTr p~iySer ArgLeuV al Asn ProLysGl yLysGln LeuTyr LysThr Ilel le.L

1201 AAGCCACTAATAAACTTGACCATGTTTCCCCCGGGAGTC CTACATACTGG;CCATCAGACCTCAATAAGCTGCC AGACCT(iATCGACTTCGCAU'TTAC GAAAAATA'fTTCUCCGCAGTTTCG
ysAlaOThrAsn LysLeuAspHi sV alSer.Pro~ilySer ProThrTyrTrpProSerAspLeuAsn LysLeuProAspLeulIlekspPheAldV al Thr LysAsn 1leser Argser Leu V

132 1 TTAAAGCTGAATGiTCTGCCGG ATCTCTCATC:TGATC ACTCGCCTGTA(,TAATI'C ACC T(;CGCCGATACCCAGAAAhCGTGAAA CCA CCAACCAGA'TTGAC CTCThGC AhAAAL AAA UTeGC(
al LysAi aGluCysLeu ProAspLeuSer Ser.kspli sSer ProV alLeu lle.HisLeuArgArgTyr Al aGluAsn V alLys Pro Prol'hr.Arg LeuThr ber Ser.Lys TtlrAsnTrp L

14 41 TCAGt-TATAAAhAAATATATAAGiTTC ACATATTGihGC TAA(iCCCAAAACTChATACT(iAATC TGA'rATA~ihGAGCTGCACGTGTUiCATTGCAATC CATCCTTACTGC AG(:AGiCTCTl'A (T6
euArgTyr LysLysTyr IleSerSer His IleGluLeuSer ProLysLeuAsnThrGluSer Asp lleGlu~er CysThr CysAl aLeuGlnSer Il eLeuTtir AlaAl aAl aLeuThrA

15 61 CAAC ACCCAAAATAACAAATAATAC AATl'AATTCAAAAAAUiACCAACGTACAAATCGAGCAAC TCGTCCACGTAAAACGTCGCTTACiC AGAGiAATGGC AATCTTC (AGATC CCCAACTGi
1 aThr ProLysIlieThrAsnAsnThr IleAsnSer LysLysThr hsnV alGln1 leUiuGlnLeuV alHisVal LysArgArgLeuArg~hrgGluTrp(,lnSer. .er Arg.'ber ProThsrA

laLysUlnLysLeuLysValAlaThrArgLysLeuAlaAsnAlaLeuLysGlnGluGluAspAspAspGlnArgArgTyr IleGluGlnLeuThrProThrGlyThrLysGltnLysSerL

TGTGGCGAGCCCACTCAACTCTTCGCCCACCGACTGAAACCGTTTTGCCGATAAAGiAATTC ATCAGGTGCCTGUGCCCCGTAGTGATGAAGAC ACAGC(AAC ACATTTGCC(GCTCACCTAC
euTrpArgAl aHisSerThrLeuArgProProThrGluThrValLeuProIleLysAsnSerSerGlyGlyTrpAlaArgSerAspGluAspArgAl aAsnThr PheAl aAl aHisLeuG

1921 AAAATGTGTTCACGCCAAACCAGGCTACTAGC ACATTCGCGCTACCGTCCTATCCCGTAAAC CGCCATC AGCAACACACCCCAATTCTGTTTCGTCCTAAAGAAATAACTAAAAl'AATC A
lnAsnV al PheThr ProAsnGlnAl aThrSerThrPheAlaLeuProSerTyrProValAsnrHisGlnGlnHisThrProIleValPheArgProLysGluIleThrLysIleIleL

2041 AAGACAATCTCAGCCCGAAAAAATCCCCCGGCTACGACCTTATAACACCGGAAATGATCATCCAGCTGCCACATTCTGCA.TTCGCTACATAACCAAGCTCTTTAATGCCATCACCAAAC
ysAspAsnLeulerProLysLysSerProGlyTyrAspLeuIleThrProGluMetIleIleGlnLeuProHisSerAlaValArgTyr IleThrLysLeuPheAsnAl aIleThrLysL

21 61 TTGGTTACTTTCC ACAACGATGGAAGATGATGAAGATC ATAATGATTCCAAAGCCTGGTAAGAAC CACACAGiTCGCTTC ATCTTACAGAC CAATAAGTCTA CTCTCAl'GCA TTTCG(iAAAC
euGlyTyrPheProGlnArgTrpLysMetMetLys Ile IleMet IleProLysProGly LysAsnHisThrValAl aSerSerTyrArgProlle~>erLeuLeuSerCysIlieSerLysL

2281 TATTCGAAAAATGCCTGCTGATC CGACTTAATC AACATCAGACATACCACAATATAATC CCAGCCC ACCAATTTGiGATTTC GCGAAACCCACGGhACCATTG AA(;AGtiTG AATCGTATTh
euPheGluLysCysLeuLeulleArgLeuAsruGlnHisGlnThrTyrHisAsn IleIleProAl aHisGlnPheGuiyPheArgGluSerHisGlyThrlleGlu(ilnValAsnArglleT

24 01 CAACC;GAAATAAGiA4CTGCATTTGAATATCGCGAATACTGTACAGCAGTATTTTTAGACGTATCC CAAGCATTCGACAAAGTCTGGCTC;GACGG CCTAATi'fTT'A AAATTAAAATAT(~;C
hrTtirGlul1leArgThr Al aPhe~iluTyr ArgGl uTyr CysThr Al aV alPhe LeuAsp Val berGlnAl aPheAspLys Val Trp Leu AspGl yLeuMet P.heLysIle Lys I1eSer L

2521 TrACCtGAAAGCA(;ACACAAACTTCTAAAGTCTTACCTC TATGACAGAAAGTTTGiCAGTGCGUiTtCAAC ACTUi(CA CTTCCAh(TGTTC ATACAAT'iGAGGCTGG AiiT(;;CCCCAAGGCAUiCC
euProGluSerThrHisLysLeuLeuLysSerTyrLeuTyrAspArgLysPheAlaVal rgCysAsnThrAloaTrir.erTtrVaallisThr IleGlubl aGlyValProlilnliyi erV

2641 TTCTTGGGCCAACCTTATACCTC ATCTATACAGC(;tACATCC;CTACAAATAGT(;GCTTAACGGTATC CACATTTGC CGACGATACAGCTATCCTTAGCCGTT(;AAGGTCCCCTATCCAAC
alLeuGlyProThrLeuTyrLeulleTyrThrAlaAspIleProThrhsnSerArgLeuturhVal erThrPheAl aAspAspThrAl aleLeuSerArsSerAreSerProI e 1inA

27 61 CTACAGCACAGiTTGGCACTGTACCTCATCGACATTAAGAAGTGGCTCTCTGACTGGCGAATAAAAGTAAACGAGCAAAAATGCAAGCACGTGACG TTACGiCTAAAC;AGA(;AAGACTG~TC
1 aThrAlaGlnLeuAlaLeuTyrLeulleAspIleLysLysTrpLeuSerAspTrpAr0lleLysV alAsnGluGlnLysCysLyshiisValThrPheThrLeuAsr ArgllnAspCysP

2881 CTCCG^CTCTTGTTGAACAGCATACCACTCCCGAAAGCAGACGAGGTAACGTACCTAGGAGTACACCTAGAC;AGAAGACT(;ACATGiGCGCAGGACaCATTGAAtiCCAAAAAAACC CAACTTA
roProLeuLeuLeuAsnSerIleProLeuProLysAl aAspGluValTthrTyrLeuGlyValHisLeuAspArgArgLeuThrTrpArgArgHisIleGluAlaLysLysThrGlnLeuL

3001 AACTCAAAGCC AACAACTTACACTGGCTC ATCAACTCTC;GTTCTC CGCTC AGCCTAGATC ACAAGGTCTTGCTC TACAATl'CTATATTGAAACCAATCTGGAC CTATGGCT(;ACAGTTAT
ysLeuLysAl aAsn AsnLeuHi sTrpLeulIleAsn SerGl ySer ProLeuSer LeuAsp Hi sLysV al LeuLeuTyr Asn berI leLeuLysPro I leTrpThr Tyr (ily Ser G.ln LeuT

3121 GGGGCAATGCC AGCAACAGCAATATTGAC ATC ATTCAGCGAGCACAATCAAAGATTCTGAGAAC CATCACTGGGGCACCGTGGTACGTTCGGAGTGAAAACATCCAAAGAGACTTAA ATA
rpGlyAsnAl aver AsnSer Asn IleAspIle IleGlnArgAl aGlnSer Lys IleLeuArgThr IleThrGl yAl aProTrpTyr ValArgSerGluAsn IleGl nArgAspLeuAsn I

32 41 TCCCATCAGTTACCAACGCAATCACGGiAACTTAAGG AAAAATACCTATAGCAAGCTTC ACACGCACCCCAACCACCTAQCGCGiAGGTCTAATCC ACCTC AGCAGCCGTTC CCGTTCT(;;G
leProSerValThrAsnAlaIleThrGluLeuLysGluLysTyrLeu

3361 CGAAAGG ACCTACCAACCCAGCeiAATAAATTATT AGi(CC(iTTTAAACATAGACAeTTiGGAAAAATAATAC AACTGiTTC AAAnAAATACTTGTTATAGTTAAGATTTTTAAA CTT ATTGiTI A

3481 GT1'CTTATACAAGAAGATTCAATARATAAAAAGCAAAGTAAAAAAAAAAAAAAAAAAAkAAA 3542

encode homologous polypeptides. Fw is an F element that is
throughout homologous to other family members analyzed
but is 1.1 kb shorter at the 5' end (13). F-ORF2, a 859-amino
acid ORF located upstream of the 3' oligo(A) terminus of Fw,
encodes a polypeptide that exhibits significant homology to
the central portion of the potential Li products (Fig. 4). The
presence within the homologous region of amino acid motifs
invariably found in most reverse transcriptases suggests that
F elements, as proposed for Li sequences (26, 27), might
originate from the self-mediated cDNA conversion of ele-
ment-specific transcripts. According to this hypothesis the 5'
heterogeneity of individual family members such as Fw
would be a consequence of premature stops in the reverse

transcription process.
The 5'-truncated copies generally exceed full-length Li

sequences, and complete functional units might represent

FIG. 2. The complete nu-
cleotide sequence of the ele-
ment Fw is shown. The 12-bp
repeats of white gene DNA
that flank the element have
been reported (13). The amino
acid sequence of the two
ORFs, F-ORF1 and F-ORF2,
is given below the base se-
quence. Cysteine-rich motifs
present in F-ORF1 are under-
lined, as are the two polyad-
enylylation signals that pre-
cede the oligo(A) end of the
element.

<10% of the family size (39). F elements similarly exhibit 5'
heterogeneity (13). In this context it is noteworthy that the most
3' segment ofF elements is highly homologous to suffix, a short
interspersed DNA element reiterated ==300 times per
Drosophila haploid genome (Fig. 7; see refs. 40 and 41).
Remarkably, the homology between F and suffix is restricted to
the 3' region immediately following F-ORF2. At present the
relationship between F elements is puzzling, since none of the
suffix elements analyzed is flanked by target site duplications
(41). Whether suffix sequences represent a specific truncated
class of cDNA copies of F elements transcripts or F sequences
have a composite origin and derive from the joining of distinct
elements cannot yet be determined.
A short ORF (F-ORF1) located at the 5' terminus of Fw

encodes a cysteine-rich polypeptide that is structurally ho-
mologous to several nucleic acid binding proteins that orig-

1681
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FIG. 3. ATG and stop codons within Fw sequence are shown.
The six possible reading frames are represented as horizontal lines.
Vertical lines above indicate ATG codons; lines below denote
translational stop codons.

inated from cleavage of retroviral gag polyproteins (Fig. 2).
The product of F-ORF1 may interact with F DNA or RNA
and, therefore, have an important role in the transposition
process. Because of the Fw truncation, however, it remains
to be established whether this polypeptide might actually be
encoded by functional F family members. Interestingly, a

cysteine-rich segment located at the carboxyl terminus of LI
ORFs suggests that an analogous domain might be present in
the potential Li product (38).
A remarkable similarity is found in the sequence organi-

zation of F elements and I factors, the genetic determinants
ofthe I-R, system of hybrid dysgenesis. I factors lack terminal
repetitions, generate upon insertion target site duplications of
variable length (11), and potentially encode two proteins, the
first of which contains a cysteine-rich domain similar to that
present in F-ORF1, whereas the second has a reverse

transcriptase domain homologous to those encoded by Li
ORFs and I-ORF2 (refs. 11; see Results and Fig. 6). The
similarity in structure and potential gene products between F
elements, I factors, and LI elements suggests that all these
sequences might have a common origin and transpose
through a related mechanism via RNA intermediates.
We have not analyzed the relatedness of F elements to I

and Li sequences at the DNA level in great detail. Thie
homology detected by comparing Fw DNA with I and mouse

Li DNA is rather low (41% and 39%, respectively). The
homology is slightly higher between the segments encoding
the corresponding reverse transcriptase domains (46% and
44% between Fw and I and LlMd, respectively).
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Fw ANTFAAHLQNVFTPNQATSTFALPSVPVNRHQQHTPIVFRPKEITKIIKDNLSPKKS-
I AN IFAQHFSDLSGDWNFSEEFRNNKYRNNIHLYTPSP IAQTIEENITYLELSSALQTLKGCA

...+...++ +t+ * * . +++ +.* + *+ +

PGYDLITPEMI IQLPHSAVRYITKLFNAITKLGYFPQRWKMMKI IMIPKPGKNHTVASSYRP
PGLNRISYQMIKNSSHTTKNRITKLFNE IFN-SHIPQAYKTSLI IP ILKPNTDKTKTSSYRP
* . + *+ +* + +.++ * * * + .. +.. .* ...++ .+....

ISLLSCISKLFEKCLLIRLNQHQTYHNIIPAHQFGFRESHGTIEQVNRITTEIRTAFEYREY
ISLNCCIAKILDKI IAKRLWWLVTYNNLINDKQFGFKKGKSTSDCLLYVDYLITKSKMHT--

.- - * -+j+ + .+ * * *+. +. * .+ +++. + + + * +

CTAVFLDVSQAFDKVWLDGLMF-KIKISLPESTHKLLKSYLYDRKFAVRCNTATS-TVHTIE
-SLVTLDFSRAFDRVGVHSIIQQLQEWKTGPKIIKYIKNFMSNRKITVRVGPHTSSPLPLFN
+ .**-* +- + +++ + . +. ++ +. . +. . + . . ++ +

AGVPQGSVLGPTLYLI-YTADIPTNSR---LTVSTFADDTAILSRSRSP IQATAQLALYLID
-GIPQGSPISVILFLIAFNKLSNIISLHKEIKFNAYADDFFLIINFNKNTNTNFNLDNLFDD
*.+.* ++ *.+ **+ * + ++ ++ ++ +-

IKKWLSDWRIKVNEQKCKHVTFTLNRQDCPPLLLNSIPLPKADEVTYLQVHLDRRLTWRRHI
IENWCSYSGASLSLSKCQHLHICRKRHCTCKISCNNFQIPSVTSLKILGITLNNKYKWNTHI
*** + *.*.+ * + * +. + *.*+.*+ + **

EAKKTQLKLKANNLHWLINSGSPLSLDHKVLLYNSILKP IWTYGSQLWGNASNSNIDI IQRA
NLLLPKLHNKLNI IKCLSSLKFNCNTHTLLNVAKATIIAKLEYGLFLYGHAPKSILNKIKTP
+ +*+.**++.* + + + ++ *.* +. *+.*++.* +

QSKI LRTITGAPWYVRSENIQRDLNIPSVTNAITELKEKYL
FNSAIRLALGAYRSTP INNLLYESNTPPLEMKRDLQTAKLS

FIG. 5. Homology between F-ORF2 and I factor ORF-2. F-ORF2
is shown from amino acid residue 396 to the end; I-ORF2 (11) is from
residue 255 to residue 724. Dots denote identical residues; crosses
show favored amino acid substitutions. The single-letter amino acid
code is used.

The identification ofelement specific transcripts, as well as
the analysis of extrachromosomal circular copies from cul-
tured cells and embryos that probably correspond to trans-
position intermediates (42), might partly clarify some of the
steps involved in the generation of F elements. Transcripts
that give rise to F elements presumably originate from one or
few master elements that differ from most family members in
that they contain a promoter, although at the moment the
possibility that F elements carry an internal promoter cannot
be ruled out. The transcription of functional F elements is
tightly controlled and/or restricted to early stages of embryo
development, since only rare heterogeneous poly(A)- RNA
molecules homologous to F sequences are detectable in total
embryos (12). In this context it should be mentioned that
polyadenylylated cytoplasmic RNA corresponding in size to
complete Li units has been so far found exclusively in
undifferentiated teratocarcinoma cells (43, 44).
The transposition of several Drosophila mobile elements

can be influenced by changes in environmental conditions
(45) and is notably enhanced by outcrossing (46, 47). Given
the similarity between F and I factors, it might be interesting

Fw SSRSPTAKQKLKVATRKLANALKQEEDDDQRRYIEQLTPTGT 18] VLPIKNSSGG---WARSDEDRANTFAAHLQNVFTPNQATSTFALPSYPVNRHQQHTPIV
Lis STLDRSTRQKINKDIQELNSALHQADLIDIYRTLHPKSTEYT [ 188] IDTIKNDKGDITTDPTEIQTTIREYYKHLYANKLENLEEMDKFLDTYTLPRLNQEEVES
LiNd SSKDRSWKQKLNRDTVKLTEVMKQMDLTDIYRTFYPKTKGYT 198] INKIRNEKGDITTDPEEIQNTIRSFYKRLYSTKLENLDEMDKFLDRYQVPKLONQDQVDH

*-+ +*... ***++ +- + * + .++ + +. . + ++ +. .. * * .

F--- PKE TKIIKDNLSPSPGYDLITPEMI IQLPHSAVRYITKLFNAITKLYFPQRWKMMK IMIPKPGNHTVASSYRP LLSC SKLFEKCLLIRLNQHQTYHN
LNRP ITSSEIEAI IN-SLPNXXSPGPEGFTAEFYQRYKEELVPFLLKLFQSIEXEGILPNSFYEAS I ILIPKPGRDTTKKENFRP ISLMNIDAKILNKILANQIQQHI--KR
LNSP ISPKEIEAVIN-SLPTKKSPGPDGFSAEFYQTFKEDLI P ILHHKFHKIEVEG3TLPNSFYEAT ITLIPKPQKDPTKIENFRP ISLMNIDAXKILNKILANRIQEH I--KA

*. .. ..... . +++**** *v *++ . ++ .. .++....... . +X+.....+.. +. ..++

LIHHDQYGiFIPAMQGWFNIRKSINIIQHINRTKDTNHM I ISIDAEKAFDKIQQPFM4LKPLNKLGIDGTYLK I IRA- IYDKPTANIILNGQKLEAFPLKTGTRQGCP LSPLLF
IIHPDQVGFIiGMQGWFNIRKS INVIHYI1NKLKDKNHMI ISLDAEKAFDKIQHPFMIKVLERS'GIQGPYLNMIKA- IYSKPVANIKVNGEKLEAIPLXSGTRQGCPLSPYLF

+ + +++ *+ ++ + - + ++ -+++ ++ .++.+ +. -+ * ++ *+ ++ + - +

LIYTADIPTNSR--------------LTVSTFADDTAILSRSRSPIQATAQLALYLIDIKKWLSDWRIKVNEQKCKHVTFTLNRQDCPPLLLNSIPLPKADEVTYLGVHLDR
NIVLEVLARAIRQEKE IKGIQLGKEEVKLSLFADDMIVYLENPIV----SAQNLLKL-- ISNFSKVSGYKINVQK8QAFLYTNNRQTESQIMSE LPFTIASKRIKYLGIQLTR
NIVLEVLARAIRQQKE IKGIQIGKEEVK ISLLADDMIVYSDPKN-----STRELLNL-- INSFGEWVGYKXINSNKSMAFLYTKNKQAEKE IRETTPFSIVTNNIKYLGVTLTK

* ++ * + +*-v@+ * ++ +* -**+ -+*- -. +* * . - + ++ ++ ++++ *-..

RLTWRRHIEAKKTQLKLKANNLHWLINSGSP.LSLDHKVLLYNSILKPIWT.YGSQ-LWGNASNSNIDI IQRAQSKILRT ITGAPWYVBRSENIQRDLN IPSVTNAITELKEKYL
DVKDLFKENYKPLLNEIKEDTNKWKNIPCS--WVGRINIVKMAIL-PKVIYRFNAIPIKLPMTFFTELEKTTLKFIWNQKRAHIAKATISQKNKAGGITLPDF'KLYYXATVT
FVKDLYDKNFKSLKKgvIKEDLRRWKDLPCS--WIGRINIVKMAIL-PKAIYRFNAIP IKXIPTQFFNELEGAICKFVWNKKPRIAKSLLKDKRTSGGITMPIDLKLYYRAIVI
+ +- +++ -+ +. ++ + - -++ ++++ + + -+ + ++ + - +

FIG. 4. F-ORF2 is aligned to human and mouse Li ORFs. LlHs (Homo sapiens) is the consensus sequence derived by Hattori et al. (26),
LlMd (Mus domesticus) corresponds to the sequence of the clone L1Md-A2 (27). Numbers in brackets refer to the residues that separate
homologous segments in the three ORFs. F-ORF2 is shown from amino acid residue 318 to the end; LiHs and LlMd ORFs are from amino
acid residues 156 and- 176, respectively. Filled circles below sequence lines denote identical residues in F-ORF2 and any of the two mammalian
sequences. Crosses indicate favored amino acid substitutions, grouped as follows: (alanine, serine, threonine, proline, and glycine), (an
unspecified amino acid, aspartic acid, glutamic acid, and glutamine), (histidine, arginine, and lysine), (methionine, leucine, isoleucine, and
valine), and (phenylalanine, tyrosine, and tryptophan) (28). Identical residues and/or favored substitutions between Li sequences are not
highlighted. Gaps introduced to maximize homology are indicated by dashes. The single-letter amino acid code is used.
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IPKPG.ENHTVASSYRPISLLSCISKLFZK [541
IPKPGiXTTKKENERPISLMNIDRILNK [531
ILXPNTDTKjSSYRPISLNCCIACjLDR [51]
KIltNG------- I-RFI----HDLEATNS [27]
IK aG-G----- SYRLiL ----HDLBAVNA [27]
VDINFNNS ---ESRLvVDFSQFSEGHTE [26]
VKKPGTN-----DYRPV----QDLEEVNK [28]
KQDASGKQ ----KFRIV---- IDYRKLNE [27]
EAEKREGE-----KRML ----VNYRAMAK [27]
IPKG-------EP2LSVGNPREijVQE [46]
0 * 0

GPQGSVL]2PTLILIXTADIPTNSR
GTRQGCPLaPLLZNIVLEVIARAIR
G.PQGSPaVILELIAFNKLaNI IS
V.LPQGFKNaPTLEEQLAHILQP IR
VIPQGMTCiPTICQLVVaQLEPLR
KLPMGVGLaPFLLAQjTaAjAaMVk
RLPQGFKNfiPTLEDEALHRDLAaFR
RMPFGLKNAPTEQ---RCMNDILR
VYPFGLKQAP.LEQ---RHMDEAFR
GIPQGSVVaPILCNIELDKLDKYLE

* * o0.

EW

Suffix

LDVSQAFDKVWL [441
IDAEKAFDIKIQQ 46]
IDFSRAFDRVGV [45]
D.LRDAFFQIPL [27]
LD.KDCFFSIPL [23]
LDVSAAFYBIUP [72]
LD.LKAFFCLRL [26]
JDLKGFHQEEM [16]
FDCKSgFWQVLL [16]
gD.LNKCFDTIP H [40]

* * 0

0] LTVSTFADDTAILSRSE
[14] ]KLSLFADDMIVYLENP

4] IKFNAIADDFFL.INFN
5] CTILQXMDDILLASPSI
6] C-MLHXMDDLLLAASSlI
4] CVVFAXMDDLVLGARIS
5] LILLQXVDDLLLAATSE
4] KHCLVXLDDIIVFSTSL
3] KFCCVXVDDILYFSNNE

[59] AYFVRYADDIIIGVMQS
..

[57 ] EVTYLGEJ
[52] KRIKYLGIQ
[57] TSLKILGIjT
[30] GTLKELGQI
[30] G-VQYLGYE
[30] aHIL-LMGYV
[30] KQYKYLGYL
[30 ] ETTFWHV
[30] KKiNFLGLE
[34] ZGVS3.GYD

00,

AAAAATACCTATAGC

GACACTGATGAAACT

AAGCTTCACACGCACCCCAACCACCTAGCGCGAGGTCTAATCCAGCTCAG

AAGCTTCGCACGCACCCCAACCACCTAGCGCGAGGTCTAATCCAGCTCAG

CAGCCGTTCCCGTCTCCGGCGAAAGGGCCTACCAACCCAGCGAATAAATT

ATTA-GGCCGTTTAAACATAG-ACAGTTGGAAAAATAATACAACTGTTCA

ATTAGGGCCGTTTAAACATAGAACAGTTGGAAAAATAATACGACTGTTCA

AAAAATACTTGTTATAGTTAAGATTTTTAAACTTATTGTTAGTTCTTATA

AAAAATACTTGGTATAGTTAAGATTTTTAAACTTATTGTTAGTTCTTATG

FIG. 6. F-ORF2 segments are aligned (using the single-letter
amino acid code) with homologous regions from several known or
hypothetical reverse transcriptases. Bold-face characters denote
identical residues; underlined characters denote chemically related
amino acids grouped as described in the legend to Fig. 4. Dots and
open circles indicate positions, respectively, occupied by identical or
chemically similar amino acids among a large group of reverse
transcriptases (30). L1Hs, Homo sapiens Li consensus sequence
(ref. 26, see also Fig. 4); 1, Drosophila I factor ORF-2 (11); HTLV-1,
human adult T-cell leukemia virus type I (31); RSV, Rous sarcoma
virus (32); HBV, hepatitis B virus (33); MoMLV, Moloney murine
leukemia virus (34); 17.6, Drosophila copia-like transposable ele-
ment (6); CaMV, cauliflower mosaic virus (35); Oxi3-2, a2 intron of
S. cerevisiae mitochondrial cytochrome oxidase subunit I gene (36).
Numbers in brackets refer to amino acid residues present between
the reported regions. Gaps introduced to maximize homology are
represented by dashes.

to investigate whether crosses that mobilize I factors could
trigger the transposition of F elements. This type of approach
might furnish an experimental system for more detailed
analysis of the processes that control the dispersion and the
maintenance of F sequences within the Drosophila genome.
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