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Drosophila melanogaster F elements are mobile, oligo(A)-terminated DNA sequences that likely propagate by
the retrotranscription of RNA intermediates. Plasmids bearing DNA segments from the left-hand region of a
full-length F element fused to the CAT gene were used as templates for transient expression assays in
Drosophila Schneider II cultured cells. Protein and RNA analyses led to the identification of two promeoters, F;,
and F_,,, that transcribe in opposite orientations. The F,, promoter drives the synthesis of transcripts that
initiate around residue +6 and are directed toward the element. F,,, that probably controls the formation of
F transposition RNA intermediates and gene products, is internal to the transcribed region. Sequences
important for accumulation of F,, transcripts are included within the +1 to +30 interval; an additional
regulatory element may coincide with a heptamer located downstream of this region also found in the 5’ end
regions of F-like Drosophila retrotransposons. Analysis of the template activity of 3’ deletion derivatives
indicates that the level of accumulation of F;,, RNA is also dependent upon the presence of sequences located
within the +175 to +218 interval. The F,, promoter drives transcription in the opposite orientation with
respect to F;, .. F,, transcripts initiate at nearby sites within the +92 to +102 interval. Sequences downstream
of these multiple RNA start sites are not required for the activity of the F_,, promoter. Deletions knocking out
the F,,, promoter do not impair F,,, transcription; conversely, initiation at the F,, promoter still takes place in

Vol. 11, No. 10

templates that lack the F_,, promoter. At a low level, both promoters are active in cultured cells.

The Drosophila melanogaster genome hosts a broad spec-
trum of transposable elements (15, 33). A large body of
evidence supports the hypothesis that mobilization of most
of these occur via retrotransposition, a process through
which elements of RNA intermediates are converted into
DNA copies subsequently integrated into the genome (15).
Drosophila retrotransposons fall into two main classes.
‘‘Viral”’ retrotransposons are represented by copia and over
a dozen structurally related sequences (15, 33, 44). These
carry long terminal repeats (LTRs) and potentially encode
proteins that share homology with the retroviral gag and pol
gene products (15, 33). ““‘Nonviral’’ or ‘“‘non-LTR"’ retro-
transposons (44, 46) are a more heterogeneous set of se-
quences. The group includes F (9), G (10), doc (35), and
jockey elements (32); ribosomal DNA insertions (2); and I
factors (3). These DNA elements lack terminal repeats, and
all feature, except for type I ribosomal insertions and I
factors, adenine-rich 3’ ends. Members of non-LTR retro-
transposon families vary in size because they are variously
truncated at the 5’ end and are flanked by target site
duplications of variable length. These are also distinctive
features of LINE-I elements, the major family of mammalian
long interspersed DNA sequences (13, 37). LINE-1 elements
(18), I factors (14), F (7), G (6), jockey (32), and ribosomal
DNA insertions (21) potentially encode proteins sharing
multiple amino acid motifs with each other as with known
reverse transcriptases. Many non-LTR retrotransposons
have also coding capacity for an additional protein that
features cysteine-rich motifs characteristic of nucleic acid-
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binding proteins cleaved off from retroviral gag polyproteins
(5) that promote the annealing of the replication tRNA
primer to retroviral RNA (31).

The marked structural difference between LTR and non-
LTR retroelements suggests that distinct versions of the
process of retrotransposition have coevolved in eucaryotes.
In animal retroviruses and copialike elements, RNA inter-
mediates eventually converted into DNA originate from the
left LTR. Non-LTR retrotransposons structurally resemble
processed pseudogenes, as they lack LTRs, the composite
DNA regions generated through the reverse transcription
process via the adjoining of RNA segments present at the
ends of retroviral genomes (42). It has been therefore hy-
pothesized that transposition intermediates of non-LTR ret-
rotransposons initiate from promoters internal to their 5’
ends (14). Accordingly, a built-in RNA polymerase II-depen-
dent promoter was identified within the 5’ terminus of jockey
elements (26). Transient expression assays carried out in
Drosophila Schneider II cells indicate that the same holds
true for F elements. In addition to a promoter that tran-
scribes in the inward direction, we demonstrate that the 5’
end region of F elements includes an additional promoter
that drives transcription in the opposite orientation.

MATERIALS AND METHODS

Construction of plasmids. In all cloning procedures, incom-
patible termini were made blunt ended by T4 polymerase
before ligation (25).

(i) F-cat plasmids. An Sphl-Mlul fragment derived from A
F12 (9) was cloned in the Bluescript vector (Stratagene)
between the Sphl and EcoRI sites. The DNA segment
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includes the first 269 bp from the left terminus of the F12
element flanked by 31 bp of genomic flanking DNA. The
Drosophila DNA segment, recovered from this derivative as
an HindIII-EcoRI fragment, was subsequently cloned into
the Aval site of pEMBL8CAT. F-catl and F-cat2 differ
because of the orientation of the DNA insert with respect to
the chloramphenicol acetyltransferase (CAT) gene (see Fig.
1). F-catl* and F-cat2* were constructed by inserting an
EcoRlI fragment from F-catl into the Sall site of pEMBL
CAT3 (24).

(ii) 3’-end deletion derivatives of F-catl and F-cat2. Plas-
mids carrying 3’-end deletion derivatives of F-catl and
F-cat2 were obtained by controlled exonuclease III digestion
(20). The presence, in both F-catl and F-cat2, of unique,
adjacent BamHI and PstI sites located, in a 5'-to-3’ orienta-
tion, between the Drosophila segment and the CAT gene
was exploited to generate unidirectional deletions (20).
About 10 pg of F-catl or F-cat2 DNA was digested to
completion with BamHI and Pst1I and then incubated at 25°C
in 60 mM Tris-HCI (pH 8.0)-5 mM MgCl, with 200 U of
exonuclease III (Biolabs). Aliquots of the reaction mixture,
withdrawn at 90-s intervals, were extracted once with phe-
nol, precipitated with ethanol, and resuspended in 0.3 ml of
S1 buffer (25). Samples were incubated at 25°C for 30 min
with 300 U of S1 nuclease and then phenol extracted and
ethanol precipitated. After treatment with T4 DNA polymer-
ase, samples were ligated and used to transform Escherichia
coli cells. The extent of deletion in each clone was assessed
at the nucleotide level by the dideoxy-chain termination
method as modified for plasmid DNA minipreparations (19).

(iii) 5’-end deletion derivatives of F-catl and F-cat2. 5'-end
deletion derivatives were obtained by inverting the orienta-
tion of the inserts of some of the 3’ deletions. Clones were
digested with HindIII, that cleaves once to the right of 3’
deletion endpoints, and EcoRI. EcoRI-HindIIl fragments
were cloned into the Aval site of pPEMBL8CAT. Recombi-
nants carrying inserts in the desired orientation were identi-
fied by restriction and nucleotide sequence analyses.

(iv) Other clones. pGEM180 was constructed by cloning
between the EcoRI and HindlIIl sites of pGEM4 an EcoRI-
HindIll fragment from pDm-180 (17) that carries the DNA
interval —180 to +34 of a D. melanogaster rDNA gene. In
pGEM180, the rRNA promoter included in the cloned frag-
ment transcribes toward the bacteriophage T7 promoter.

DNA transfections and CAT assays. D. melanogaster
Schneider II cells, seeded at a density of 1 x 10°to 2 x 10®
cells per ml, were transfected as previously described (8).
CAT assays were carried out as reported elsewhere (8),
except that 0.1 pCi of [**C]chloramphenicol was used per
reaction.

RNA analyses. Forty-eight hours after transfection, cells
were harvested, and total RNA was prepared and analyzed
by primer extension or S1 mapping as reported previously
(17). Reaction products were resolved on 6% polyacryl-
amide-8 M urea gels. Sequencing ladders were generated by
the dideoxy-chain termination method using double-
stranded DN As as templates (19) and the Sequenase kit from
United States Biochemical Corp. (Cleveland, Ohio). F;,
(5'-GGCGTTCACTTCACTCAAAACAACCG-3') and F_,,
(5'-TTCGATCGCCGACGTGTGAAGACGTT-3') primers
are synthetic 26-mers homologous to different segments of
the antisense (F;,, +88 to +63) or sense (F_,, +15 to +40)
strand of F12. Transcripts initiated from the rRNA promoter
in cells transfected with pGEM180 were detected by using
the T7 primer (5'-TAATACGACTCACTATAGGG-3';
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Q5021; Promega). The CAT primer was previously de-
scribed (17).

Northern RNA analyses were carried out according to
standard procedures (25). Five micrograms of poly(A)*
RNA from Schneider II cells was electrophoresed onto a 1%
formaldehyde-agarose gel. The gel, blotted onto a Nytran
membrane, was hybridized to a 1.7-kb-long Sphl-ApaL.l
fragment derived from F12 that spans the 5'-end element
region (residues —31 to +1690). Hybridization and washing
conditions were as described elsewhere (16).

RNase protection assays were carried out by hybridizing
30 pg of total RNA from Schneider II cells to a **P-labeled
antisense RNA probe obtained by transcription of pGEM-
F161. This clone is a derivative of pPGEM4 carrying the first
161 bases from the F12 element flanked by genomic DNA
and vector sequences. The probe (225 nucleotides in length),
produced by transcription with T7 polymerase of pGEM-
F161 linearized with EcoRI, is complementary to the F sense
strand.

RESULTS

Construction and assay of F-cat recombinants. Complete F
elements are approximately 4.7 kb in length and potentially
encode two proteins that share homology with retroviral
RNA-binding proteins and reverse transcriptases (Fig. 1 [7]).
Given the hypothesis that F elements propagate by the
conversion into DNA of element-length RN A intermediates,
a promoter directing the synthesis of F RNA must be located
within the 5’ terminus of intact family members. The 5’ end
region of F12, a full-length F element previously described
(9), was cloned into pPEMBL8CAT upstream of the bacterial
CAT gene. The cloned DNA interval contains 269 bp from
the left side of the element preceded by 31 bp of genomic
flanking DNA (Fig. 1). The F-catl and F-cat2 recombinants,
that differ just because of the orientation of the Drosophila
DNA segment with respect to the CAT gene, were intro-
duced by transfection into Schneider II Drosophila cells (8),
and total protein extracts from cells harvested 48 h later
were assayed for CAT activity. To our surprise, the cloned
DNA was able to drive, in either orientation, synthesis of
CAT enzyme (Fig. 1). Hybrid F-CAT transcripts in cells
transfected with F-catl and F-cat2 originate from two pro-
moters, both included in the F cloned DNA, that direct
synthesis of convergently oriented transcripts. This con-
clusion was reached upon RNA analyses. Exploiting the
Hindlll site located in either plasmid between the cloned
DNA and the CAT gene, 5’-end-labeled restriction frag-
ments derived from F-catl and F-cat2 were used as probes
for S1 mapping experiments. A major band of protection was
observed with either probe (Fig. 2). Faint bands of higher
molecular weight in lane E correspond to partial S1 digestion
products visible, in prolonged autoradiogram exposures,
also in the control lane F (see also Fig. 7A). The length of the
S1-protected bands indicated that F-CAT transcripts initiate
from two distinct sites that are approximately 90 bp apart.
Similar results were obtained by S1 analysis of RNA from
cells transfected with F-catl* and F-cat2*, two derivatives
of pBLCATS3 (24) in which the Drosophila DNA insert is in
the same orientation with respect to the CAT gene as in
F-catl and F-cat2 but is flanked by a different DNA region
(data not shown). This finding rules out the possibility that
the transcripts mapped originate from artifactual promoters
generated by juxtaposition of F and vector sequences.

We will herein refer to the promoters that direct the
synthesis of F-CAT hybrid transcripts in F-catl and F-cat2
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TCCGCCARRARTCGGTTGTTTTGAGTGRAGTGARCGCCARATARRATARA  +100
AGGCGGTTTTTAGCCARCARARCTCACTTCACTTGCGGTTTATTTTIATTT
CTRARTARRARRATCTGARAGCGRARGAGACGCTCTATGCGATGCAAGATC  +150
GATTTATTTTTTAGACTTTCGCTTTCTCTGCGAGATACGCTACGTTCTAG
GCTTARATACATAGTGARATTGTTATCTTAARTARTARRRCTATGAGTCAG  +200
CGRATTTATGTATCACTTRACAATAGAATTTATTATTTTGATACTCAGTC
AATGACACCCGCGCCCAGCGTCAGCGCGAGCATGACGARCGCCGACTCTC  +250
TTACTGTGGGCGCGGGTCGCAGTCGCGCTCGTACTGCTTGCGGC TGRAGAG
RATTCAGCGCAACARCGCG +269
TTARGTCGCGTTGTTGCGE

FIG. 1. (A) Structural organization and coding capacity of
Drosophila F elements. The 5' DNA interval from F12 (9) was
cloned in either orientation in pEMBL8CAT upstream of the bac-
terial CAT gene. The filled box to the left of residue +1 denotes
flanking genomic DNA. ORF, open reading frame. (B) Nucleotide
sequence of the Drosophila DNA included in F-catl and F-cat2.
Lowercase and uppercase letters mark flanking and F DNA se-
quences, respectively. Numbers refer to F residues. (C) Assay of
CAT activity in D. melanogaster cells. Enzyme activity was mea-
sured in equal aliquots of Schneider II cell extracts 48 h after
transfection with F-catl (lane 1), F-cat2 (lane 2), RSV-CAT (lane 3),
and pEMBLSCAT (lane 4).

as F,, (oriented inward the element) and F_, (oriented
outward the element), respectively.

F;, promoter. The size of the S1-protected band indicates
that F; transcripts initiate almost at the border with flanking
genomic DNA (Fig. 2). By use of a synthetic 26-mer homol-
ogous to the antisense DNA strand of F12 from residue +63
to residue +88, the 5’ end(s) of F;, transcripts was mapped,
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FIG. 2. S1 analysis of F-CAT RNA from transfected cells. Total
RNA (20 pg) from Schneider II cells transfected with either F-catl
(lane A) or F-cat2 (lane E) was hybridized to 32P-5'-end-labeled
HindIII-Pvull fragments prepared from either clone. An equal
amount of RNA from untransfected cells was hybridized to the
probe from F-catl (lane B) or F-cat2 (lane F). Lanes C and D,
probes from F-catl and F-cat2, respectively. Sl-resistant hybrids
were sized on a 6% acrylamide-8 M urea gel. Numbers refer to the
sizes (in base pairs) of restriction fragments used as molecular size
markers. Protected bands are labeled A and B as in the scheme
shown on the left. Restriction sites: P, Pvull, H, HindIII.

by primer extension, around residue +6, i.e., the sixth
residue to the right of the target site duplication that defines
the F12-element termini (Fig. 3). Multiple adjacent bands of
elongation may represent an experimental artifact, as often
observed in primer extension assays, but may also denote
heterogeneity in the site of initiation; in this view, a faint
band barely visible in lane 2 of Fig. 3 may correspond to
transcripts initiated around residue +13.

Additional full-size F-family members analyzed at the
nucleotide level lack the first 18 (F19) and 5 (F101) residues
found in F12 (9). Heterogeneity at the 5’ end, also reported
for complete jockey elements (26), may underlie variable
cleavages of transposition intermediates (28). Taking into
account the length variation between F12 and F101, it is of
interest to note that initiation at position +6 in F12 might
correspond to initiation at position +1 in F101.

The primer used for the RNA extension experiment spans
a DNA region highly conserved in F elements (9), yet we
were unable to detect elongation products when total RNA
from untransfected cells was assayed (Fig. 3, lane 3).
Though at a low level, transcription of endogenous elements
seems to take place in cultured cells. Northern analysis
showed that transcripts that correspond in length to com-
plete F elements occur in the cellular poly(A)* RNA popu-
lation (Fig. 4A). Transcripts homologous to the sense F
strand were detected by RNase protection upon hybridiza-
tion of total RNA from Schneider II cells to an antisense
RNA probe including bases 1 to 161 from F12 (Fig. 4B). On
the basis of transfection data obtained with F-catl, a pro-
tected band of 155 nucleotides was expected; the size of the
band protected in the experiment reported in Fig. 4B (145 to
150 nucleotides) indicates that F-family members expressed
in Schneider II cells define a predominant class that slightly
differs in sequence content from F12.
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TTCGTGGATTTCARTTCGATCGCCGACGTGTGAAGACGTTTTTAT

CGTGCTCCGCCARARATCGGTTGTTTTGAGTGAAGTGARCGCCAR
2
=
Fin primer

FIG. 3. Primer extension analysis of F-CAT RNA. Total RNA
(20 pg) from Schneider II cells transfected with F-catl (lanes 1 and
2) or untransfected (lane 3) was hybridized to a 3?P-5'-end-labeled
26-mer (F,, primer) homologous to the +63 to +88 interval of the
antisense F strand. Annealed primers moieties were extended, in the
presence of deoxynucleoside triphosphates, by avian reverse tran-
scriptase. Reaction products were run on a 6% acrylamide-8 M urea
gel, along with sequencing ladders of the F-catl plasmid obtained by
the dideoxy-chain termination method using the same primer. The
position of the latter and the RNA start site mapped are shown along
with the F 5'-end DNA at the bottom. RNA in lanes 1 and 2 was
derived from cells transfected in independent experiments.

In order to identify sequences involved in the promotion
of F,, transcription, derivatives of F-catl carrying different
deletions of the F 5’-end region were generated by exonu-
clease III digestion (see Materials and Methods). The tem-
plate activity of these constructs was assayed by S1 protec-
tion (Fig. 5A) and primer extension (Fig. 5B). Deletion of
sequences from F-catl up to F residue +10 and further
downstream to +15 and +22 (Fig. 5B) correlated with
significant reductions of the level of F;, RNA; these were no
longer detected with the +54 construct (Fig. 5). Though less
abundant, transcripts driven by the +10 template, as by the
+15 and +22 templates, are similar in length to those
originated from F-catl (Fig. 5). This finding suggests that
sequences that have a role in the selection of the site(s) of
transcription initiation are included in these templates; this
hypothesis is reinforced by sequence comparisons of the 5’
termini of Drosophila non-LTR retrotransposons (see Fig.
10A and Discussion). An extremely low level of F;, tran-
scription may occur, as suggested by barely visible bands in
Fig. 5, in cells transfected with the +30 template.

Changes in the accumulation of F;;, RNA concomitant to
the removal of sequences from F-catl likely reflect damage
of the F;, promoter. The significant drop in the F;, RNA
level observed with the construct +15 suggests that se-
quences important for transcriptional promotion are located
immediately downstream of the RNA start site. However,
reduced RNA levels may also be consequent to (i) removal
of flanking DNA (genomic sequences and/or F12 residues 1
to 5) that may positively influence F,, transcription, (ii)
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FIG. 4. Detection of F homologous RNA in Schneider II cells.
(A) Poly(A)* RNA (5 pg) from Schneider II cells was processed for
Northern analysis and hybridized to a DNA probe covering bases 1
to 1690 of the element F12 (see Materials and Methods). The arrow
marks a band of the size predicted for F-element unit-length (4,700
nucleotides) transcripts. An additional band that is approximately
3,200 nucleotides in length also hybridizes to the probe. The relative
mobilities of human 28S and 18S rRNA run on the same gel are
shown. (B) A 32P-labeled RNA probe complementary to F,, tran-
scripts (see bottom scheme and Materials and Methods) was used
for RNase protection assays. Lanes: A and B, aliquots of input
probe; C, molecular size markers; D and E, probe processed by
RNase treatment after hybridization to total RNA (30 pg) from yeast
(D) or Schneider II (E) cells. The antisense RNA probe is 225
nucleotides in length and includes bases 1 to 161 of F12. A major
protected band in lane E is indicated.

altered transcript stability, and (iii) interference by vector
sequences brought in proximity to F DNA. The apparent
restimulation of transcription by the +22 deletion in Fig. SA,
not confirmed by the data shown in Fig. SB or by primer
extension assays carried out with RNAs from independent
transfection sets, is likely due to incomplete S1 digestion.
An additional effect of removing bases from the F 5’ end is
the appearance of sites of initiation within the vector, as
indicated by upstream bands of protection in lanes +15,
+22, and +30 of Fig. 5A (the highest bands in construct
lanes of Fig. SA are the same size as the corresponding input
probes; they either denote far-upstream sites of initiation or
represent, more likely, undigested probe molecules).
Accumulation of F,, transcripts is also influenced by DNA
sequences located far downstream of the F 5’ terminus. This
conclusion stems from the results of RNA analyses carried
out with 3’ deletion derivatives of F-catl. In these experi-
ments, cells were cotransfected with equimolar amounts of
F-catl derivatives and pGEM180, an internal reference
template. The latter carries a D. melanogaster TDNA gene
segment which drives faithful polymerase I dependent tran-
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FIG. 5. Analysis of F-CAT RNA from cells transfected with F-catl and 5’'-deletion derivatives. (A) Total RNA (20 pg) from cells
transfected with either F-catl or 5’-end deletion derivatives was hybridized to 3>P-5'-end-labeled HindIII-Pvull fragments derived from each
recombinant (see scheme in Fig. 2). Products resistant to S1 nuclease digestion were analyzed on a 6% acrylamide-8 M urea gel. Numbers
on top denote the extent of 5’ truncation in each recombinant. The arrow marks protected bands corresponding to F;, transcripts. (B) Primer
extension analysis of RNA from cells transfected with either F-catl or the same 5’-end deletion derivatives analyzed in panel A. The primer
used is as described in the legend to Fig. 3. Numbers to the right of each autoradiogram refer to the size (in base pairs) of restriction fragments

used as molecular size markers.

scription in Schneider II cells (17). A poll-dependent tem-
plate was chosen as an internal control in order to avoid
competition for common transcription factors between co-
transfected plasmids. RNA was analyzed by primer exten-
sion using oligonucleotides specific for each of the cotrans-
fected constructs: the F;, primer (Fig. 3) for the F transcripts
and the T7 primer for the rRNA hybrid transcripts (see
Materials and Methods). Changes in the ratio of elongated
products corresponding to F and rRNA transcripts were
quantitated by densitometric scanning of autoradiograms
corresponding to assays carried out by analyzing RN As from
independent transfection sets. A representative experiment
is shown in Fig. 6. Deletion of residues +269 to +218 led to
a less than twofold decrease in the level of F;, RNA (Fig. 6,
lane C). F,, RNA was approximately 6- to 8-fold and 12- to
15-fold less abundant in cells transfected with F; 3’ + 194
and F; 3’ + 175, respectively (Fig. 6, lanes D and E). No
further changes were detected upon removal of the +175 to
+99 region (Fig. 6, lanes F to H). Differences in the relative
amounts of F-CAT hybrid RNA may reflect altered tran-
script stability, as well as reduced rates of transcription
initiation consequent to the removal of cis-acting DNA
elements that modulate the activity of the F;, promoter.
F,.. promoter. The F 5’ end contains another promoter
that transcribes in the opposite orientation relative to the F;
promoter (Fig. 1 and 2). The site of initiation of F_,
transcripts was determined by assaying RNA from cells
transfected with F-cat2 both by S1 mapping (see diagram in
Fig. 2) and by primer extension, using a synthetic 26-mer
specific for F_,, transcripts (Fig. 7). In agreement with the
result in Fig. 2, a major protected band corresponding to
transcripts initiated around residue +100 was observed in
the S1 nuclease assay (Fig. 7A). On the other hand, three
major products of elongation, corresponding to transcripts
initiated around residues +92, +97, and +102, were de-
tected assaying the same RNA preparation by primer exten-

S0 .. S ‘F__
’.-.- .. rRNA
64—
r> F-catl (B)

Fin3'+218 (C)
Fin3'+194 (D)
Elnd 125 (E)
Fin3'+169 (F)
Fin3'+161 (G)
Eindi+,.99 (H)

<—Fin primer

FIG. 6. Primer extension analysis of RNA from cells transfected
with F-catl and different 3’'-deletion derivatives. Total RNA (20 pg)
from untransfected cells (lane A), cells cotransfected with 10 pg of
each F-derived recombinant and 10 pg of pGEM180 (lanes B to H;
letters mark recombinants according to the scheme shown at the
bottom), and cells transfected with 10 pg of pPGEM180 alone (lane I)
was analyzed by primer extension. F;, and T7 primers were used to
detect transcripts driven by F-derived constructs and pGEM180,
respectively (see Materials and Methods). Numbers refer to the size
(in base pairs) of restriction fragments used as molecular size
markers.
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ARGCACCTAARGTTARGCTAGCGGCTGCACACTTCTGCARRAATAGCACGAGGCGGTTTT + 60

TTAGCCARCARARCTCACTTCACTTGCGGTTTATTTTATTTGATTTATTTTTTAGACTTT

+ 120

FIG. 7. Analysis of F,, transcripts. (A) S1 nuclease protection. A 32P-5’-end-labeled HindIll-Pvull fragment from F-cat2 (Fig. 2),
hybridized to 20 pg of total RNA from Schneider II cells transfected with F-cat2 (lane 2) or untransfected (lane 3), was processed by S1
nuclease digestion. Additional lanes: M, molecular weight markers (marker V; Boheringer); 1, probe alone. The arrow marks a major band
of protection in lane 2. (B) Primer extension assay. Total RNA (20 ug) from Schneider II cells transfected with F-cat 2 (lanes 1 and 2) or
untransfected (lane 3) was hybridized to a >?P-5'-end-labeled 26-mer (F,, primer) homologous to the F12 sense strand from residues +15 to
+40. Annealed primer moieties were extended, in the presence of deoxynucleoside triphosphates, by avian reverse transcriptase. Reaction
products were run on a 6% acrylamide-8 M urea gel, along with sequencing ladders of F-cat2 obtained by the dideoxy-chain termination
method using the F,_,, primer. Arrows that mark the RNA start sites mapped are shown along with the F 5'-end DNA at the bottom. RNA
in lanes 1 and 2 was derived from cells transfected in independent experiments; RNA in lane 2 was derived from the same preparation used

for S1 protection in panel A.

sion (Fig. 7B). The same pattern of elongation was observed
with independent RNA preparations hybridized to the F_,,
primer (Fig. 7B, lane 1) or to a synthetic 30-mer primer
complementary to the CAT RNA (data not shown). Multiple
bands of elongation may represent a technical artifact; it is
also plausible, however, that the major band of protection
detected in the S1 experiments is the result of preferential
cleavage by the S1 enzyme at partly ‘‘breathing’’ termini of
RNA-DNA duplexes, since the transcripts mapped by
primer extension initiate within an extremely AT-rich region
(Fig. 7B).

Some of the recombinants assayed to characterize the F,,
promoter were used to construct recombinants in which the
F,. promoter is oriented toward the CAT gene. For sake of
simplicity, deletion endpoints of F,, derivatives keep the
numbering system used so far. A representative analysis of
the activity of some constructs is shown in Fig. 8. Removal
of sequences located downstream of the F,,, start sites
(Fou3' + 54 and F,, 3’ + 86) does not impair transcription
but rather correlates with an increase in CAT activity. This
finding may reflect differences in the relative stability of
distinct F-CAT hybrid transcripts, though it cannot be ruled
out that it signals enhanced F,,, transcription. Sequences

required for the activity of the F_,, promoter, as commonly
found for pol II-dependent promoters, are located upstream
of the sites of RNA initiation. CAT activity assays indicated
that F,,,, transcription is severely impaired upon deletion of
the +161 to +218 interval (Fig. 8). These results were
confirmed by primer extension assays carried out with RNA
from cells cotransfected with equimolar amounts of either
F-cat2 or distinct F,, 5'-deletion derivatives and pPGEM180
(Fig. 9). Prolonged exposure of the autoradiogram showed
that the F,,5’ + 161 construct is able to direct, though
poorly, transcription initiation (Fig. 9). A fourfold difference
in the CAT enzyme activity level detected in cells trans-
fected with F_,5’ + 218 and F-cat2 (lanes F and G in Fig. 8)
was confirmed by the F/rRNA band ratio measured by
densitometric scanning of the autoradiogram shown in Fig.
9. A four- to fivefold difference in the activity of F, 5’ + 218
and F-cat2 constructs was observed in independent assays
carried out at both the protein and RNA levels (data not
shown); this finding suggests that regulatory sequences
involved in the control of F_,, transcription lie within the
+218 to +269 DNA interval.

Though the issue was not addressed in further detail, it is
possible that the accumulation of F;, and F_,, transcripts is
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F-cat2 (C,G)
Fout3'+ 54 (R)
Fout3'+ 86 (B)
T e ] Fout5'+120 (D)
Fout5'+161 (E)
Fout5'+218 (F)

FIG. 8. Assay of CAT activity from cells transfected with
F-cat2, F,, 5'-, and F_, 3'-deletion derivatives. Solid bars denote F
DNA; dotted lines denote flanking genomic DNA. Letters in paren-
theses to the right of each construct correspond to those on top of
each lane.

mainly influenced by the action of common cis-acting regu-
latory elements included within the +161 to +218 DNA
interval.

Outward transcription from within endogenous F elements
takes place in Schneider II cells, as elongation products
identical in length to those from transfected cells were
detected also in untransfected cells upon prolonged film
exposure (Fig. 9, lane D).

DNA regions shown to play a role in the accumulation of
F,, and F,, transcripts are outlined in Fig. 10B.

DISCUSSION

F elements belong to the large evolutionarily conserved
family of retroelements known as LINEs (11, 13). The
structure and coding capacity suggest that LINEs propagate
by the self-mediated conversion of RNA intermediates into
DNA copies eventually inserted into the genome. The lack
of LTRs implies that LINEs are transcribed by promoters
internal to their transcriptional units. The results presented
in this paper show that an internal promoter is located within
the 5’ end of complete F-family members. Internal promot-
ers were identified in the 5’ end region of Drosophila jockey
elements (26) and human LINE-1 sequences (41). Drosoph-
ila 1 factors also may carry an internal promoter at their 5’
end (4). Sensitivity to a-amanitin indicates that expression of
endogenous jockey elements is driven by RNA polymerase
II (26). The level of endogenous F transcripts did not enable
us to perform similar experiments; however, the presence of
adenine-rich stretches preceded by polyadenylation signals
at the 3’ end of family members, the detection of homolo-
gous transcripts in the poly(A)* RNA population from
Schneider II cells (Fig. 4), and the translation of hybrid
F-CAT mRNAs in transfected cells are all evidences that
favor the hypothesis that transcription of F elements is also
polll dependent.

A major site of initiation for transcripts directed from the
left to the right terminus of F elements (F;, transcripts) was
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Fout+218 (B)
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FIG. 9. Primer extension analysis of RNA from cells transfected
with F-cat2 and 5'-deletion derivatives. Total RNA (20 pg) from
cells cotransfected with 10 pg of pGEM180 and 10 pg of different F
recombinants (lanes A to C; letters mark recombinants according to
the scheme at the bottom), untransfected (lane D), or transfected
with 10 pg of either pPGEM180 DNA (lane E) or F-cat2 (lane F) alone
was assayed by primer extension by use of the F,,, and T7 primers.
The sizes (in base pairs) of restriction fragments used as markers are
indicated. A prolonged exposure of lanes C through to F is shown in
the right panel.

mapped around residue +6 of the F-family member analyzed
in this work. Deletion of bases immediately downstream of
this site led to significant reductions of the level of F,,
transcripts (lanes +10 and +15 in Fig. SB). The substantial
drop in the RNA accumulation with the +15 construct is
reminiscent of what was observed by Mizrokhi and cowork-
ers, who reported that deletion of the first 13 bp from the 5’
end of a jockey element abolished jockey transcription (26).
Interestingly, the last four of these 13 residues (AAAAAAT
CATTCQG) are present in the F 5’ end twice (bases +1 to +4
and +15 to +18; Fig. 10). The TTCG motif may be therefore
part of a regulatory module partly conserved in the two
retrotransposons. Intragenic sequences close to the RNA
start site involved in the control of transcription initiation
were also described in the murine terminal deoxynucleoti-
dyltransferase gene and simian virus 40 major late promoter
, 38).

Though present at lower levels, transcripts similar in
length to those originated from the F-catl template are
driven by deletion derivatives that lack up to residue +22
and possibly, as suggested by the detection of extremely
weak signals, also by the +30 construct (Fig. 5). While the
analysis of linker-scanner mutants may help to address
directly the issue, it is plausible to assume that a second
DNA region located downstream of residue +22 is involved
in the promotion of F;, transcription. DNA sequence com-
parisons support the hypothesis that a heptamer sequence
(consensus: GACGTGPy) found approximately at the same
position with respect to the 5’ terminus in F and other
Drosophila retroelements might play a role in the transcrip-
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A

F  TTCGTGGATTTCARTTCGATCGC-CGACGTGTGAR
6 ----- ACAGTCGCGATCGAACARCTCARCGAGTGCH
J  AARAATCATTCGCATGGGAGATGAGCAATCGAGT
I == CATTACCACTTCAACCTCCGAAGAGATAR
D TCTGTTGATTCGGCATTCCACAGTCTTCGGGTCCR

Ap -=--—- CAGTTGTGARTGARTGGARCGTGCCAAATA
En -TCARCTARTTCAGTCGTTGCGCTCGATGTGRACAD|
x % XX XX XX
*5? +l(iO *I?O *2(l)0 *2‘|50

Fin

{1 1
777 777,

<

Fout

FIG. 10. Regulatory sequences in the 5’ end of F elements. (A)
Alignment of sequences at the 5’ end of F, some Drosophila
non-LTR retrotransposons, and homeotic genes. F, F element; G, G
element (6); J, jockey (26); I, I factor (14); D, doc (35); Ap,
Antennapedia (30); En, engrailed (39). Residues conserved in five or
more sequences are highlighted by asterisks. A highly conserved
motif is boxed (see Discussion). A dash in the F sequence was
introduced to maximize homology. Dashes in other sequences
represent nucleotides that are either outside the elements (G and I)
or upstream of the site of RNA initiation (Ap and En). (B) DNA
segments influencing the accumulation of F;, and F_, transcripts are
represented by empty and hatched boxes, respectively; the filled
box corresponds to the region shadowed in panel A.

tion of Drosophila LINEs (Fig. 10A). This motif, present
once in jockey (GACGTGT, residues 36 to 42) and I factors
(GTCGTGOC, residues 30 to 36), is duplicated in F elements
at a distance of one helix turn (GACGTGT, residues 25 to 31;
GACGTTT, residues 35 to 41; Fig. 10A). The hypothesis
that this heptamer is a functional promoter component is
strongly supported by the finding that its removal inactivates
the jockey promoter (27). Homologous motifs also occur
downstream of the cap site of the Antennapedia and en-
grailed transcripts (Fig. 10A), within DNA regions known to
be involved in the control of transcription because they
interact with specific factors (30, 39).

Accumulation of F;, RNA varies over a 10- to 15-fold
range in cells transfected with different 3’-deletion deriva-
tives of F-catl (Fig. 6). Changes in the relative abundance of
F RNA may reflect either altered transcript stability or
reduced transcription initiation consequent to the removal of
cis-acting regulatory DNA elements, and we cannot at the
moment distinguish between these alternative possibilities.
Taking into account the latter hypothesis, it is worth noticing
that a major drop in the RNA level associated with the
deletion of the +218 to +175 F interval (Fig. 6) may correlate
with the removal of an AP-1 site (TGAGTCA) located
between residues +193 and +199 (Fig. 1). AP-1 is the
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binding site for transcriptional factors encoded by the fos
and jun proto-oncogenes; homologs of both fos and jun gene
products with the same specificity of binding as their mam-
malian counterparts have been recently identified in D.
melanogaster (29).

The F left terminus harbors an additional promoter (F,,,)
that directs transcription from inside the element toward the
5’ end. Outwardly directed transcription is not an artifactual
event arisen because of the cloning procedure (see Results);
moreover, ‘‘out’’ transcripts were detected in untransfected
cells (Fig. 9). The F_,, promoter, as shown for the majority
of RNA polymerase II-dependent promoters, is functionally
defined by cis-acting elements located upstream of the site of
transcription initiation (Fig. 8 and 9). Accumulation of F,
RNA is not impaired, but rather appears to be enhanced, by
removal of sequences located downstream of the F_,, RNA
start sites (lanes A to C in Fig. 8); this finding may reflect
either differences in the RNA stability of distinct F_,,-CAT
hybrid RNAs or enhanced F_, transcription which may
correlate with the disruption of the F,, promoter. On the
other hand, F;, transcription is not dependent on the activity
of the F,,, promoter. Initiation at the F;,, promoter still takes
place from the F; 3’ + 99 construct that lacks the F_,
promoter (Fig. 6).

The functional significance of outwardly oriented tran-
scription in F elements remains to be established. A few
eucaryotic transcriptional units that partly overlap at the 3’
untranslated regions have been described previously (40,
45); to our knowledge, however, adjacently located promot-
ers that direct the synthesis of convergent, overlapping
transcripts have been identified so far only in procaryotes
(34, 36, 43). Gene activity can be regulated through symmet-
ric transcription by different mechanisms. RNA polymerase
complexes travelling in opposite directions along a DNA
duplex might encounter a considerable degree of steric
hindrance, and reduced transcription because of interference
of RNA polymerase progression has been indeed docu-
mented for adjacent genes organized in opposite and conver-
gent orientations (12, 23, 34, 43). Gene expression can be
negatively regulated, via the formation of sense-antisense
RNA hybrids, at the level of translation (36) as well as of
nuclear export (22). Transcription from the F;, promoter is
not significantly enhanced in the absence of F,, promoter
activity and vice versa (Fig. 6 and 8). Factors required for
the activity of both promoters are likely present in limited
amounts in Schneider II cells; transcriptional interferences
might be therefore overlooked in assays carried out at
relatively high DNA inputs that disfavor the concomitant
assembly of adjacent transcriptional complexes over the
same template molecule. Accumulation of F;, and F_,
transcripts is significantly reduced in cells transfected with
templates that lack the +161 to +218 DNA interval. The use
of common cis-acting elements may be a simple mechanism
by which the rate of transcription at the F;, and F,,
promoters is modulated in the organism.

Future investigations might clarify whether convergent
transcription plays any role in the life cycle of F elements.
Clues in this direction might come from a thorough investi-
gation of the pattern of expression of F;,, and F,, transcripts
in the fly. It will be of interest as well to know whether the
presence of ‘‘out’” promoters might turn out to be a general
feature of LINE-like elements.
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