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A retrotransposon 412 insertion within
an exon of the Drosophila melanogaster
vermilion gene is spliced from the

precursor RNA

Robert A. Fridell, Anne-Marie Pret, and Lillie L. Searles!
Department of Biology, The University of North Carolina at Chapel Hill, Chapel Hill, North Carolina 27599-3280 USA

Three alleles of the Drosophila melanogaster vermilion (v) gene are suppressed by recessive mutations at the
suppressor of sable [su(s)], gene. Previous work has established that these alleles have identical insertions of the
412 retrotransposon in the 5’-untranslated region of the gene. Despite the transposon insertion in an exon, v
mutants accumulate trace amounts of apparently wild-type-sized transcripts in a su(s)* background, and the
level of v transcript accumulation is increased by su(s) mutations. Here, we have characterized transcripts from
a suppressible v mutant in both su(s)* and su(s)~ backgrounds by S1 nuclease protection experiments and
sequence analysis of polymerase chain reaction (PCR) generated cDNA clones. We find that transposon
sequences are imprecisely eliminated from v mutant transcripts by splicing at donor and acceptor sites located
near the ends of the 412 retrotransposon. Four different 5’ donor sites are alternatively spliced to a single 3
acceptor site. The implications of this finding are discussed in relation to possible functions of the su(s)* gene

product.
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In Drosophila melanogaster, the phenotypic effects of
certain retrotransposon-induced mutations are reversed
by recessive mutations at separate genetic sites, known
as suppressor loci (for review, see Kubli 1986). In recent
years, an understanding at the molecular level of the re-
lationship between suppressor genes and suppressible
alleles has begun to emerge. For example, a mutation of
the Drosophila yellow (y) gene, caused by insertion of a
gypsy element upstream of the y promoter, is suppressed
by mutations at suppressor of Hairy-wing [su(Hw)]
(Parkhurst and Corces 1985). The mutagenic effect of
gypsy in this case is believed to result from transcrip-
tional interference between the gypsy element and the y
promoter (Harrison et al. 1989). Parkhurst et al. (1988)
and Spana et al. (1988) have shown that su{Hw) encodes
a DNA-binding protein that recognizes a specific se-
quence in the gypsy transposon. This work and tran-
scriptional studies by Mazo et al. {1989) suggest that the
su(Hw) protein acts as a positive regulator of gypsy tran-
scription. Another suppressor gene, the suppressor of
white-apricot [su{w4}), suppresses the phenotypic effect
produced by insertion of a copia element into an intron
of the white gene (Bingham et al. 1981). Characteriza-
tion of su{w?) has revealed that the gene encodes a puta-
tive RNA-binding protein that regulates its own expres-
sion at the level of splicing (Chou et al. 1987; Zachar et
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al. 1987). This suggests that suppression of the w* allele
might operate at the level of RNA processing.

We are investigating alleles of the Drosophila ver-
milion (v) gene that are suppressed by mutations at sup-
pressor of sable [su(s)]. The v gene encodes tryptophan
oxygenase, an enzyme required for brown eye pigment
synthesis in Drosophila (Walker et al. 1986). Three sup-
pressible v alleles, v, v2, and v¥, have insertions of the
412 retrotransposon at the same site, in the 5’-untrans-
lated region of the first exon (Fig. 1; Searles and Voelker
1986; Searles et al. 1990). In each mutant the transcrip-
tional orientation of the 412 element is opposite that of
v (Fig. 1). Northern analysis has shown that the 1.4-kb
transcript present in v* flies is largely absent in v?, v2,
and v* flies, where only a trace of a wild-type-sized tran-
script is observed (Searles et al. 1990). However, in flies
homozygous for one of these v alleles and also mutant at
the su(s) locus, a wild-type-sized v transcript is present
at ~10-20% of the v* level (Searles et al. 1990). Here,
we report the results of experiments designed to deter-
mine the mechanism by which the normal length tran-
scripts are generated.

Results

Mutant v transcripts include sequences upstream of the
412 insertion site

In a sufs)~ background, the v/, v2, and v* mutants accu-
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Figure 1. Molecular map of the v gene. Solid bars
represent exons; open bars represent introns. The
open inverted triangle indicates the position of
transposon 412 insertion within the v transcrip-
tion unit. The ATG codon indicates the beginning
of the long open reading frame. The map coordi-
nates above the restriction map are in kilobase

units. The restriction enzyme abbreviations are (B) |
BamHI; (E) EcoRlI; (C) Clal; (H) HindIll; (X) Xhol.  E

mulate reduced levels of wild-type-sized transcripts de-
spite the insertion of a 7.5-kb transposon in the first
exon (Searles et al. 1990). These transcripts might be
generated by one of two mechanisms. If transcription of
the mutant gene initiates at the v promoter, transposon
sequences would have to be eliminated from the mRNA
precursor. Alternatively, transcription of v in the inser-
tion mutant might initiate at a new site within the 412
element near the v-coding region. To distinguish be-
tween these possibilities, we set out to determine
whether sequences upstream of the 412 insertion site
are included in v mRNA isolated from a su(s) v double
mutant. The location of the transposon insertion in a
small (83-nucleotide) exon only 36 nucleotides down-
stream of the major transcription start site (Searles et al.
1990) complicated the resolution of this question. How-
ever, S1 nuclease protection experiments with cloned
wild-type v cDNA probes proved to be more informative
than we had anticipated. We had isolated several cDNA
clones, representing a minor species of the v RNA that
initiates at a site upstream of the major transcription
start site but that is otherwise identical to the major
species of v mRNA (Searles et al. 1990). Radioactively
labeled antisense RNA probes were synthesized from
one of these clones and annealed to poly(A)* RNA de-
rived from several different genotypes, and the frag-
ments protected from digestion by S1 nuclease were ex-
amined (Fig. 2).

Probe a (Fig. 2} includes cDNA sequences from the
Clal site in the third v exon to a site in the 5’ region that
is ~50 nucleotides upstream of the major transcription
start site. When this probe is annealed to wild-type
poly(A)* RNA, a 320-nucleotide fragment, including
cDNA sequences from the major transcription start site
to the Clal site, is the predominant protection product.
(Fig. 2, lane 3; see Searles et al. 1990). Probe b (Fig. 2) has
the same 3’ boundary as probe a but includes 5’ v se-
quences up to the Xhol site in the first v exon. This Xhol
site is ~10 nucleotides upstream of the 412 insertion
site (Searles et al. 1990). A 295-nucleotide fragment is
protected from S1 digestion when wild-type RNA is an-
nealed to probe b (Fig. 2, lane 4).

The same two cDNA probes were annealed to RNA
isolated from a su(s)1¢?% v* mutant background (Fig. 2,
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v+ DNA

lanes 5 and 6). With each probe we observed two pro-
tected fragments: one that is the same size as the frag-
ment protected by wild-type RNA and the other, a
smaller 285-nucleotide fragment that represents the pro-
tection of sequences between the Clal site in the third
exon and the 412 insertion site. The 320-nucleotide frag-
ment, which includes sequences upstream of the 412 in-
sertion site, predominates when probe a is used (Fig. 2,
lane 5), whereas the 285-nucleotide fragment, which in-
cludes sequences up to the 412 insertion site, is more
prevalent when probe b is used (Fig. 2, lane 6). We be-
lieve the most likely interpretation of these results is as
follows. If the mutant v RNAs contain sequences up-
stream and downstream of the 412 insertion site plus
additional sequences not found in the wild-type cDNAs,
the heteroduplex between wild-type cDNA probes and
mutant mRNA would contain an internal loop on the
RNA strand. S1 nuclease apparently does not efficiently
cleave the site on the strand opposite the loop which, in
this case, is the radioactively labeled strand (see Sisodia
et al. 1987). When cleavage does not occur, the wild-
type-sized (320- or 295-nucleotide| fragment is produced.
On the other hand, when cleavage does occur opposite
the loop, the smaller {285-nucleotide) fragment is pro-
duced. Digestion of sequences upstream of the insertion
site might be more efficient in heteroduplexes of probe b
and mutant mRNA because this probe has only 10 nu-
cleotides upstream of the 412 insertion site (see Fig. 2}.
Weaker base-pairing upstream of the insertion site
would result in those sequences being more vulnerable to
cleavage by S1 nuclease. Thus, the appearance of the
wild-type-sized protected fragment indicated that se-
quences upstream of the transposon insertion site were
being protected and therefore must be included in the
mutant RNA. These results suggested that at least some
of the mutant transcripts were generated by a processing
event, involving removal of 412 sequences.

Northern analysis previously indicated that the v 412
insertion mutant strains accumulate a very low level of
wild-type-sized RNA in the absence of a suppressor mu-
tation (Searles et al. 1990). Therefore, we performed the
same S1 mapping analysis with RNA from a su(s)* vk
background. The signals were very faint, but the pattern
was the same as that observed with RNA from the
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sufs)~ v* mutant (Fig. 2, lanes 7 and 8). This suggested
that unsuppressed mutant transcripts might also result
from a processing event.

Mutant v RNAs are spliced at sites within the 412
retrotransposon

To expand on our S1 mapping results, we compared the
mature v transcript produced in a su(s)~ v* background
with the vt mRNA by isolating and sequencing mutant
v ¢DNA clones. Because these transcripts are of such
low abundance, we used polymerase chain reaction
(PCR) to amplify cDNA fragments. A synthetic oligonu-
cleotide that includes the EcoRI site in the fourth v exon
(Fig. 1) was used to direct specific first-strand cDNA syn-
thesis on poly(A)* RNA isolated from su(s)52¢%5 vk late
embryo and larval stages. The cDNAs were amplified in

Splicing of a retrotransposon from an exon

Figure 2. S1 nuclease protection analysis of wild-type and
mutant v transcripts. Antisense RNA probes a and b, de-
rived from a wild-type v ¢cDNA clone, were annealed to
poly(A)* RNA and subsequently treated with SI nuclease.
The reactions contained 10 ug of v+ RNA isolated from
second instar larvae, 20 pg of sufs)~ vk RNA from early
third-instar larvae, and 20 pg of vk RNA from early third
instar larvae. Sequencing reactions of M13mp18 DNA were
run in parallel lanes to provide size standards. The approxi-
mate sizes of the protected fragments are shown in nucleo-
tide units. The v* sequences included in probes a and b and
the regions included in protected fragments are indicated
by the horizontal lines beneath the restriction map. The
symbols used in the v molecular map are described in Fig.
1. The 450-nucleotide probe a contains 374 nucleotides of v
cDNA sequences plus 76 additional nucleotides either gen-
erated during the cDNA library construction or derived
from the SP6 transcription vector. The 345-nucleotide
probe b consists of 295 nucleotides of v cDNA sequences
plus 50 nucleotides of SP6 transcribed vector sequences.
{Lane 1) Probe a alone, no S1 nuclease; (lane 2) probe b
alone, no S1 nuclease; (lane 3) v+ RNA plus probe a; (lane
4) v+ RNA plus probe b; {lane 5) sufs)~ vk RNA plus probe
a; {lane 6) sufs)~ vk RNA plus probe b; (lane 7) vk RNA plus
probe a; {lane 8) vk RNA plus probe b; (lane 9) no RNA
control, probe a; {lane 10} no RNA control, probe b. The
320-nucleotide protected fragment in the reaction con-
taining v* RNA and probe b (lane 4) is probably caused by
slight contamination with probe a. The clone used to gen-
erate these probes has two Xhol sites: one in v sequences
and the other in the polylinker adjacent to the 5' end of the
clone. The enzyme Xhol is used to linearize a template for
probe b synthesis, and if this digestion does not go to com-
pletion, probe a is synthesized in addition to probe b. A
longer exposure of this experiment indicates that there is a
small amount of probe a in the lane containing probe b
(data not shown).

PCR reactions primed with an oligonucleotide covering
the Xhol site in the first v exon (Fig. 1) and the same
oligonucleotide used in the first-strand cDNA synthesis.
The PCR products were subsequently cloned into a
plasmid vector and partially sequenced.

The results of the sequence analysis are summarized
in Figure 3. Each cDNA clone contained v sequences up-
stream and downstream of the insertion site and the 4-
nucleotide target site duplication, CACG, generated
upon 412 insertion. Eleven to 54 nucleotides of addi-
tional sequences, derived from the 412 element, were
found inserted between the 4-nucleotide duplication.
We compared the sequences in these cDNAs to the pub-
lished sequence of the 481-nucleotide long terminal di-
rect repeat (LTR) of 412 {Will et al. 1981) and deduced
that sequences from both ends of the 412 element were
spliced together at sites that resemble pre-mRNA splice
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I
Site Sequence Score No. of Clones
donor consensus NAG/GTAAGT 100 NA
donorl CAC/GTGTAA 48 1
donorll CGT/GTAATG 58 15
donorIll CAA/GTCCGT 65 11
donor IV TAA/GTTGAA 43 1
acceptor consensus ANITTTTTTCTTTTTCAG/S 100 NA
acceptor 1 GTTCTTAATATTGCATAG/G 75 28

Figure 3. Analysis of PCR-amplified vk cDNA clones derived from a su(s)~ background. The molecular map of vk DNA is shown
with the inserted 412 transposon represented by the hatched bar. The other symbols are described in Fig. 1. The splicing pattern of
mutant transcripts is schematically diagrammed beneath the molecular map. A and B illustrate the sequence of vk DNA in the
vicinity of the 412 splice sites. Transposon 412 sequences are indicated by the bar with diagonal lines above the sequence. The
4-nucleotide direct repeat generated upon 412 insertion is indicated by the arrows. The splice sites are indicated by the dotted vertical
lines. The horizontal lines beneath the sequence indicate regions included in the cDNAs. (A} Positions of 5’ splice donor sites. The
obligatory GT dinucleotide at the 5’ splice junction is underlined. (B) Position of the 3’ acceptor site. The obligatory AG dinucleotide
at the 3’ splice junction is underlined. A summary list of the splice junction sequences and the invertebrate consensus splice se-
quences is given (Shapiro and Senapathy 1987). The scoring method has been described by Shapiro and Senapathy (1987) and indicates
the extent of similarity between these splice sites and other known invertebrate splice sites (see Discussion).

junctions. The splice donor and acceptor sites are lo-
cated near the ends of the element within the LTRs (Fig.
3). The 412 element at v is oriented such that the 5' LTR
of 412 is adjacent to the v-coding region and the 3' LTR
is near the v promoter region (see Fig. 1}. Thus, the 412
sequences included in the v precursor RNA are comple-
mentary to the normal 412 transcript.
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In the 28 su(s)~ v* cDNAs that were sequenced, four
different 5’ donor sites were alternatively spliced to a
single 3’ acceptor site (Fig. 3). One donor site was created
by the insertion, and the splice occurs —1 nucleotide
upstream of the 412 insertion site. The other splice
junctions are located +1, +30, and +42 nucleotides
from the left end of the element (in the 3’ LTR). The
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majority of clones were spliced at donor site Il (CGT/
GTAATG] or Il (CAA/GTCCGT] (Fig. 3). Donor sites I
(CAC/GTGTAA) and IV (TAA/GTTGAA] were repre-
sented in only one clone (Fig. 3). All 28 clones were
spliced at the same 3' acceptor site (GTTCTTAAT-
TATTGCATAG/G), located 12 nucleotides from the
right end of the 412 insertion {in the 5' LTR) (Fig. 3).
Three of the 28 cDNA clones contained the first v intron
downstream of the 412 insertion.

The S1 nuclease mapping experiments described ear-
lier indicated that the very low level of v mRNA pro-
duced in a su(s)* vk background is also processed to
eliminate 412 sequences. To determine whether this
transcript is produced by similar splicing events, we
used the same PCR amplification approach to isolate v
c¢DNA clones from v! and v* mutants in a su(s)* back-
ground. Six ¢cDNA clones have been recovered, and se-
quence analysis demonstrated that these clones repre-
sented mRNAs that were spliced at the 412 donor and
acceptor sites identified previously. The single v! cDNA
clone was spliced at donor site IlI, and the five v cDNA
clones were spliced at donor site II. Three of the vk
cDNAs retained the first v intron downstream of the 412
insertion. Additional analysis will be needed to deter-
mine whether the 412 insertion affects splicing of the
downstream intron and whether the apparent increased
splicing of this intron in an su(s)~ background is signifi-
cant. Otherwise, the same transposon-related splicing
events occur in su(s)* and su(s)~ backgrounds.

Because of the extreme sensitivity of the PCR tech-
nique, an argument could be made that the cDNA
clones we recovered represent a minor component of the
v mRNA from v* mutants. The S1 mapping experiment
(Fig. 2) indicates that this is not the case. As mentioned
earlier, two bands are protected from S1 nuclease diges-
tion when either wild-type cDNA probe a or b is an-
nealed to poly{A}* RNA from v* mutants (Fig. 2, lanes 5
and 6). If our interpretation of the S1 experiment is cor-
rect, the protection pattern observed with probe a sug-
gests that most mutant RNAs include sequences up-
stream of the insertion site. Yet, the pattern observed
with probe b indicates that most vk RNAs deviate from
wild type at the 412 insertion site.

Another possible explanation for the 285-nucleotide
fragment band observed in the S1 nuclease protection
experiment is that it represents a separate mRNA
species that initiates within the 412 element and does
not contain v sequences upstream of the 412 insertion
site. If this were the case, transcription would initiate on
what is normally the nontranscribed strand of the 412
retrotransposon. To test this possibility, we attempted
to amplify transcripts that might initiate within the 412
element. A synthetic oligonucleotide, complementary
to the nontranscribed strand of 412 at the 5’ end of the
element, and the oligonucleotide derived from the
fourth v exon {see above) were used as primers in PCR
reactions of mutant first-strand cDNAs as described
above. When the PCR products were examined on
ethidium bromide-stained agarose gels and by Southern
analysis, no amplified fragments were detected {data not

Splicing of a retrotransposon from an exon

shown). Thus, on the basis of this result and the S1 map-
ping analysis, we conclude that probably all of the ma-
ture vk mutant transcripts are spliced like the cDNAs
that we have analyzed.

Discussion

We have demonstrated that the 412 element insertion at
the Drosophila v gene is spliced from pre-mRNA. Both
the 5’ donor and 3’ acceptor sites are located within the
transposon on what is usually the nontranscribed strand
of 412. Thus, these novel splice sites are not associated
with a transposon gene. Four different donor sites are
alternatively spliced to the same acceptor site. The
splicing events leave ~10-50 nucleotides of 412 se-
quences in the mRNA, but because the insertion is in
the untranslated region, a normal protein can be synthe-
sized.

The 5' splice sites in the 412 transposon are generally
poor matches to the invertebrate donor site consensus
AG/GTAAGT (Shapiro and Senapathy 1987). The most
frequently used donor sites (II and III; Fig. 3) match the
consensus at four of eight and five of eight positions, re-
spectively. The other two donor sites match at only
three of eight positions. Shapiro and Senapathy (1987)
analyzed all splice junction sequences in GenBank and
devised a scoring method that indicates the similarity of
a given sequence to other known splice sites. Scores
range from 1 to 100 and are based on the observed fre-
quency of a particular nucleotide occurring at each posi-
tion within the conserved octamer. We used this scoring
system to compare the donor sites in the 412 element
and in a number of Drosophila genes to other inverte-
brate donor sites. We calculated scores for 45 splice
donor sites from seven Drosophila genes, including se-
venless (Basler and Hafen 1988), bicoid (Berleth et al.
1988}, su(Hw) (Parkhurst et al. 1988), transformer (Boggs
et al. 1987), a-tubulin {Theurkauf et al. 1986), su{w?)
(Chou et al. 1987), v (Searles et al. 1990), and ovarian
tumor (Steinhauer et al. 1989). These donor site scores
ranged from 68 to 91, and the average score was 80
(sD = 5.7). In comparison, the 412 donor sites scores are
low, ranging from 43 to 65 (Fig. 3).

The sequences associated with 3’ splice acceptor sites
are more variable than 5’ donor sites (Padgett et al.
1986). A pyrimidine-rich region typically precedes four
highly conserved nucleotides at the acceptor site junc-
tion. Eight of the 15 nucleotides in this region of the 412
acceptor site are pyrimidines (Fig. 3). We also computed
3’ splice acceptor site scores for the 412 and the genes
above, except for su(Hw), where full acceptor sites were
not reported. The 38 acceptor sites in these Drosophila
genes have scores ranging from 60 to 98, with an average
score of 81 (sp = 9.3). The 412 acceptor site score is 75
(Fig. 3}, a value within the range of scores observed for
known splice acceptor sites in Drosophila. Thus, on the
basis of the sequence alone, the 412 donor sites appear to
be somewhat atypical, whereas the 412 splice acceptor
appears to be a more normal site. During splicing,
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branch formation occurs at a site within the intron lo-
cated 20-50 nucleotides upstream of the 3’ acceptor
site. In higher eukaryotes, the branch site is not highly
conserved (Padgett et al. 1986). However, a consensus
sequence, CTAAT, for the branch site of Drosophila in-
trons has been reported (Keller and Noon 1984). The se-
quence TTAAT occurs at two positions, beginning 23
and 41 nucleotides upstream of the 3' acceptor site, and
could possibly function as the branch site.

The level of v mutant mRNA is extremely low in a
su(s)* background. In a su(s) mutant background, the
mRNA level increases to 10—20% of the v+ level. Re-
cessive mutations at the su(s) gene could increase the
level of v mRNA accumulation by one of several pos-
sible mechanisms. First, suppressor mutations might af-
fect transcription of the v gene. An increase in the rate of
transcription initiation or a decrease in the frequency of
random transcription termination within the element
(e.g., see Dorsett et al. 1989) could result in elevated
precursor and mRNA levels. Second, suppressor muta-
tions might decrease the rate of RNA turnover and thus
increase the stability of precursor and/or mature RNA.
Third, if the precursor RNA that includes transposon se-
quences is relatively unstable, suppressor mutations
might elevate mRNA levels by increasing the rate of
splicing at the cryptic sites within the 412 element.

The sequence of the su(s) gene indicates that it en-
codes a polypeptide with a region of similarity to verte-
brate and Drosophila proteins involved in RNA pro-
cessing {Voelker et al., in prep.). Furthermore, a rever-
sion of the v! mutation is associated with the
introduction of a new 5’ donor site into the 412 element
(A.-M. Pret and L.L. Searles, in prep.). These results sug-
gest that suppression occurs at the RNA level, that is,
splicing or RNA stability is likely to be affected. We
speculate that the su(s) protein may be involved, di-
rectly or indirectly, in pre-mRNA splicing. Splicing of
mRNA precursors involves the assembly of the pre-
mRNA into spliceosome complexes composed of small
nuclear ribonucleoprotein particles {snRNPs) (for re-
view, see Maniatis and Reed 1987; Sharp 1987). Recent
studies have identified proteins that bind to the 3’ splice
site region and facilitate U2 snRNP binding and spliceo-
some complex formation (Ruskin et al. 1988; Garcia-
Blanco et al. 1989). Because base-pairing between Ul
snRNA and the conserved 5’ splice site is not sufficient
for splice donor site recognition, similar proteins are
likely to act at the donor site region. The su(s) gene may
encode one of these proteins. A normal function for the
su(s) protein in 5’ splice site recognition may be to pre-
vent recognition of, or destabilize complex formation
on, cryptic splice donor sites. In su(s) mutants, the weak
splice donor sites may be recognized with a higher effi-
ciency. The consequences of su(s) mutations mav be to
increase the efficiency of splicing the 412" intron, re-
sulting in higher mRNA levels. Alternatively, more effi-
cient recognition of the 412 donor sites may increase the
rate of association of the precursor into a splicing com-
plex, thereby protecting the precursor from degradation
without necessarily affecting the rate of splicing. Future
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experiments will test this and other models of suppres-
sion.

To our knowledge, this is the first example of the
splicing of a retrovirus-like transposable element from
RNA. Analysis of P-element insertions into the 5’-un-
translated region of the Drosophila y gene suggests that
P elements can also be spliced from RNA {Geyer et al.
1988). These events may occur more commonly but may
not be detected because the removal of transposon se-
quences is imprecise. For example, the splicing of tran-
sposons inserted into coding regions could generate de-
fective mRNAs by introducing changes in translational
reading frames. Furthermore, the low level of spliced
mutant transcript would probably not provide sufficient
gene activity to be phenotypically detectable in many
instances.

The splicing of transposable elements from mRNA
precursors was first demonstrated in maize. Both the ac-
tivator/dissociation (Ac/Ds) and the suppressor/mutator
(Spm) elements of maize can be spliced from RNA (for
review, see Wessler 1988). In the examples that have
been reported, either the splice donor or the acceptor site
is located within the transposon, and the other site is
found in the resident gene. Some spliced insertions of
maize elements are in coding sequences, and splicing
maintains the reading frame. These mutants accumulate
a reduced level of altered protein. All spliced tran-
sposons, including the ones in Drosophila, are inserted
in a transcriptional orientation opposite that of the resi-
dent gene. When transposons insert within a gene in the
same transcriptional orientation, most mRNAs are poly-
adenylated at sites within the transposon. Thus, the ob-
served orientation of spliced transposons may be neces-
sary for the inclusion of sequences downstream of the
transposon in the RNA. However, it is somewhat sur-
prising that diverse families of transposable elements
have potential splice junctions near their boundaries on
the nontranscribed strand. These insertions are, in ef-
fect, introducing new introns into genes (Wessler 1988;
Raboy et al. 1989). In fact, one model of intron evolution
suggests that introns arose from transposon insertions
(Cavalier-Smith 1985; Sharp 1985). As more examples of
transposon splicing are discovered, the possibility that
transposons may be a source of new introns becomes
more intriguing.

Methods

RNA isolation

Mutant D. melanogaster alleles used in this study have been
described previously (Shepard 1960; Lindsley and Grell 1968).
Drosophila strains y2 wbf (v+), y2 sufs)51¢1% ras vk [su(s)~ vk}, and
ras vk (vk) were used as sources of RNA. The 1.4-kb v transcript
accumulates from midembryogenesis until pupation and reap-
pears in young adults {unpubl.). Thus, RNA was isolated from
12- to 24-hr embryo and early larval stages. Total RNA was pre-
pared by homogenization in guanidine thiocyanate (Ber-
mingham and Scott 1988), and poly(A)* RNA was purified by
oligo[dT)-cellulose chromatography.
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S1 mapping experiments

Single-stranded antisense RNA probes were synthesized from
plasmid pv110, a 0.4-kb EcoRI-Clal v fragment from the em-
bryonic cDNA F2-2 (Searles et al. 1990} cloned into pGEM-7Zf
{Promega). Plasmid DNA was linearized by digesting with ei-
ther EcoRI or with Xhol. (An EcoRI site was introduced at the
¢DNA 5’ end during construction of the library.) Radioactively
labeled probes were made using SP6 RNA polymerase as de-
scribed by Melton et al. (1984), except that 200 nCi of [32P]CTP
(800 Ci/mmole) was included in the reaction to increase the
probe specific activity. The hybridization reaction {Melton et
al. 1984) contained 10-20 ug of poly(A}* RNA (or tRNA in
control reactions) and 5 x 108 cpm of probe. Hybrids were puri-
fied over small oligo{dT)-cellulose columns to reduce back-
ground, as described by Chou et al. {1987, and subsequently
treated with S1 nuclease (Quarless and Heinrich 1986). Pro-
tected fragments were resolved by electrophoresis on an 8%
polyacrylamide/7 M urea sequencing gel. M13mp18 DNA was
sequenced in reactions containing 35S-labeled dATP, the uni-
versal primer, and Sequenase (U.S. Biochemical), and the se-
quencing reactions were run in parallel lanes to provide size
standards.

Preparation of partial cDNA clones

Poly(A)* RNA isolated from vk and sufs)*?¢?5 vk embryo and
early larval stages was specifically primed for synthesis of v
cDNAs. Oligonucleotide 2052 (5'-CCGAGTTGCGAATC-
GAATTCCGCGCCTCC-3'), which is derived from a region of
the sense strand spanning the EcoRI site in the fourth exon
of the v gene (Searles et al. 1990; see Fig. 1) was used to prime
first-strand cDNA synthesis (Calzone et al. 1987). Poly(A)*
RNA (10-20 pg) was mixed with 0.2 pg of oligonucleotide in
20 pl of hybridization solution [0.4 m NaCl, 40 mm PIPES {pH
6.5, 1.0 mm EDTA] and incubated for 5 min at 85°C and then
for 1 hr at 42°C. The annealed oligomer was extended by adding
3 ul of 10x reverse transcriptase buffer (0.5 m Tris-HCl (pH
8.5), 0.1 M MgCl,, 0.4 M KCl, 10 mm DTTJ, 5 pl of a 20 mm
dNTP solution (5 mm each for dATP, dGTP, dTTP, and dCTP) 1
ul (40 units) of RNasin, and 0.5 pl {16 units) of AMV reverse
transcriptase (Life Sciences, XL grade).

The products of the cDNA synthesis were amplified by PCR
(Saiki et al. 1988). Oligonucleotide 1846 (5-CGCCAG-
CATCCGCCGCGAGGAG-3'), which is complementary to the
sense strand of the first exon in the region that includes the
Xhol site (Searles et al. 1990; see Fig. 1), and oligonucleotide
2052 were used as PCR primers. One to 3 pl of the first-strand
cDNA synthesis reaction mixture was mixed with 0.2 ng of
each oligonucleotide and 0.5 pl (2.5 units) of Tag polymerase
(Perkin Elmer—Cetus) in 100 pl of PCR reaction buffer [50 mm
KCl, 1.5 mm MgCl,, 10 mm Tris-HCI (pH 8.5), 0.25 mm with
respect to each dNTP|. The reaction mixture was overlayered
with mineral oil and subjected to 30 temperature cycles (94°C
denaturing, 1 min; 58°C or 65°C annealing, 2 min; 72°C exten-
sion, 3 min).

Fragments of v ¢cDNA were cloned into a plasmid vector
through the use of either the Xhol and EcoRI sites contained
within the primers or the Xhol site within the upstream primer
and an intemnal Clal site located in the third v exon (see Fig. 1)
as follows. After amplification, the PCR reaction mixture was
extracted twice with equal volumes of phenol/chloroform and
once with chloroform. Following ethanol precipitation, DNA
was digested with the appropriate enzymes, the fragments were
ligated into pGEM-7Zf and transformed into Escherichia coli
strain JM105 by standard procedures (Maniatis et al. 1982).

Splicing of a retrotransposon from an exon

Plasmid DNA was isolated from 5-ml cultures derived from in-
dividual colonies by the alkaline lysis procedure (Maniatis et al.
1982 and analyzed by restriction enzyme digestion prior to se-
quencing. The same double-stranded plasmid DNA obtained
from a small-scale alkaline lysis was prepared for sequencing by
extracting twice with phenol/chloroform and once with chloro-
form, followed by ethanol precipitation. Sequencing was per-
formed according to the Sequenase sequencing kit protocol
{U.S. Biochemical). The sequence was determined beginning at
the Xhol site immediately upstream of the 412 insertion site
and extending into the v-coding region.
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A retrotransposon 412 insertion within an exon of the Drosophila
melanogaster vermilion gene is spliced from the precursor RNA.
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