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cis-spliced nuclear pre-mRNA introns found in a variety of organisms, including Tetrahymena thermophila,
Drosophila melanogaster, Caenorhabditis elegans, and plants, are significantly richer in adenosine and uridine
residues than their flanking exons are. The functional significance of this intronic AU richness, however, has
been demonstrated only in plant nuclei. In these nuclei, 5’ and 3’ splice sites are selected in part by their
positions relative to AU-rich elements spread throughout the length of an intron. Because of this position-
dependent selection scheme, a 5’ splice site at the normal (+1) exon-intron boundary having only three
contiguous consensus nucleotides can compete effectively with an enhanced exonic site (—57E) having nine
consensus nucleotides and outcompete an enhanced site (+106E) embedded within the AU-rich intron. To
determine whether transitions from AU-poor exonic sequences to AU-rich intronic sequences influence 5’ splice
site selection in other organisms, alleles of the pea rbcS341 intron were expressed in Drosophila Schneider 2
cells, and their splicing patterns were compared with those in tobacco nuclei. We demonstrate that this
heterologous transcript can be accurately spliced in transfected Drosophila nuclei and that a +1 G-to-A
knockout mutation at the normal splice site activates the same three cryptic 5’ splice sites as in tobacco.
Enhancement of the exonic (—57) and intronic (+106) sites to consensus splice sites indicates that potential
splice sites located in the upstream exon or at the 5’ exon-intron boundary are preferred in Drosophila cells over
those embedded within AU-rich intronic sequences. In contrast to tobacco, in which the activities of two
competing 5’ splice sites upstream of the AU-rich intron are modulated by their proximity to the AU transition
point, D. melanogaster utilizes the upstream site which has a higher proportion of consensus nucleotides. The
enhanced version of the cryptic intronic site is efficiently selected in D. melanogaster when the normal +1 site
is weakened or discrete AU-rich elements upstream of the +106E site are disrupted. Selection of this internal
site in tobacco requires more drastic disruption of these motifs. We conclude that 5’ splice site selection in
Drosophila nuclei is influenced by the intrinsic strengths of competing sites and by the presence of AU-rich

intronic elements but to a different extent than in tobacco.

Most eukaryotic protein-coding genes are interrupted by
introns which must be precisely removed from precursor
transcripts in order to produce functional mRNAs. The
process of intron removal, termed pre-mRNA splicing, pro-
ceeds by two sequential transesterification reactions (12, 22).
In the first reaction, cleavage at the 5’ exon-intron border
occurs with the concomitant formation of a 2’-5' phospho-
diester bond between the first nucleotide of the intron (+1 G)
and a branchpoint nucleotide approximately 20 to 50 nucle-
otides upstream of the 3’ end of the intron. In the second
reaction, cleavage at the 3’ intron-exon border releases the
intron as a lariat structure and the exons are ligated together.

In mammalian and yeast systems, three cis-acting ele-
ments are known to be required for intron recognition. One
of these elements, the 5’ splice site, is a moderately con-
served set of nine nucleotides spanning the 5’ exon-intron
border. Within this element, intron position +1 is an invari-
ant guanosine and position +2 is a highly conserved uridine
residue. The second critical element is a loosely conserved
internal branchpoint sequence that is utilized for formation
of the lariat intermediate. The third element, located at the 3’
intron-exon border, consists of a conserved AG dinucleotide
which in mammalian introns is preceded by an extended
polypyrimidine tract.

Pre-mRNA splicing takes place within a large ribonucleo-
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protein complex termed a spliceosome. This complex con-
tains five small nuclear RNAs (snRNAs), designated Ul,
U2, U4, US, and U6, within four unique small nuclear
ribonucleoprotein particles (14, 19, 30). Biochemical and
genetic evidence has demonstrated that the 5’ end of Ul
snRNA forms complementary base pairings at the 5’ exon-
intron border (2, 28, 29, 35) and at the 3’ terminus of the
intron (27). U5 snRNA has been implicated in base-pairing
recognition of exonic sites adjacent to the 5’ and 3’ splice
sites (24, 25, 32), and U2 snRNA has been shown to base
pair with sequences surrounding the branchpoint (26, 34,
36).

While the chemistry of pre-RNA splicing is well under-
stood, the mechanism(s) of intron recognition remains un-
clear. It is increasingly apparent that to ensure proper splice
site selection, the splicing machinery must recognize fea-
tures of introns other than these simple border and branch-
point sequences. Similar splice site motifs, which are not
utilized for splicing, exist at multiple locations in most
transcription units, and different organisms utilize the con-
sensus motifs to different degrees. Saccharomyces cerevi-
siae, which represents one extreme in a continuum of intron
recognition motifs, requires consensus 5’ splice site and
branchpoint sequences (33). Mammals represent another
point in the continuum in that they require pyrimidine tracts
upstream from their 3’ splice sites but have more flexible
splice site and branchpoint requirements (12, 22). A large
group of other organisms, including plants and invertebrates,
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contain no strongly conserved splice site motifs and often no
prominent pyrimidine tracts (6).

Considerable experimental evidence supports a role for
intronic AU-rich sequence elements in plant intron recogni-
tion. Plant introns are 15 to 20% higher in A+U residues
than their flanking exons are (11), and this AU richness has
been shown to be essential for efficient splicing in dicot
nuclei (8, 10). On the basis of our analysis of 5’ and 3’ splice
site selection schemes in Nicotiana benthamiana (tobacco),
we have proposed a model for intron recognition in dicot
nuclei suggesting that 5’ and 3’ splice sites are selected in
position-dependent manners relative to AU-rich elements
spread throughout intronic sequences (17, 18, 21). The
experimental support for this model is derived from our
demonstration that AU-rich elements upstream from the 3’
end of maize Adhl intron 3 are essential for defining the 3’
splice site (17, 18) and that AU-rich sequences strongly
modulate 5’ splice site selection in the pea rbcS3A1 intron
(21). Because of these AU-dependent selection schemes, 5'
splice sites at the normal (+1) exon-intron boundary with
only limited agreement to the 5’ consensus sequence com-
pete effectively with enhanced exonic sites having absolute
identity with the 5’ splice site consensus. Intronic sites
which are buried within AU-rich intronic sequences are not
utilized to any extent until upstream AU-rich sequences are
removed (21).

As in plant systems, the cis-spliced nuclear pre-mRNA
introns present in a multitude of organisms, including Tetra-
hymena thermophila, Drosophila melanogaster, and Cae-
norhabditis elegans, are richer in adenosine and uridine
residues than their flanking exons are (6). This, and the
absence of strong 5’ and 3’ splice site consensus motifs,
suggests that some aspects of the model that we have
described for intron recognition may extend to other organ-
isms. Significantly, a recent study has established that the
human and Drosophila splicing machineries are not neces-
sarily interchangeable and led to the suggestion that small
Drosophila introns are recognized by a distinct mechanism
(13). To determine whether transitions from AU-poor exonic
sequences to AU-rich intronic sequences are capable of
influencing 5' splice site selection in D. melanogaster, we
have expressed heterologous pea rbcS3A41 constructs in
Drosophila Schneider 2 (S2) cells and directly compared the
spliced products with those obtained in N. benthamiana. We
demonstrate that in both Nicotiana and Drosophila nuclei,
the activity of a cryptic 5’ splice site located at position +106
within the rbcS3A41 intron is determined, in part, by the
sequence composition upstream from this site. This finding
provides the first experimental evidence that AU-rich se-
quences can affect 5’ splice site selection in Drosophila
nuclei.

MATERIALS AND METHODS

Plant expression constructs. The wild-type and mutant
rbecS3A1 constructs used in this study contain intron 1 and
the entire first and second exons of the pea (Pisum sativum
L.) rbcS3A4 gene (7) inserted into the unique BgIII site of
pMONA458 (15) as previously described (20). Construction of
the splice site mutant and replacement alleles has been
described elsewhere (21). The ATb sense mutant was gen-
erated from the wild-type +1 (+1wt) to +106E intS replace-
ment construct, using polymerase chain reaction (PCR)-
mediated site-directed mutagenesis (31). The ATb antisense
construct was generated by inverting the ATb mutant frag-
ment between the +1wt and +106E sites. The nucleotide
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FIG. 1. Summary of pea rbcS341 pre-mRNA mutant constructs
and splicing patterns in tobacco nuclei. (A) The rbcS341 pre-mRNA
transcript generated in vivo by transcription from the coat protein
promoter in tobacco nuclei is drawn to scale. Open boxes represent
exons, and a solid line represents the intron. Sequences of the
wild-type 5' splice site at +1 and the cryptic 5’ splice sites at =57,
+25, and +106 are indicated, with bold letters representing nucle-
otides complementary to the 5’ end of Ul snRNA. Sequences of the
enhanced 5’ splice sites at —57 and +106 used in this study are
shown below each wild-type sequence. Lines connecting the 5’ and
3’ splice sites summarize the splicing patterns obtained in tobacco
nuclei. (B) Replacement substitutions between the —57E and +1wt
splice sites or between the +1wt and +106E splice sites are
designated as intS (sense orientation of B-conglycinin intron 4; Fig.
7), intAS (antisense orientation of B-conglycinin intron 4; Fig. 5),
ex3 (antisense orientation of rbcS34 exon 3), ATb sense (ATbS;
Fig. 7), and ATb antisense (ATbAS; Fig. 5). Solid arrows designate
the predominant 5’ splice sites used in tobacco nuclei; the dashed
arrow designates the +106E site which is used at low efficiency in
the +1 to +106E ATb sense replacement mutant.

compositions of the replacement fragments between +1 and
+106E are as follows: rbcS3A41 wild-type +8 to +103 (24%
A, 45% U, 12% C, 19% G); intS (29% A, 45% U, 16% C, 10%
G); ATbS (26% A, 38% U, 22% C, 14% G); intAS (45% A,
29% U, 10% C, 16% G); ATbAS (38% A, 26% U, 14% C,
22% G); ex3 (33% A, 21% U, 22% C, 24% G); and rbcS3A1
wild-type —49 to —4 (34% A, 24% U, 18% C, 24% G).
Structures of the constructs are shown in Fig. 1.

Recombinant pMON458 constructs were introduced into
N. benthamiana leaf discs, samples were harvested 4 days
after transfection, and total RNA samples were prepared as
follows. Tissue (10 to 12 leaf discs) was ground for 1 min
with a Mini-Beadbeater (Biospec Products) in an RNA
isolation buffer (1 ml) containing 50% phenol-chloroform
(1:1), 50 mM LiCl, 50 mM Tris-HCI (pH 8.0), 5 mM EDTA,
and 0.5% sodium dodecyl sulfate (SDS). Samples were
centrifuged for 5 min at 12,000 X g to separate the aqueous
and organic phases, after which each aqueous phase was
reextracted with an equal volume of phenol-chloroform
(1:1). The aqueous phases were made 2 M LiCl by addition
of 8 M LiCl, and high-molecular-weight RNA was precipi-
tated on wet ice for 8 to 12 h. RNA was collected by
centrifugation at 12,000 x g for 15 min. Residual contami-
nating DNA was removed from RNA preparations by diges-
tion with 5 U of RNase-free DNase (Promega) at 37°C for 60
min.

Drosophila expression constructs. For expression in Dro-
sophila S2 cells, each pea rbcS3A1 allele was excised from
pBluescript (Stratagene) as a BamHI-Sall fragment and
ligated into a nonreplicating pUC-based vector between the
Drosophila actin 5C promoter and Adh terminator (kindly
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provided by L. Cherbas). S2 cells were maintained at 28°C in
M3 medium (Sigma) supplemented with 10% fetal calf serum
(Sigma). Twelve to sixteen hours prior to transfection, cells
were subcultured into 10 ml of fresh medium at a density of
approximately 10® cells per ml. Cells were transfected by the
calcium phosphate method as described previously (3), using
20 pg of plasmid DNA. After 24 h, the medium was replaced
with 10 ml of fresh medium, and the cells were collected for
RNA isolation 48 h after transfection. RNA was isolated and
DNase treated as described for N. benthamiana except that
the cells were lysed simply by vortexing in 1 ml of RNA
isolation buffer. Total RNA from approximately 5 x 10° cells
was resuspended in 100 pl of sterile water, and 1 pl of this
solution was used for reverse transcription-PCR (RT-PCR)
analysis.

Analysis of transcripts. First-strand cDNA synthesis and
PCR amplifications were done in a single reaction mixture
containing 1 pg of total RNA, 50 mM KCIl, 10 mM Tris-Cl
(pH 8.4), 2.5 mM MgCl,, 200 pg of gelatin per ml, 200 pM
each deoxynucleoside triphosphate, 5 U of avian myeloblas-
tosis virus reverse transcriptase (Promega), 2.5 U of Tagq
DNA polymerase (Bethesda Research Laboratories), 20 U
of RNasin (Promega), and 50 pmol of the 3A1 5’ and 3A1 3’
primers (20) complementary to the 5’ and 3’ ends of rbcS34
exons 1 and 2, respectively. First-strand cDNA was synthe-
sized for 30 min at 50°C and subsequently amplified by 15
cycles of PCR for plant RNA and 20 cycles of PCR for S2
cell RNA. Each PCR cycle consists of 94°C denaturation for
1 min, 55°C annealing for 2 min, and 72°C extension for 2
min. PCR products were fractionated on 2% agarose gels
containing 1x Tris-borate-EDTA buffer, transferred to
GeneScreen (Du Pont), and probed with a random-hexamer
32p_labeled rbcS3A4 exon 1-specific DNA probe complemen-
tary to the region upstream of —57. Blots were hybridized in
50% formamide-5x SSC (1x SSCis 0.15 M NaCl plus 0.015
M sodium citrate)-25 mM sodium phosphate buffer (pH
6.5)-0.5% (wt/vol) SDS-5x Denhardt’s solution for 16 h at
42°C, and membranes were washed twice in 0.2x SSC-0.1%
SDS for 60 min at 68°C. Hybridization signals were quanti-
fied with a PhosphorImager (Molecular Dynamics). Coam-
plification of spliced and unspliced transcripts indicates that
this assay quantitatively amplifies precursor and spliced
products between 16 and 25 cycles over a wide range of
RNA concentrations (see Fig. 3). Each reported splicing
efficiency represents the average of at least three indepen-
dent transfection experiments with the corresponding stan-
dard error of the mean (SEM). Splice site selection patterns
were defined by cloning PCR products into Bluescript II
SK+ (Stratagene), using restriction sites in the PCR primers,
and sequencing with T7 DNA polymerase (U.S. Biochemi-
cals) and the 3Al exon 2 oligonucleotide primer (20).

RESULTS

Splicing of wild-type rbcS3A1 transcripts in Drosophila
nuclei. We have previously demonstrated that the pea
rbecS3A1 intron (Fig. 1), which is 469 nucleotides long and
73% AU rich, is accurately and efficiently spliced from
precursor transcripts in transfected N. benthamiana leaf
disc nuclei (Fig. 2A, lane 1) (20, 21). To determine whether
this intron could be spliced by the Drosophila splicing
machinery, the wild-type rbcS341 construct was expressed
in S2 cells by using a nonreplicating pUC-based vector
which contains a Drosophila actin 5C promoter and Adh
terminator. RNA isolated from transfected S2 cells was
reverse transcribed and PCR amplified for 20 cycles, using
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FIG. 2. Splicing of rbcS341 constructs in Nicotiana and Dro-
sophila nuclei. Constructs containing a wild-type or mutant splice
site at +1 and a wild-type or enhanced splice site at —57 or +106
were transfected into N. benthamiana leaf discs (A) or Drosophila
S2 cells (B). RNA from the each transfection was analyzed by
15-cycle (A) or 20-cycle (B) RT-PCR analysis using the 3A1 5’ and
3A1 3’ oligonucleotide primers as described in Materials and Meth-
ods. The percentage of accumulated transcript that was spliced was
determined by using a 32P-labeled PCR product complementary to
rbcS3A exon 1 upstream of —57. The construct analyzed is desig-
nated above each lane. The positions of the PCR products corre-
sponding to unspliced transcripts, the correctly spliced transcript
(+1), and the transcripts spliced between the —57, +25, and +106
cryptic 5’ splice sites and the normal 3’ splice site are shown at the
right and left of each panel. In lane 2, the fourth band above the
+106 spliced product corresponds to a hybrid formed between +1
and +106 spliced products during the last PCR cycle.

3A15’ and 3’ oligonucleotide primers complementary to the
5’ and 3’ ends of rbcS3A41 exons 1 and 2, respectively (Fig.
1). Two products, 809 and 340 nucleotides, corresponding to
precursor and accurately spliced transcripts are generated
from the wild-type transcript (Fig. 2B, lane 1). The fidelity of
the cleavage and ligation reactions for this and all other
constructs described in this report has been monitored by
sequencing the cloned PCR product(s) corresponding to
each spliced transcript. The efficiencies of splicing at this
normal and all cryptic splice sites have been defined by
hybridization with a randomly primed exon 1-specific probe.
PhosphorImager analysis indicates that this RT-PCR South-
ern assay quantitatively reflects the levels of precursor and
spliced transcripts between 16 and 25 cycles (Fig. 3). The
splice site selection patterns in N. benthamiana and D.
melanogaster are summarized in Fig. 4.

Competition between the normal and cryptic 5’ splice sites.
Mutation of the +1 G to A in the rbcS341 5' splice site
abolishes usage of the +1 site and activates three cryptic 5’
splice sites (—57, +25, and +106) in tobacco nuclei (Fig. 2A,
lane 2) (21). In Drosophila S2 cell nuclei, these cryptic sites
at —57, +25, and +106 are activated in the 3A1.1A mutant
but at efficiencies different from those observed in tobacco
(compare lanes 2 in Fig. 2A and B). The cryptic —57
wild-type splice site is used in preference to the +106 site,
which predominates in N. benthamiana. The +25 site is
used at an efficiency which is barely detectable in D.
melanogaster compared with N. benthamiana.

In Nicotiana nuclei, the cryptic 5’ splice site at —57 can be
used efficiently and exclusively in the 3A1.1A background
when it is enhanced to a consensus sequence which comple-
ments Ul snRNA at nine contiguous positions (—57E) (Fig.
2A, lane 3) (21). As shown in Fig. 2B, the 3A1.1A;-57E
transcript is also spliced exclusively to the —57E site in
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FIG. 3. Calibration of the RT-PCR assay. Total cellular RNA prepared from S2 cells transfected with the rbcS341 wt;+106E construct
was analyzed by RT-PCR Southern analysis, using the 3A1 5’ and 3A1 3’ oligonucleotide primers as described in Materials and Methods. The
levels of PCR product corresponding to unspliced transcripts and transcripts spliced to the +1 and +106E 5’ splice sites were determined with
a PhosphorIlmager (Molecular Dynamics). (A) Identical RT-PCR mixtures containing 1 pg of S2 cell RNA were collected after 16, 19, 22, and
25 cycles of PCR, quantified, and plotted in actual PhosphorImager units versus PCR cycle number. Least-squares linear regression analysis
indicated that the PCR products corresponding to unspliced, +1 spliced, and +106E spliced transcripts amplified exponentially between 16
and 25 cycles of PCR. The overall splicing efficiency for rbcS341 wt;+106E in this experiment is 30%. (B and C) RT-PCR mixtures containing
5.00, 2.50, 1.25, 0.625, 0.312, and 0.157 pg of RNA were analyzed after 20 cycles of PCR amplification. Regression analysis demonstrated
linear amplification of the +106E (B) and +1 (C) spliced transcripts. The relative amplification efficiencies of the +1 and +106E PCR products
at different RNA concentrations obtained from panels B and C were compared by correlation analysis (D). This analysis demonstrated that
these PCR products amplify with the same relative efficiency across the tested range of RNA concentrations. About 1 pg of total RNA was

used for the S2 cell splicing analysis reported in this paper.

Drosophila nuclei. In contrast, when the +106 site is en-
hanced to match the consensus sequence (+106E) and
introduced into the 3A1.1A;—57E background, it competes
with the —57E site for only 22% of the spliced transcript in
Nicotiana nuclei and 15% (SEM = 0.88%) in Drosophila
nuclei (Fig. 2A and B, lanes 4). Thus, Nicotiana and
Drosophila nuclei effectively utilize an enhanced 5' splice
site in the sequence context surrounding the —57 site and not
in the sequence context surrounding the +106 site.

In transcripts containing a competing exonic —57E site
and the +1wt site, which has seven consensus nucleotides,
splicing at the —57E site accounts for about 57% of the
splicing in Nicotiana, compared with 43% at the +1wt site
(Fig. 2A, lane 5) (21). In Drosophila nuclei, this 3A1wt; —57E
construct is spliced almost exclusively to the —57E site (Fig.
2B, lane 5). In transcripts containing a competing intronic
+106E site and a +1wt site, there was 10% usage of the
+106E site, compared with 90% usage of the +1wt site in V.
benthamiana (Fig. 2A, lane 6) (21). In D. melanogaster, this
intronic +106E site competes more effectively (61%, SEM =
4.9%) with the +1 site. This finding suggests that the
Drosophila splicing machinery is more dependent than the
tobacco splicing machinery on the degree of complementa-
rity to Ul snRNA at each 5’ splice site but that this
dependence is not exclusive. The sequence identity of the
—57E and +106E splice sites in the region expected to
interact with the 5’ end of Ul snRNA compared with the
preferential activity of the —S57E site indicates that the
sequence context and location of these sites play a critical
role in 5’ splice site selection.

Effects of sequence context on 5’ splice site selection. While
the +106E 5’ splice site is inefficiently utilized in transfected
Nicotiana nuclei (Fig. 5A, lane 1) (21), it is used almost

exclusively when the AU-rich intronic sequences (69% AU)
between +1wt and +106E are replaced with AU-poor exonic
sequences (ex3, 54% AU) derived from exon 3 of the rbcS3A4
gene (Fig. SA, lane 2). In contrast, when these sequences are
replaced with AU-rich intronic sequences (intS, 74% AU)
derived from intron 4 of the soybean B-conglycinin gene, the
+1 site is effectively reactivated (Fig. 5A, lane 3) (21). With
a +1wt site, this holds true even when the intron sequences
are inserted in the antisense orientation (intAS; Fig. 5A, lane
4). In constructs containing a weakened +1 5’ splice site
(3A1.-2T), sense and antisense intronic replacements have
different effects (Fig. 5A, lanes 5 and 6). Most notably, the
antisense intron replacement activates four different 5’ splice
sites between —57 and +106E, compared with almost exclu-
sive use of the +1 (—2T) site in the sense replacement.

To determine whether the sequences upstream of the
+106E splice site affect its ability to compete with the +1wt
site, the +1 to +106E replacement constructs were intro-
duced into Drosophila S2 cells. In such a competition, the
+106E site predominated when preceded by exonic se-
quences (ex3; Fig. 5B, lane 2). The +1 site predominated
when the +106E site was preceded by sense intron se-
quences (intS; Fig. 5, lanes 3). This strong activation of the
+106E site by the introduction of upstream exonic se-
quences is identical to the splice site selection patterns
obtained in plant nuclei and suggests that, like the plant
splicing machinery, the Drosophila machinery is capable of
recognizing the nucleotide composition of adjacent intron
and exon sequences.

Insertion of the intronic sequences in the antisense orien-
tation resulted in a complicated Drosophila-specific splicing
pattern (Fig. 5B, lane 4). In addition to the splice site choices
which occur in tobacco nuclei (intAS; Fig. 5A, lane 4), a
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I -57 | | +iwt | | +106 |
Nicotiana - -+ -
Drosophila - -+ -

1 -57 | 1 11A | I +106 |
Nicotiana ++ - +++
Drosophila +++ - ++

| -57E |} I 11A | | +106 |
Nicotiana +++ - -
Drosophila 4+ - .

[57E | [ A ] [ +706E ]
Nicotiana -+ - +
Drosophila 4+ - +

| -57E | [ +iwt | | +106 |
Nicotiana +++ ++ -
Drosophila 4+ - -

1 -57 | | +iwt | | +106E |
Nicotiana - ++++ (+)
Drosophila - ++ +++

1 -57 | 1 +iwt | ex3 | +106E |
Nicotiana - - -+
Drosophila - (+) 4+

1 57 | T +iwt | __intS [ +106E |
Nicotiana - -+ -
Drosophila - ++4++ +)

1 57 | [ +iwt | intAS | +106E }
Nicotiana - s +)
Drosophila - 48 44

I 57 | | +1.-2T | intS | +106E |
Nicotiana - -+ -
Drosophila + + +++

1 -57 | [ #1727 | * intAS | +106E ]
Nicotiana + + ++b +
Drosophila (+) ++C +4+4+4C

1 57 | [ +iwt | ATbS [ +106E ]
Nicotiana - ++++ +
Drosophila - (+) -

I -57 | [ +iwt | ATbAS | +106E ]
Nicotiana - (+) -+
Drosophila - (+) +++

1 -57E | ex3 1 +iwt | 1 +106 |
Nicotiana +) 4+ -
Drosophila 4+ - -

| 57E | intS | +iwt | | +106 |
Nicotiana 4+ - -
Drosophila -+ - .

FIG. 4. Efficiencies of splicing at the —57, +1, and +106 5’ splice
sites in Nicotiana and Drosophila cells. (+), low but detectable
usage of a site; +, approximately 20% usage; ++++ +, essentially
100% usage. *The most abundant spliced transcripts in Drosophila
cells are spliced from the +1 5’ splice site to a fortuitous cryptic 3’
splice site (*+ in Fig. 5) in the intAS sequence and from the +106E
5’ splice site to the normal 3’ splice site at —1 (see Fig. 5). Thus, the
+1 and +106E 5’ splice sites in this construct are used with similar
efficiencies. "The most abundant spliced transcripts in Nicotiana
cells are spliced between a cryptic 5’ splice site (*) located in the
intAS sequence and the normal 3’ splice site at —1 (see Fig. 5).
“While the most abundant splice in this construct is between the
+106E 5’ splice site and the normal 3’ splice site at —1, low levels
of the doubly spliced transcripts described in note a do accumulate.
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short cryptic intron is spliced from +1 to +106E intAS
transcripts produced in Drosophila nuclei. The most abun-
dant spliced product derived from this construct has under-
gone two separate splicing events (Fig. 5C): one in which the
+1 5’ splice site has been ligated to a fortuitous 3’ splice site
located in the intAS replacement sequence and another in
which the +106E 5’ splice site has been ligated to the normal
3’ splice site at —1. This results in the excision of 51- and
363-nucleotide introns and the inclusion of a 52-nucleotide
exon derived from the antisense intron sequences. The
cryptic 3’ splice site (double asterisk in Fig. 5) occurs
directly downstream of a local concentration of AU-rich
elements and is preceded by sequences which are similar to
the Drosophila 3' splice site consensus (23). These features
and the ability of D. melanogaster to splice very small
introns (13, 23) probably contribute to the functionality of
this 3’ splice site in Drosophila cells. The 51-nucleotide
cryptic intron is substantially shorter than the minimum
length spliced in plant nuclei (9).

To estimate the relative contributions of various intronic
elements to 5’ splice site selection, constructs containing a
weakened +1 site (3A1.—2T) and either the sense (intS) or
antisense (intAS) intronic replacement sequence preceding
+106E was introduced into Drosophila S2 cells. In both
cases, the +106E site represented the most favored site. In
the sense replacement (intS), the weakened +1 (—2T) and
wild-type —57 splice sites were also used to appreciable
extents (Fig. 5B, lane 5); in the antisense replacement
(intAS), the +106E site was used almost exclusively and
very low levels of doubly spliced (see above), +1 spliced,
and —57 spliced transcripts were detected (lane 6). This
result again indicates that the intrinsic strength of a 5 splice
site and its surrounding context are important determinants
in the 5’ splice site selection patterns of Drosophila and
Nicotiana cells but that the dependence on each of these
determinants differs in these two organisms. In some con-
texts (intS), a single nucleotide change in the +1 splice site
which has little effect in Nicotiana cells dramatically de-
creases recognition of the +1 site in Drosophila cells (Fig. 5,
lanes 3 versus 5). In other contexts (intAS), single base
changes decrease recognition of the +1 site in both Dro-
sophila and Nicotiana cells and activate alternate sites (Fig.
5, lanes 4 versus 6). In Drosophila but not in Nicotiana cells,
the fractional usage of these alternate sites is clearly corre-
lated with the number of consensus nucleotides at each site
(compare lane 5 or lane 6, Fig. SA versus Fig. 5B).

To determine whether replacements downstream from an
exonic 5' splice site have similar effects, the ex3 and intS
sequences were substituted downstream of the —57E site.
While the activities of the +1wt and —57E 5’ splice sites in
Nicotiana nuclei are strongly affected by these sequence
replacements (Fig. 6A, lanes 2 and 3), the —57E site is
utilized exclusively in transfected Drosophila S2 nuclei,
regardless of its downstream sequences (Fig. 6B).

Mutation of an intronic AU-rich element affects splice site
selection. Our previous results (21) and those described
above demonstrate that Nicotiana and Drosophila nuclei are
capable of distinguishing between exonic and intronic se-
quence contexts. To further define critical intronic elements,
we generated a mutant of the +1wt to +106E intS replace-
ment allele in which U residues present in three central
AU-rich islands in the intS sequence were changed to C
residues and A residues were changed to G residues as
shown in Fig. 7 (designated ATb sense mutant). The inverted
orientation of these replacements is designated ATb an-
tisense and should be compared with the intAS replacement.
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FIG. 5. Splicing of the +1wt to +106E constructs. (A and B) Constructs containing the enhanced +106E cryptic 5’ splice site and either
+1wt or mutant (—2T) splice site with the intS (Fig. 7), intAS (C), or ex3 replacement sequences between these two sites were transfected
into N. benthamiana leaf discs (A) or Drosophila S2 cells (B). RNA from each transfection was analyzed by RT-PCR analysis using the 3A1
5" and 3A1 3’ oligonucleotide primers as described in Materials and Methods. The percentage of accumulated transcripts that was spliced was
determined by using a 32P-labeled PCR-amplified probe complementary to rbcS34 exon 1 upstream of —57. The construct analyzed is
designated above each lane. The positions of the PCR products corresponding to unspliced transcripts, the correctly spliced transcript (+1),
and transcripts spliced between the —57 and +106E 5’ splice sites and the normal (—1) 3’ splice site are shown. The single asterisk in panel
A designates a PCR product (lane 6) corresponding to a transcript spliced in Nicotiana cells between a cryptic 5' splice site (see panel C) in
the intAS intron replacement sequence and the normal (—1) 3’ splice site. The double asterisk in panel B designates a PCR product (lanes 4
and 6) corresponding to a transcript doubly spliced in Drosophila cells from the intAS intron replacement as diagrammed in panel C. Because
the ex3 replacement sequences slightly decrease the length of its upstream sequences, the molecular weight of the +106E spliced transcript
in lane 2 is smaller than that of the wild-type +106E spliced transcripts in lane 1. (C) Sequence of the antisense intron replacement (intAS)
between the +1wt site and the +106E enhanced site. AU islands containing four or more contiguous adenosine and uridine residues are
underlined. The normal (Nr.+1) and cryptic (Cr.+106E) 5’ splice sites are shown, with consensus nucleotides complementary to Ul snRNA
shown in bold. The single asterisk designates the additional cryptic 5’ splice site used for splicing of the 3A1.—2T intAS mutant in Nicotiana
cells. The splicing patterns of the intAS constructs observed in Drosophila cells are summarized below the sequence with the normal (Nr.-1)
3’ splice site and the additional Drosophila-specific 3' splice site (double asterisk). The positions of the A-to-G and U-to-C conversions in the

ATDb antisense construct are designated with circles positioned below the intAS sequence.

As shown in Fig. 7, the nucleotide substitutions in the ATb
sense mutant alter the ability of the intron sequences to
direct 5’ splice selection in both Nicotiana and Drosophila
nuclei, though to different degrees. In Nicotiana nuclei, the
+106E site of the ATb sense mutant was used at approxi-
mately 12% efficiency, compared with essentially 0% for the
intS parent allele (Fig. 7A, lane 1 versus 2). The shift from
the +1 to the +106E 5’ splice site is more dramatic in
Drosophila nuclei, in which the +106E 5’ splice site was
used with 81% (SEM = 1.9%) efficiency in the ATb sense
construct (Fig. 7B, lane 2), compared with 11% (SEM =
1.0%) in the parent construct (lane 1). Expression of the ATb
antisense allele in both Nicotiana and Drosophila nuclei
results in nearly exclusive usage of the +106E 5’ splice site
(Fig. 7A and B, lanes 4). In Nicotiana nuclei, this represents
an effective switch in the selection of the +1 site to the
+106E site; in Drosophila nuclei, this represents a switch
from selection of the +1 site in singly and doubly spliced
transcripts to nearly complete usage of the +106E site. The
ATb mutant clearly demonstrates that defined mutations in
three internal AU-rich islands affect splice site selection
schemes in both Nicotiana and Drosophila nuclei. The
complete switch of the splicing pattern in Drosophila nuclei
suggests that once this set of elements is disrupted, 5’ splice
site selection becomes increasingly dependent on the
strength of these two competing sites.

DISCUSSION

Experimental evidence indicates that intronic AU richness
is required for efficient splicing (8, 10) and splice site
definition (17, 18, 21) in plant nuclei, and a role for AU-rich
sequences has been inferred in C. elegans (1, 4, 5). Specif-
ically, in vivo cis-competition assays in transfected tobacco
leaf cells have demonstrated that 5’ splice site selection in
the pea rbcS3A1 intron is dependent on both the number of
consensus nucleotides at a potential 5' splice site and the
position of those sequences relative to intronic AU-rich
elements (21). In dicot nuclei, 5’ splice sites upstream of the
AU-rich intron are favored over those buried within AU-rich
sequences. Our initial experiment aimed at extending this
functional analysis to D. melanogaster demonstrated that
the wild-type pea rbcS3A41 transcript contains all of the
elements essential for processing in transfected Drosophila
S2 cells. This is not surprising in light of the fact that dicot
plant and Drosophila introns are both AU rich (74% average
for dicot introns, 65% for Drosophila introns) and contain
loosely conserved branchpoint sequences (11, 23). In addi-
tion, although the 469-nucleotide rbcS3A41 intron is signifi-
cantly longer than the 79-nucleotide median intron length in
D. melanogaster, it is well within the size range of introns
known to be spliced in fly nuclei (23).
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FIG. 6. Splicing of the —57E to +1wt replacement constructs.
Constructs containing the +1wt and enhanced +57E cryptic 5’
splice sites with the intS or ex3 replacement sequence between these
two sites were transfected into N. benthamiana leaf discs (A) or
Drosophila S2 cells (B). RNA from each transfection was analyzed
by RT-PCR analysis using the 3A1 5' and 3Al 3’ oligonucleotide
primers as described in Materials and Methods. The construct
analyzed is designated above each lane. The percentage of accumu-
lated transcripts that was spliced was determined by using a
32p_labeled PCR-amplified probe complementary to rbcS34 exon 1
upstream of —57. The positions of the PCR products corresponding
to unspliced transcripts, the correctly spliced transcript (+1), and
the transcript spliced between the —57E 5’ splice site and the normal
3’ splice site (—1) are shown at the right and left. Because the
replacement sequences increase the size of exon 1, the molecular
weight of the +1 spliced transcripts in lane 2 (panel A) is larger than
that of the +1wt spliced transcripts in lane 1.

Masking of intronic 5’ splice sites by AU-rich elements. Our
analysis of transcripts containing the +106E 5' splice site has
identified striking similarities between the motifs modulating
5’ splice site recognition in plant and Drosophila nuclei. In
vivo analysis in tobacco and Drosophila nuclei indicates that
this downstream 5’ splice site exists within a context recal-
citrant to splicing. Neither its wild-type nor its enhanced
version functions as efficiently in cis-competition assays as
does the —57 site. This is most evident in the 3A1.1A;—-57E;
+106E construct in which the +1 site has been inactivated
and both cryptic sites have been enhanced to consensus 5’
splice sites. In this transcript, the +106E site, which is
identical to the —57E site, is used at only 22% efficiency in
tobacco and 15% efficiency in D. melanogaster. In both
organisms, the +106E site is strongly activated when AU-
poor exonic sequences are substituted for the AU-rich
intronic sequences between +1 and +106E and is inacti-
vated when heterologous AU-rich intronic sequences are
placed upstream of it. These results suggest that intronic
AU-rich elements block usage of downstream cryptic sites
even when they contain perfect consensus sequences.

To further define critical elements within the intronic
sequences, six U-to-C and three A-to-G transitions were
introduced in the intS sense replacement (ATbS mutant). In
D. melanogaster, these mutant intronic sequences dramati-
cally activate the +106E site to a level comparable to that
observed for the exon substitution (ex3) allele. That the
ATbS mutant has significantly less effect on selection of the
5’ splice site in tobacco suggests that the AU-rich elements
remaining in this mutant intron are sufficient for recognition
of the +1wt splice site in plant nuclei. One potential expla-
nation for this disparity is that the Drosophila splicing
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machinery relies more on the strength of competing 5’ splice
sites than on the AU richness of adjacent sequences. Dis-
ruption of a single set of elements is capable of shifting
splicing to the strongest 5' splice site. The dicot plant
splicing machinery, which is less influenced by 5’ splice site
strength, requires more extensive disruption of its AU-rich
sequences to disturb the balance between sites. Consistent
with this, we have recently demonstrated that multiple AU
elements must be disrupted to significantly activate the
downstream +106E site in tobacco nuclei (21a).

The relative roles of intronic sequence composition and 5’
splice site consensus nucleotides in D. melanogaster are also
apparent in our analysis of the 3A1.—2T;+106E intS replace-
ment allele. In contrast to tobacco, in which the weak
3A1.-2T site upstream of the intronic sequences is used
almost exclusively, the +106E site is preferred in D. melano-
gaster.

A relatively minor fraction of splicing occurs at the weak
upstream +1(—2T) site and even weaker —57 splice site.
Again, each organism relies to a different degree on AU-rich
intronic elements and 5’ splice site strength. The tobacco
splicing machinery is more dependent on the position of a
site relative to the AU transition point, and the Drosophila
machinery is more strongly influenced by the strengths of
two competing 5’ splice sites.

Usage of cryptic exonic 5’ splice sites. The tobacco and
Drosophila systems differ significantly in their usage of the
cryptic 5’ splice site at —57 in the exon. Firstly, the
wild-type —57 site represents the most efficiently used
cryptic 5’ splice site in the +1 G-to-A knockout mutant
(3A.1A) in Drosophila melanogaster, while the wild-type
+106 site is favored in tobacco. Secondly, an enhanced —57
site with perfect complementarity to the 5’ end of U1 snRNA
(—57E) is used exclusively in competition with the +1wt site
in Drosophila cells but accounts for only 57% of the splicing
activity in tobacco. Finally, this competition is readily
manipulated in tobacco nuclei by substituting heterologous
AU-rich intronic or AU-poor exonic sequences downstream
of the —57E site; the —57E site is used exclusively in
Drosophila S2 cell nuclei regardless of the downstream
sequence composition. These data show a clear preference
for the strongest 5’ splice site upstream of the AU-rich intron
in Drosophila cells and a weaker site closer to the AU
transition point in tobacco cells. Interplay between these
signal motifs exists in both species, but in D. melanogaster,
this can readily be overridden by enhancing the number of
consensus nucleotides at an upstream 5’ splice site.

Different strengths of sense and antisense intronic elements.
The 3A1lwt;+106E and 3A1.—-2T;+106E alleles in which the
intronic replacement sequences between +1 and +106E
have been inserted in the antisense orientation (intAS) show
different preferences in these two organisms. In tobacco,
these antisense constructs are as efficient as sense constructs
in promoting splicing at the +1 site when this splice site
retains its wild-type sequence but not if it is weakened. The
usage of four different 5’ splice sites in the —2T mutant
indicates that in the absence of a strong upstream 5’ splice
site, the antisense intron sequences do not delineate the 5’
border of the intron as effectively as the sense intron
sequences do. The different strengths of sense and antisense
intron substitutions are also obvious when the normal
rbcS3A1 intron sequences between +1 and +106E are
inverted. In the antisense construct, the +106E site com-
petes more efficiently with the +1 site than in the native
sense construct (data not shown). Slight differences in the
strengths of the various AU-rich fragments are also apparent
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FIG. 7. Splicing of ATb sense and antisense constructs. (A and B) Constructs containing the +1wt and enhanced +106E cryptic 5’ splice
sites with the intS or ATbS replacement sequences (C) or the intAS or ATb antisense replacement sequences (Fig. 5) between these two sites
were transfected into N. benthamiana leaf discs (A) or Drosophila S2 cells (B). RNA from each transfection was analyzed by RT-PCR
analysis using the 3A1 5’ and 3Al 3’ oligonucleotide ‘Primers as described in Materials and Methods. The percentage of accumulated
transcripts that was spliced was determined by using a >’P-labeled PCR-amplified probe complementary to rbcS3A4 exon 1 upstream of —57.
The construct analyzed is designated above each lane. The positions of the PCR products corresponding to unspliced transcripts, the correctly
spliced transcript (+1), and the transcript spliced between the +106E 5’ splice site and the normal (—1) 3’ splice site are shown at the right
and left. The double asterisk in panel B designates a PCR product (lane 3) corresponding to the transcript doubly spliced in Drosophila cells
from the intAS intron replacement as diagrammed in Fig. 5. (C) Sequence of the sense intron replacement (intS) between the +1wt site and
the +106E enhanced site. AU islands containing four or more contiguous adenosine and uridine residues are underlined. The normal (Nr.+1)
and cryptic (Cr.+106E) 5’ splice sites are shown, with consensus nucleotides complementary to Ul snRNA shown in bold. The A-to-G and

U-to-C conversions in the ATb sense construct are designated with arrows.

when intS substitutions are compared with those of the
native intron. In both tobacco and Drosophila cells, the intS
sequences promote splicing at +1 to a greater extent than the
wild-type intron sequences do. The different strengths of
these intronic sequences may result from the fact that intS
sequences are more AU rich (74% AU) than the intron
sequences normally present in these positions (69% AU) and
thus more effective at redirecting splice site selection pat-
terns. Consistent with this conclusion is the fact that the
reduction of AU content at nine additional positions in the
intS fragment (to 64% AU) diminishes its activity in tobacco
cells and completely eliminates it in Drosophila cells. An-
tisense intron sequences, although identical in AU content to
their sense equivalents, have entirely different nucleotide
profiles. Thus, the relative strength differences of sense and
antisense intron sequences in tobacco nuclei potentially cor-
relate with the fact that the sense intron sequences are U rich
and G poor (45% U, 29% A, 16% C, and 10% G for intS) while
the antisense intron sequences are neither U rich nor G poor
(29% U, 45% A, 10% C, and 16% G for intAS). The marginal
activity of the antisense intron substitutions in this A-rich and
C-poor intAS background is disrupted more readily than in
the alternate U-rich and G-poor intS background.

Activation of a cryptic 3’ splice site in Drosophila nuclei.
Analysis of the +1 to +106E intAS constructs in Drosophila
nuclei was complicated by the presence of a cryptic 3’ splice
site fortuitously located in the antisense intron replacement
sequence. This cryptic 3’ splice site is paired with the +1 5’
splice site, while the +106E 5’ splice site is paired with the
normal 3’ splice site at —1 to generate doubly spliced tran-
scripts which account for the majority of accumulated spliced
transcripts in the 3Alwt; +106E intAS allele. Additional tran-
scripts correspond to each of the singly spliced transcripts.
Although doubly spliced transcripts accumulate at low levels
in the 3A1.—2T;+106E and ATb antisense intron constructs,
transcripts singly spliced between the +106E 5’ splice site and

the normal 3’ splice site at —1 account for most of the spliced
product. Thus, mutants which either weaken the 5’ splice site
or disrupt sequences immediately preceding the cryptic 3’
splice site reduce excision of the first cryptic intron and
effectively redirect splicing to the +106E site.

The usage of the fortuitous 3’ splice site in the intAS
replacement in Drosophila but not Nicotiana nuclei suggests
that different intron lengths or 3’ splice site constraints
operate in these two types of nuclei. The 51-nucleotide-long
intron is the same length as the shortest natural intron known
to exist in D. melanogaster (23) and below the minimal length
(73 nucleotides) capable of being spliced in plant protoplasts
(9). Its short length and position immediately downstream
from a continuous series of AU-rich elements probably con-
tribute to the functionality of this site in D. melanogaster. It
is alternatively possible that the presence of a functional 3’
splice site (—1) and/or AU-rich elements downstream from
the cryptic 3’ splice site blocks its usage in tobacco nuclei but
not Drosophila cells. We have already demonstrated that in
plant nuclei, cryptic 3’ splice sites within introns are masked
by the presence of a functional downstream site (17, 18), but
it is not known whether similar mechanisms exist in Dros-
ophila cells. These two possibilities are not necessarily mu-
tually exclusive in that an ability to recognize short introns in
Drosophila cells may position the normal (—1) 3’ splice site
beyond the optimal distance for masking.

Conclusions. It is conceivable that the recognition of AU-rich
intronic sequences represents a retro-mechanism for defining
introns and exons. While this mechanism has remained essen-
tial for intron recognition in dicot nuclei, many other organisms
have evolved alternative and more highly specialized schemes
for intron recognition. The prominence of AU-rich introns and
AU transition points at the intron-exon boundaries of T.
thermophila, D. melanogaster, and C. elegans introns (6)
suggests, however, that remnants of this simple mechanism
might remain outside of the plant kingdom. Consistent with this
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idea, recent studies have suggested that AU-rich sequences
may be important in defining C. elegans 5' and 3’ splice sites (1,
4, 5), and AU-rich transposable elements are spliced from C.
elegans transcripts by using cryptic splice sites flanking the site
of transposon insertion (16). In this report, we demonstrate that
5’ splice site selection in Drosophila nuclei is strongly affected
by the intrinsic strengths of competing 5’ splice sites and in a
significant way by the positions of these sites relative to
intronic AU-rich elements. The activity of 5’ splice sites
upstream of an AU-rich intron in Drosophila cells is correlated
with the degree of complementarity to Ul snRNA at each
upstream site. In contrast, potential splice sites embedded
within AU-rich intron sequences are efficiently selected only
after upstream 5’ splice sites and/or upstream AU-rich ele-
ments are disrupted. While we do not know the extent to which
this mechanism operates in the splicing of natural Drosophila
introns, our analysis demonstrates that AU-rich intronic ele-
ments can be recognized in D. melanogaster.
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