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Splicing enhancers are RNA sequences required for accurate splice site recognition and the control of
alternative splicing. In this study, we used an in vitro selection procedure to identify and characterize novel
RNA sequences capable of functioning as pre-mRNA splicing enhancers. Randomized 18-nucleotide RNA
sequences were inserted downstream from a Drosophila doublesex pre-mRNA enhancer-dependent splicing
substrate. Functional splicing enhancers were then selected by multiple rounds of in vitro splicing in nuclear
extracts, reverse transcription, and selective PCR amplification of the spliced products. Characterization of the
selected splicing enhancers revealed a highly heterogeneous population of sequences, but we identified six
classes of recurring degenerate sequence motifs five to seven nucleotides in length including novel splicing
enhancer sequence motifs. Analysis of selected splicing enhancer elements and other enhancers in S100
complementation assays led to the identification of individual enhancers capable of being activated by specific
serine/arginine (SR)-rich splicing factors (SC35, 9G8, and SF2/ASF). In addition, a potent splicing enhancer
sequence isolated in the selection specifically binds a 20-kDa SR protein. This enhancer sequence has a high
level of sequence homology with a recently identified RNA-protein adduct that can be immunoprecipitated with
an SRp20-specific antibody. We conclude that distinct classes of selected enhancers are activated by specific SR
proteins, but there is considerable sequence degeneracy within each class. The results presented here, in
conjunction with previous studies, reveal a remarkably broad spectrum of RNA sequences capable of binding

specific SR proteins and/or functioning as SR-specific splicing enhancers.

Pre-mRNA splicing enhancer elements are short RNA se-
quences capable of activating weak splice sites in nearby in-
trons (73; see references 2, 18, 27, 45, and 71 for recent re-
views). These elements can activate heterologous pre-mRNAs
(66, 68, 73) and can function at a distance as great as 500
nucleotides (nt) from the affected intron (70). Both constitu-
tive (38, 60, 62) and regulated (69) splicing enhancers contain
binding sites for SR proteins, a family of essential splicing
factors containing one or more RNA recognition motifs
(RRM) and an arginine/serine (RS)-rich domain (77; for re-
views, see references 18 and 45). The RRM is required for
RNA binding, and the RS domain is required for protein-
protein interactions (4, 34, 74, 75). Mechanistic studies of splic-
ing enhancer function are consistent with a recruitment model
in which SR proteins activate splicing by binding to enhancers
and recruiting the splicing machinery to the adjacent intron
(21, 27, 69, 72, 78).

Because of the critical role of SR proteins in the activation
of splicing enhancers, in vitro selection methods have been
used to identify SR protein binding sites. For example, distinct
high-affinity binding sites were identified for the human SR
proteins SF2/ASF, SRp40, and SC35 by SELEX (systematic
evolution of ligands by exponential enrichment). Multiple cop-
ies of the SF2/ASF and SRp40 RNA binding sites, but not the
SC35 RNA binding sites, could function as splicing enhancers
in HeLa cell nuclear extracts (63, 64) and function with spec-
ificity as SR-dependent enhancers in complementation assays
(33, 63-65). Using a similar approach, Shi et al. identified a

* Corresponding author. Mailing address: Department of Molecular
and Cellular Biology, Harvard University, 7 Divinity Ave., Cambridge,
MA 02138. Phone: (617) 495-1811. Fax: (617) 495-3537. E-mail: maniatis
(@biohp.harvard.edu.

1705

high-affinity RNA binding site for the Drosophila SR protein
B52 but did not determine whether this sequence could func-
tion as an RNA splicing enhancer (59). An in vitro binding site
selection with the Drosophila protein RBP1 (24), which iden-
tified an RNA sequence similar to a sequence found in several
copies in the doublesex (dsx) splicing enhancer, showed specific
cross-linking to the predicted RNA binding site in Drosophila
Kc nuclear extracts, using a pre-mRNA containing a single
site-specific label (42). In general, the selection of high-affinity
RNA binding sites alone may not be sufficient for identifying
the full array of sequences capable of functioning as SR pro-
tein-specific splicing enhancers (for a discussion, see reference
39).

An alternative approach to the identification of splicing en-
hancers is to use a functional in vitro (67) or in vivo (14)
selection from a pool of randomized RNA sequences. An in
vitro selection was used to identify RNA sequences capable of
promoting exon inclusion in a substrate containing competing
3’ splice sites. A randomized cassette of RNA sequences was
inserted into a pre-mRNA substrate such that the presence of
a functional enhancer resulted in exon inclusion. Most of the
enhancer elements obtained contained extended purine-rich
sequences, but a second, novel class of sequences lacking
stretches of purines was also identified (67). An in vivo selec-
tion was performed for RNA sequences that stimulated exon
inclusion (14). In addition to isolation of purine-rich se-
quences, a novel class of A/C-rich splicing enhancers was iso-
lated and characterized. Both of these selection approaches
are based on altering the splice site utilization between com-
peting splice sites, and the frans-acting factors that function in
conjunction with these sequence motifs remain unknown. A
recent in vitro functional selection was performed to identify
SR protein-specific splicing enhancers capable of functioning



1706 SCHAAL AND MANIATIS

downstream of an enhancer-dependent pre-mRNA (39). This
report demonstrated that the SR proteins SF2/ASF, SRp40,
and SRp55 could recognize significantly more degenerate con-
sensus sequences than the high-affinity RNA binding sites
identified by SELEX for SF2/ASF, SRp40, and B52/SRp55
(59, 63, 64).

We have made use of the well-characterized Drosophila dsx
enhancer-dependent splicing substrate to select for functional
splicing enhancer sequences. Alternative splicing of the Dro-
sophila dsx pre-mRNA is positively regulated by a splicing
enhancer located 300 nt downstream of a weak, female-specific
3’ splice site (for reviews, see references 5, 44, 53, 54, and 61).
In females, a protein complex consisting of the Drosophila
splicing regulators Transformer (Tra), Transformer-2 (Tra-2),
and a specific SR protein (3, 42, 47, 68, 69) is assembled on the
dsx repeat element (30, 49, 56, 68). This complex then recruits
the splicing machinery to the dsx repeat element that resides
downstream of the female-specific 3’ splice site (21, 27, 28, 69,
72, 78). A dsx pre-mRNA substrate containing the female-
specific 3’ splice site and the dsx repeat element splicing en-
hancer is not efficiently spliced in human HeLa cell nuclear
extracts unless the splicing reaction mixture is supplemented
with recombinant Tra and/or Tra-2 (68). This splicing activity
is lost when the dsx repeat element splicing enhancer is de-
leted, but splicing can be rescued by the insertion of a consti-
tutive splicing enhancer downstream from the female-specific
3" splice site (28, 43, 57, 60, 66, 70, 73). Thus, the dsx pre-
mRNA provides a useful substrate for studying heterologous
splicing enhancers and for the selection of novel constitutive
splicing enhancers.

In this paper, we report the selection, identification, and
characterization of novel splicing enhancer elements by using
the dsx pre-mRNA. The selected enhancer sequences were
separated into six different classes based on shared sequence
similarities and then compared to sequences found in previ-
ously described splicing enhancers. Certain of the selected
splicing enhancers display significant similarity to naturally oc-
curring splicing enhancers or exonic splicing enhancer se-
quences found in human B-globin (hp-globin) exons, whereas
others appear to be novel. Individual selected enhancer se-
quences were analyzed for the ability to be activated by specific
SR proteins in an S100 complementation assay (36). We found
that individual selected enhancers could be differentially acti-
vated by individual SR proteins in complementation assays.
Using a biotinylated RNA affinity technique, we also show that
different selected enhancer RNA sequences can be bound by
distinct SR proteins. Based on these functional and RNA bind-
ing assays, we identify distinct degenerate RNA consensus
sequences for the SR proteins SC35, 9G8, and SRp20.

MATERIALS AND METHODS

DNA oligonucleotides. The following oligonucleotides were used in the selec-
tion scheme: 1A and 1B (the randomized N18 and polypurine [AAG], oligonu-
cleotides, respectively, from Oligos Etc.), 5" TGCGGGTTCGAAATGACTCTC
AGCAT(NNNNNNNNNNNNNNNNNN)AGTCGATCGATAAGCTTGGATC
CGGAGAG 3’ (the Sa element [74] is in italics, the BstBI and HindIII sites are
in boldface, and positions of the randomized nucleotides are indicated by N; the
oligonucleotide for the synthetic dsx-|AAG]y construct was isogenic except that
the 18 randomized nucleotides were changed to six consecutive repeats of the
AAG trinucleotide known to function as a constitutive splicing enhancer [67]); 2
(reverse transcription [RT] primer), 5 CTCTCCGGATCCAAGCTTATGCAT
CGACT 3'; 3, (bridging), 5" ATGCTGAGAGTCATTTCGAACCCGCAGCTC
ACCCCCGTCATAGATA 3'; 4 (T7 primer), 5 TGTAATACGACTCACT
ATA 3'; 5 (dsx splice junction primer), 5" TCGAAGAGGGCCAATACG 3’; 6
(Sa PCR primer), 5" TGCGGGTTCGAAATGACTCTCAGCAT 3'; and 7 (dsx
exon 4 sequencing primer), 5" GCCAATACGTTGTGAATGAG 3'.

dsx-N18 pool construction. The dsx-NI8 construct was generated in three
steps. In step 1, a 72-mer DNA oligonucleotide encoding a randomized cassette
was generated between defined DNA sequences containing convenient restric-
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tion sites and primer hybridization sites to facilitate subcloning and PCR ampli-
fication of selected sequences. The randomized cassette in oligonucleotide 1A
was flanked by well-characterized exon-derived sequence known to have no
splicing enhancer activity on the dsx 3’ splice site (Sa element [73]) and some
polylinker-derived sequence used for hybridization to the RT primer. The poly-
purine cassette encoding the repeated AAG trinucleotide (oligonucleotide 1B)
was analogously designed. The 72-mers were amplified by PCR for 15 cycles
using an oligonucleotide primer (RT primer; oligonucleotide 2) to yield a dou-
ble-stranded DNA pool (round 0) PCR product.

In step 2, a PCR primer (bridging primer; oligonucleotide 3) was designed so
that the 3’ half would be complementary to dsx exon 4 and the 5" half would be
complementary to the sense strand of the 72-mer containing the randomized
pool (oligonucleotide 1A). The T7 promoter primer (oligonucleotide 4) and the
bridging primer (oligonucleotide 3) were used to PCR amplify an Fspl/BstBI
fragment from plasmid pdsx(RI/FspI)T7 (see “Plasmid constructions” below).
The resulting PCR product contains a T7 promoter upstream of the dsx sequence
encoding exon 3, intervening sequence 3 (IVS3), 65 nt of exon 4, and a sequence
complementary to the first 26 nt of oligonucleotide 1A (and oligonucleotide 1B).

In step 3, the PCR product encoding the dsx substrate was annealed with the
randomized pool (round 0) in another PCR to generate the dsx-N18 transcrip-
tion template for round 1. The resulting dsx-NI8 transcription template has the
first randomized nucleotide beginning at +90 relative to the dsx 3’ splice site.
Using the dsx-N18 PCR product as a transcription template, >*P-labeled, capped
pre-mRNAs were transcribed by using T7 RNA polymerase at a specific activity
ratio of 160:1 (unlabeled to labeled UTP [800 Ci/mmol]). The 390-nt-long dsx-
NI8 pre-mRNA substrate consists of exon 3 (141 nt), IVS3 (114 nt), and exon
4/randomized pool (135 nt).

dsx-N18 selection and amplification. Approximately four complete pools of
the randomized 390-nt dsx-N18 pre-mRNA substrate were spliced in the first
round in four large-scale (200-pl) in vitro splicing reactions, each performed with
approximately 200,000 cpm (128 fmol) of >*P-UTP-labeled RNA. Similarly, four
200-pl reactions were performed in round 2, and two 200-pl reactions were
performed in rounds 3 through 6. Splicing reactions otherwise were performed
according to standard procedures (77), using 40% (vol/vol) HeLa cell nuclear
extract. After a 2-h incubation at 30°C, the RNAs were deproteinized (proteinase
K), phenol-chloroform extracted, and ethanol precipitated. The total RNA was
reverse transcribed by using Superscript II reverse transcriptase as specified by
the manufacturer (Life Technologies) but scaled up proportionately to a 50-ul
reaction volume. One RT reaction using 50 pmol of RT primer (oligonucleotide
2) was performed for every 100-ul volume of in vitro splicing reaction mixture.
The first-strand cDNA reaction was used to seed (20%, vol/vol) a 100-ul PCR to
select for the dsx-N18 spliced products that are faithfully spliced in vitro. The
selection for spliced products was accomplished via a sensitive PCR using oli-
gonucleotide 2 and a dsx splice junction primer (oligonucleotide 5) which hy-
bridizes across the splice junction generated by the correct ligation of exon 3 to
exon 4.

The resulting splice junction PCR product theoretically contains functional
splicing enhancers that are able to activate splicing of the weak dsx 3’ splice site
in this chimeric dsx pre-mRNA. To regenerate a transcription template for
subsequent rounds of selection, the splice junction must be eliminated and the
selected enhancers must be retained. To accomplish this goal, enhancers were
amplified by using oligonucleotide 2 and an Sa element primer (oligonucleotide
6) that hybridizes to the Sa element immediately upstream of the randomized
residues. The Sa element PCR product containing the splicing enhancers was
reinserted as a cassette into a new dsx pre-mRNA transcription template by
performing another PCR with the T7-bridging dsx PCR product in a manner
identical to that used for construction of the round 1 pool from round 0 (see
“dsx-N18 pool construction” above).

Plasmid constructions. For splicing and sequencing of the individual round 3
and round 6 clones, the splice junction PCR product was digested with BstBI and
BamHI and cloned into the corresponding sites in plasmid pdsx(RI/FspI)T7. The
net result is subcloning the enhancers back into the genetic context in which they
underwent selection. Dideoxy sequencing of both strands was performed with a
primer that hybridizes to exon 4 sequences (oligonucleotide 7) and an SP6
promoter primer. Some clones were sequenced and shown to have 16, 17, or 19
nt within the N18 template randomized after dideoxy sequencing. The individual
enhancer clones were linearized at the HindIII site to eliminate the weak,
intrinsic enhancer activity of the polylinker 3’ of the HindIII site.

For the biotinylated RNA experiments, individual splicing enhancers were
sequentially subcloned to remove all dsx-derived sequences and as much
polylinker sequence as possible. The BstBI/BamHI restriction fragments con-
taining the individual splicing enhancers were subcloned into the corresponding
sites in pGEM-7Z. A Smal/BamHI fragment from the resulting construct was
subcloned into the EcoRV/BamHI sites of SP73. The resulting SP6 transcription
template allows the transcription of a splicing enhancer element in the absence
of any dsx-derived sequences and a minimal amount of polylinker-derived se-
quences. The transcription templates were digested with HindIII before tran-
scription.

In vitro splicing assays. Pre-mRNA substrates were assayed for splicing ac-
tivity by using complete premixed nuclear extract splicing reaction mixtures or
complete premixed S100 complementation reaction mixtures requiring only the
addition of the individual pre-mRNA substrate. For each nuclear extract splicing
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assay, the nuclear extract (40%, vol/vol) plus the basic components of the splicing
reaction were premixed before addition of 10 to 20 fmol of a 3?P-UTP-labeled
gel-isolated pre-mRNA substrate.

The S100 extracts were prepared essentially as described elsewhere (1), with
two modifications: phenylmethylsulfonyl fluoride was omitted from the dialysis
buffer, and the 100,000 X g centrifugation was performed in a 70Ti fixed-angle
rotor (Beckman). S100 complementation reactions were performed essentially as
described previously (77), using ice-cold reagents: 40% (vol/vol) HeLa cell S100
extract in buffer D (15), 2.6% (vol/vol) polyvinyl alcohol (Sigma P-8136), 3.2 mM
MgCl,, 20 mM creatine phosphate, 1.5 mM ATP, and 0.25 U of rRNasin
(Promega) per pl. The order of addition of the reaction components was S100
premixed with cofactors followed by buffer D or the recombinant SR protein
prediluted in buffer D. These premixed complementation reaction mixtures were
aliquoted into individual reaction tubes, and the 3?P-UTP-labeled pre-mRNA
(10 to 20 fmol) was added to complete the reaction. S100 reaction and nuclear
extract reaction mixtures were incubated for 3 h at 30°C. RNAs were deprotein-
ized, extracted, and precipitated before being resolved on a 10% denaturing
polyacrylamide (19:1)-7 M urea—1X Tris-borate-EDTA gel so that lariat-exon 4
intermediates could be resolved from the spliced product. RNAs were visualized
by autoradiography.

The recombinant SR proteins SC35 and SF2/ASF were expressed and purified
from baculovirus-infected cell lysates under native conditions as described else-
where (69). The identities and phosphorylation states of the SR proteins were
confirmed (data not shown) by their immunoreactivity with anti-SC35 and anti-
9G8 monoclonal antisera (provided by Renate Gattoni and James Stévenin),
anti-SF2/ASF monoclonal antisera (provided by Adrian Krainer), and the phos-
phoepitope-specific monoclonal antibody (MAb) 104 (provided by Mark Roth).

Biotinylated RNA experiments. The enhancer RNAs were transcribed in the
presence of biotin-21-UTP so that on average two biotin moieties are incorpo-
rated per enhancer RNA molecule. The biotinylated enhancer RNAs were trace
labeled with [a-**P]JUTP to identical specific activities. The protocol was per-
formed essentially as described previously (76). Individual biotinylated enhancer
RNAs were incubated in a nuclear extract (40%, vol/vol) splicing reaction mix-
ture under splicing conditions for 10 min at 30°C. The biotinylated RNAs and
associated proteins were purified under detergent and high-salt conditions as
described elsewhere (76). The proteins associated with the RNAs were analyzed
by Western blotting with MAb 104 (55).

RESULTS

In vitro selection of splicing enhancer sequences. An in vitro
selection was performed to identify short RNA sequences ca-
pable of functioning as pre-mRNA splicing enhancers in mam-
malian HeLa cell nuclear extracts. A diagram of the in vitro
selection approach used to isolate functional exonic splicing
enhancers capable of activating the enhancer-dependent 3’
splice site of the Drosophila dsx intron 3 is shown in Fig. 1. PCR
was used to generate a transcription template that contained
18 consecutive randomized nucleotides, yielding a pool com-
plexity of approximately 6.9 X 10'° sequences, positioned 90 nt
downstream of the dsx 3’ splice site. The resulting DNA pop-
ulation was transcribed to generate a pool of dsx pre-mRNA
substrates containing 18 consecutive randomized nucleotides
(dsx-N18) in place of a splicing enhancer. The pre-mRNA
substrates encoding the randomized pool were incubated in
nuclear extracts under splicing conditions, and the spliced
products containing the functional splicing enhancers were
amplified by RT and selective PCR amplification of the spliced
products using a splice junction-specific oligonucleotide
primer. A second PCR was used to amplify the splicing en-
hancer elements. The isolated splicing enhancers were then
reincorporated into new transcription templates for subse-
quent rounds of in vitro splicing, RT and PCR, thereby elim-
inating the possibility of accumulating Tag polymerase-medi-
ated up-mutations that render the dsx substrate enhancer
independent (70). The splicing enhancers recovered after three
and six rounds of selection were subcloned and sequenced, and
their splicing activities were assayed.

Several large-scale in vitro splicing reactions were assembled
so that at least four complete pools of randomized sequences
(shown schematically in Fig. 2A) were sampled for enhancer
activity in the initial round of selection. Low levels of splicing
could be observed in the second round of selection, and the
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efficiency and rate of splicing increased with each subsequent
round of selection and amplification (Fig. 2B and C). The
efficiency of splicing (defined as the ratio of spliced product to
precursor; see the legend to Fig. 2) of the round 6 pool (Fig.
2B, lanes 13 to 15) was approximately 50% of that observed
with a well-characterized strong splicing enhancer (the re-
peated polypurine sequence AAG [66]) (Fig. 2B, lanes 16 to
18; see Fig. 2C for quantitation). The selection was terminated
after six rounds to examine the largest possible collection of
functional splicing enhancers for common sequence motifs and
to avoid the dilemma of isolating a single “winner” sequence.

Analysis of selected splicing enhancer sequences. A total of
84 individual clones recovered after rounds 3 and 6 of selection
were sequenced and analyzed for in vitro splicing efficiency.
The splicing efficiencies of the control pre-mRNAs varied from
essentially zero for individual dsx pre-mRNAs lacking an en-
hancer to 81% conversion to spliced product for an h-globin
pre-mRNA splicing substrate (Table 1, controls). Several of
the individual round 6 clones had splicing efficiencies greater
than 50%, which compares favorably with the dsx—avian sarco-
ma-leukemia virus (ASLV) pre-mRNA’s splicing efficiency of
58%. The round 3 and round 6 clones were divided into seven
classes based on their sequences. Class I and class II clones
(Table 1) are sequences that are predominantly purine rich
and pyrimidine rich, respectively; class III to VI clones (Table
2) encode recurring sequence motifs found in clones that have
strong splicing enhancer activities; and class VII clones (Table
2) consist of clones isolated only once that have particularly
potent splicing enhancer activities. Note that some potent
splicing enhancers are represented in more than one class,
consistent with the notion of a composite splicing enhancer
(16, 39). For example, clone 6-38 has two nonoverlapping se-
quences representative of both class I1I and class V consensus
sequence motifs (Table 2).

(i) Enhancers with purine-rich sequences. Class I sequences
are splicing enhancers that are more than 65% purine rich
(Table I). A notable feature of the selected sequences was the
low frequency of extended tracts, operationally defined as five
or more consecutive nucleotides, of either purines or pyrimi-
dines. The purine-rich clones were further organized into three
purine tract-containing sequence motifs (motifs A to C). Two
round 6 clones, 6-19 and 6-43, share the purine-rich motif
GGAGGA (motif B) that was earlier characterized as a syn-
thetic (GGA)g purine-rich enhancer capable of activating the
dsx 3" splice site (66). Clones 6-19 and 6-43 share the sequence
submotif GAGGA, which is found in one copy in the fibronec-
tin EDIIIA splicing enhancer (46) and in two copies each in
the B-tropomyosin (25) and the cardiac troponin T (cTNT)
(50) splicing enhancers (Fig. 3, comparison A). Substitution
mutations within this sequence element in the cTNT enhancer
severely affect the inclusion of the ¢cTNT exon 5 (Fig. 3, com-
parison A; see also references 12, 13, and 50). This GAGGA
sequence motif was also recovered in a previous in vitro selec-
tion for RNA sequences capable of stimulating inclusion of an
internal exon (i.e., clones 5.8, 7.16, 7.19, 7.23, and 7.24 in
reference 67) and in SELEX experiments performed on SF2/
ASF and SC35 (clones A39, A48, A53, S31, and S38 in refer-
ence 64). Two of the purine-rich selected clones have the
sequence YGGAGA (3-35 and 6-40; Table 1, class I, motif C).
Two sequences matching this consensus were also recovered in
an earlier functional selection (i.e., clones 5.9 and 5.42 in
reference 67).

(i) Enhancers with pyrimidine-rich sequences. Class II se-
quences are splicing enhancers that are more than 67% pyrim-
idine rich (Table 1). Interestingly, sequences that are predom-
inantly pyrimidine rich were not recovered in any of the
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FIG. 1. Schematic diagram of the in vitro selection strategy used to identify splicing enhancer sequences. The diagram illustrates the strategy used to construct the
dsx-N18 transcription template, transcribe the dsx-N18 pre-mRNA, splice the dsx-N18 substrate in vitro, isolate the functional N18 splicing enhancers, and regenerate
the transcription template for subsequent rounds of selection (see Materials and Methods for details). Boxes represent exon sequences, and horizontal lines represent
intron sequences (including the branched, excised lariat). Thick boxes represent double-stranded nucleic acids (PCR template, transcription templates, and PCR
products), and thin boxes represent single-stranded nucleic acids (DNA oligonucleotides, RNAs, and cDNAs). Solid arrows represent sequential steps in the
construction, processing, and regeneration of the DNA and RNA molecules used in the dsx-N18 selection. Unfilled arrows indicate PCR primers (see Materials and
Methods for sequences) and their sites of hybridization. In the dsx-N18 construct, the N18 enhancer is positioned at +90 relative to the dsx weak 3’ splice site. The
5" cap, 5" splice site, and 3’ splice site in the pre-RNAs are indicated by GG, GU, and AG, respectively. The line connecting the exons indicates the splicing pattern

of the female-specific dsx IVS3 minigene upon activation by a splicing enhancer.
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FIG. 2. Evolution of the dsx-N18 pool. (A) The dsx-N18 and dsx-(AAG), constructs are shown schematically. Exon 3, intron 3, exon 4, and the enhancer(s) are
indicated by E3, IVS3, E4, and N18 or AAGg, respectively. The 5’ and 3’ splice sites are indicated by GU and AG, respectively. (B) Kinetic analysis showing in vitro
splicing assays performed with HeLa cell nuclear extracts and uniformly labeled pre-mRNA splicing substrates comprising the total pool of dsx-N18 pre-mRNAs after
various rounds of the selection (rounds 1, 2, 4, and 6 are shown in lanes 4 to 6, 7 to 9, 10 to 12, and 13 to 15, respectively). The negative control pre-mRNA (lanes
1 to 3) is an dsx pre-mRNA lacking an enhancer [dsx(enh™)]. The positive control pre-mRNA (lanes 16 to 18) is a dsx pre-mRNA activated by six consecutive copies
of a multimerized AAG trinucleotide splicing enhancer (modeled after a synthetic polypurine splicing enhancer in reference 66) that is otherwise isogenic to the dsx-N18
construct. In the kinetic analysis shown, the reaction mixtures were incubated for the number of hours indicated at the top, and positions of the precursors,
intermediates, and products of the splicing reaction are indicated to the left and right. The RNAs were analyzed on a 10% denaturing gel in order to resolve the
lariat-exon 4 intermediate from the spliced product. (C) Quantitation of the in vitro splicing reactions in panel B. The splicing efficiency (ratio of spliced product to
precursor) is calculated from quantitation of individual bands after subtraction of background using a BAS2000 phosphorimager.

previous selections for functional splicing enhancers. The class
II sequences were further organized into three pyrimidine
tract-containing sequence motifs based on sequence homology
within tracts of pyrimidines (motifs D through F). Two of the
pyrimidine-rich clones, 6-13 and 6-16, are independent isolates
of the same enhancer sequence (as the consequence of either
separate isolates of two different molecules or a single isolate
yielding two bacterial colonies). Splicing enhancer sequences
that are as much as 78% pyrimidine rich, such as clones 6-13
and 6-16, are capable of functioning as strong splicing enhanc-
ers. A pyrimidine tract within these two pyrimidine-rich splic-
ing enhancers (motif D) contains an excellent match to the 5’
half of the dsx repeat element consensus, UC(U/A)(U/A)C (8,

49). Motifs D, E, and F are all highly homologous to the 5" half
of the dsx repeat element, a sequence which is phylogenetically
conserved (26), cross-links a specific SR protein in extracts
(42), and is required for enhancer-dependent splice site acti-
vation (31). The most potent class II enhancer, 6-24, which is
74% pyrimidine rich and shares motif D with 6-13 and 6-16, is
activated by specific SR proteins in splicing complementation
assays (see below), thus demonstrating a role for pyrimidine-
rich sequences in splice site activation in addition to the more
typical purine-rich sequences.

(iii) Enhancers that are similar to sequences in naturally
occurring exons. Clone 3-36 contains a 13-nt sequence which is
nearly identical to a naturally occurring splicing enhancer that
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TABLE 1. Purine- and pyrimidine-rich sequences in the selected splicing enhancers

Clone no.

Splicing enhancer sequence” Splicing efficiency” (%)

Class I, purine-rich enhancers (=65% purine content)

Motif A, GGGGA
3-7
3-1
6-43

Motif B, GGAGGA
6-43
6-19

Motif C, GGAGA
3-35
6-40

Others
3-36
6-29

Class 11, pyrimidine-rich enhancers (=67% pyrimidine content)

Motif D, UCUCC
6-13
6-16
6-24

Motif E, UCUUC
6-5
6-12
3-32

Motif F, UCCUC
6-7
6-22
6-6

Controls (reference)
dsx, enhancerless
hB-globin (51)
dsx-ASLV (60)

GCAAGGGGBGCGGC 40
AGCGGUCGCG®BGGGag 32
GGGGAGGA®ECGUBGGag 50
GGGGAGGA®ECGUBGGag 50

GCCAGGGAGGAGCGG 53
CUGGAAUAEGAGECGG 36
GGUGAGEGAGAGCUGC 31
GGACCAGAGGGGCGAC 40
GACCGUCGGAGGAG 36
auCUC@CGUCGCCUGCUGC 38
auCUC@CGUCGCCUGCUGC 37
UUUGCQAE&CUCGQGCCcucCC 56
UGCCACCCcGCcaruucc 26
UCGUCGBCUUGCGGCCC 49
CCUuGCuGaruUugucc 27
CCUE®CCUGGUGUUGC 36
CQJCCUGUGUCACCGCC 37
GGWCCUBCGCcaGeeee 41

=1

81

58

“ Boldface letters indicate purine- and pyrimidine-rich tracts consisting of five or more consecutive nucleotides; uppercase letters indicate splicing enhancer sequences
specific to the indicated clone; lowercase letters indicate sequences common to all clones; underlining indicates the position of sequence deviation from the motif. The
splicing enhancers are in the sequence context gcauNNNNNNNNNNNNNNNNNNaguc. Note that some of the enhancers contain 16, 17, or 19 nt.

’ Quantitated as described in the legend to Fig. 2 according to formula [S][S + P]~' X 100, where S is the spliced product and P is the precursor RNA.

we have identified in hB-globin exon 2 (Fig. 3, comparison B)
(57). This 13-nt sequence is completely conserved between
human and rabbit B-globin genes over four wobble positions in
the protein coding sequence, and a specific double-point mu-
tation of this sequence inactivates its splicing enhancer func-
tion (Fig. 3, comparison B) (57). This sequence motif is very
similar to a degenerate sequence motif that was independently
isolated nine times in our selection (Table 2, class III). Clone
6-29 contains one permutation to the class III motif consensus
GGACCNG (Table 2) and actually shares a larger region of
homology to a naturally occurring sequence in the splicing
enhancer in the mouse immunoglobulin M (IgM) exon 2 (73)
(Fig. 3, comparison C). In addition, the class III clones 6-26
and 6-38 each share an extended region of homology with both
clone 6-29 and mouse IgM splicing enhancer (Fig. 3, compar-
ison C).

Class VII clone 6-18 (Table 2), one of the most efficiently
spliced clones isolated in our selection, contains significant
sequence homology to the splicing enhancer in ¢cTNT exon 5
(Fig. 3, comparison D). Mutation of this particular sequence
within the ¢TNT splicing enhancer compromises its splicing
enhancer efficiency (13). Notably, this sequence is virtually
identical to one of the consensus high-affinity binding sites
identified by SELEX for the SR protein 9G8 (8a; see also
Discussion). Another sequence motif with homology to natu-
rally occurring enhancers was isolated six times independently
in our selection (Table 2, class V). A similar sequence motif is

found naturally occurring in both the bovine growth hormone
(bGH) and ASLYV splicing enhancers (Fig. 3, comparison E). A
deletion (23) and a sextuple point mutant (60) overlapping this
sequence (Fig. 3, comparison E) have been analyzed in the
bGH and ASLV enhancers, respectively, but the individual
sequence element remains uncharacterized (see also the leg-
end to Fig. 3).

(iv) Other enhancer sequence motifs. Several other se-
quence motifs were recovered several times in our screen for
splicing enhancers. Several clones contain the sequence (C)C
ACC(C) (6-2, 6-5, 6-22, 6-28, and 6-35 [Table 2, class IV]). This
sequence most likely corresponds to a class of A/C-rich splicing
enhancers recovered in a previous selection for functional en-
hancers (14). Finally, the two class VI clones 3-25 and 6-44
have a splicing efficiency of greater than 35% and share se-
quence motif (Table 2). A third class VI clone, 6-23, shows a
more limited homology (Table 2) with these two clones. To our
knowledge, no previously characterized splicing enhancers
contain this sequence motif.

Individual SR proteins specifically activate the splicing of
pre-mRNA substrates containing the selected enhancers. Pre-
vious studies have demonstrated that some splicing enhancers
bind SR proteins (38, 50, 60, 62, 69). Certain pre-mRNAs can
also be differentially committed to the splicing pathway by SR
proteins (10, 17, 69), but the specific sequence elements re-
sponsible for this function remain uncharacterized. In addi-
tion, two purine-rich splicing enhancer sequences isolated by
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TABLE 2. Recurring motifs in selected splicing enhancers and other strong enhancers

Splicing efficiency”

Clone Selected enhancer sequence (%)
Class III, enhancers containing permutations of the sequence (U)GGACCNG
6-14 GCCGCCGCUUGBRACCag 53
6-25 CACGCUCCUCGBGACCag 53
6-38 GCCGCCGUGGGACCGHH 50
6-26 CCGAGCUAGGACCGHy 35
6-29 GACCGUGBGACAGESC 36
3-35 CUGGAAUACBGACCGGag 36
3-36 UGGACCUBAGGUGGCGAC 40
6-9 UGGACCGOCUGCCAUACC 34
3-3 CAGGCGGACCGEACG 17
Class IV, enhancers containing the sequence (C)CACC(C)
6-28 CCGGAGCACCGGUACC 29
6-5 UGCCACCGCGGUCUUCC 26
6-2 CGUCGACCOGUCUGCC 29
6-22 CGUCCUCGUGACGCC 37
6-35 UCCUGGC®ACGUAC 27
Class V, enhancers containing the sequence YGCCGCC
6-14 uGCCGCGCUUCGUGGACC 53
6-38 UGCCGCGUGGUGGACCGG 50
6-45 UGCCGCGCGAGUUGGGGC 32
6-8 GCCAGUAMIGCCGAEC 24
6-6 GGUUCCU®GCCGaTT 41
6-1 GGACACCUGUGCCGCH 43
Class VI, enhancers containing the sequence RGAACYU
3-25 CCACGGBGAACCOGUCC 35
6-44 ACGGCGEGAACCUUCC 47
6-23 GCCCBGAACUOUUGCC 40
Class VII, other strong enhancers
6-18 CCGACGCCAUGGACGACGag 55
6-3 GGCUGCCAGUCGGAAUUGG 52
6-47 CCGUGACAGCAUCGGCGG 50
3-23 CGUCGGCAGGUGGUCCCG 47
6-39 UCUGGAUCCUGCGGAUGG 44

“ Boldface indicates homology between clones; underlining indicates positions of deviation from the putative consensus. See Table 1, footnote a, for more details.

b See Table 1, footnote b.

SELEX can function as splicing enhancers in nuclear extracts
(63, 64) and SF2/ASF- or SRp40-specific enhancers in S100
complementation reactions (33, 63, 65). We have used the
S100 complementation assay (35) to determine whether pre-
mRNA splicing substrates containing our enhancers selected
in nuclear extracts can be activated by specific recombinant SR
proteins, such as those recently characterized for SF2/ASF,
SRp40, and SRp55 (39). The individual recombinant SR pro-
teins 9G8, SC35, and SF2/ASF were tested with dsx pre-
mRNAs containing the selected enhancers or other well-char-
acterized splicing enhancers (28, 43, 57) as positive controls.
(i) SC35. The individual dsx pre-mRNAs containing the
selected enhancer clones (Fig. 4A) were tested in S100 assays
for complementation by the recombinant SR proteins SF2/
ASF and SC35 (19, 20, 37). Our initial result was that one of
the pyrimidine-rich splicing enhancers, 6-24, was efficiently and
specifically complemented by the SR protein SC35 but not
SF2/ASF (Fig. 4B, compare lanes 4 and 3). The dsx-PRE con-
struct (28) was used as a specificity control for SF2/ASF, as it
is efficiently complemented by SF2/ASF but not SC35 (Fig. 4B;
compare lanes 7 and 8). To determine whether the ability to be
complemented by SC35 is a general property of pyrimidine-
rich enhancers, selected clones containing pyrimidine-rich en-
hancers (Table 1, class II) were tested in SC35 complementa-

tion reactions. Selected clones containing non-pyrimidine-rich
enhancers, such as 3-35, 3-36, and 6-38 (Fig. 4B, lanes 9 to 20),
were used as specificity controls. Even though some of the
pre-mRNAs containing pyrimidine-rich enhancers tested (such
as 3-32, 6-5, and 6-12 [data not shown]) showed modest levels
of SC35-dependent complementation, pyrimidine richness
does not seem to be an intrinsic property of SC35-dependent
enhancers. The two most potent SC35-dependent enhancers
were 6-24 and 6-38, a pyrimidine-rich enhancer and a non-
pyrimidine-rich enhancer, respectively (Fig. 4B, lanes 4 and
20). In parallel complementation reactions, dsx-NI8 clones
6-24 and 6-38 show efficient complementation with SC35 but
not SF2/ASF (Fig. 4B; compare lanes 4 and 3 and lanes 20 and
19). The otherwise isogenic clones 3-35 and 3-36 show levels of
splicing enhancer activity similar to those of 6-24 and 6-38 in
nuclear extracts (Fig. 4B, compare lanes 1, 9, 13, and 17), but
clones 3-35 and 3-36 are complemented neither by SC35 nor by
SF2/ASF (Fig. 4B, lanes 11 and 12 and lanes 15 and 16, re-
spectively). Both clones 3-35 and 6-38 are members of the class
III sequence motif (Table 2) and fortuitously share the iden-
tical RGACCGG sequence at the 3’ half of their splicing
enhancers (positions 13-18 within their 18-nt splicing enhanc-
ers; Fig. 4A). Thus, clones 3-35 and 6-38 differ from each other
at only 13 of 390 positions within their pre-mRNAs, yet they
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Comparison A
6-19
6-43
(GGA)8
CTNT wt
CTNT ES5-2 mut. (ref. 13)
CTNT mut K (ref. 50)

FN EDIIIA deletion (ref. 46)

B-tropomyosin deletion (ref. 25)
-two copies

{this study)
{this study)
(ref. 66)
(ref. 12, 13)

Comparison B
3-36 (this study)

human (-globin exon 2 nt. 20-32 (ref. 57)
G22A; G31U mutant (ref.

Comparison C

6-29 (this study)
IgM M2 (ref. 73)
6-26 (this study)
6-38 (this study)

Comparigon D
6-18
CTNT wt

(this study)
(ref. 12, 13)

CTNT ES5-3 mut. (ref. 12, 13)

Comparison E
Class V consensus
bGH AB3' (ref. 23)
ASLV wt (ref. 60)
ASLV-6U mutant (ref. 60)

{this study)

MoL. CELL. BIOL.

GCCAGCGéKé&ApGCGG
GCGGAGGAGGCCCGUGGE

GGA AGGAGGAGGAGGAGGAGGA

AAGAGGAAGAAUGGCUUGAGGAAGACGACG
MEG&hGAAUGGCW GAGGAAGACGACG

AAGAGGA “ARTTGGCUUGQGA_G{AGACGACG

CUACUCGAGCCCUGAGGA GGAAUCCAUE;AGC .........

GAGGA{CAAAUACGAAGAAGAGAUCAAA
CUUCUGGAGGAGAAGCUGAAGGAGGC

UGGACCUAGAGGU
UGGACCCAGAGG
57) UGAACCCAGAGU

GACCGUCGGACAGGA

GGAAGGACAGCA
CCGAGCUACAGGACCGGag
GCCGCCGUGGUGGACCGGag)

GACCAAGAG

CCGACGCCAUGEACGACG

AAGAGGAAGAAUGGCUUGAGGAAGACGAC
AAGAGGAAGAAUGGCUUGAGGAAUCGAUC

Kacceed
UGAAdUGCCGCJGCUUCGGGGAGGCCAG
CCAAGAAGAAGCCGCj;GCAACAAGCAAGAAGGA
CCAUGAUGAUGCCGCOAGCAACAUGCAUGAUGGA

FIG. 3. Sequence comparison of individual dsx-N18 enhancers to other naturally occurring splicing enhancer sequences characterized previously by point
mutation(s), block substitutions, or deletion mutations. Sequence homology is indicated by boxes. Individual dsx-N18 clone sequences and consensus motifs are
designated as in Tables 1 and 2. The ASLV-6U mutant (mut.) shown has no loss of splicing enhancer function compared to the wild type (wt) yet shows an altered
pattern of cross-linked factors (60). The third of the six point mutations in the ASLV-6U mutant generates a better match to the class V consensus motif. All other
mutants result in at least some loss of splicing enhancer function in vitro or in vivo. Sequence polymorphisms, point mutations, and substitution mutations are
underlined. Deletions are indicated by A. Due to the large size of some deletions, some sequence information inclusive of the deletion is omitted and indicated by an

ellipsis.

differ dramatically in the ability to be complemented by SC35
(Fig. 4B; compare lanes 12 and 20). This directly implicates the
5" half of the 6-38 enhancer in SC35-dependent activation.
Clones 6-38 and 6-14 have the class V sequence motif at iden-
tical positions at the 5’ end of their enhancers, and clone 6-14
can be complemented by SC35, albeit less strongly than 6-38
(data not shown). 6-24 and the 5’ half of 6-38 show sequence
homology to each other as well as to an SC35-dependent splic-
ing enhancer derived from hB-globin exon 2. The hp-globin
exon 2 SC35-dependent splicing enhancer has been character-
ized by detailed mutagenesis and site-specific cross-linking
studies (57). Each of these SC35-dependent splicing enhancers
has the sequence UGCNGYY, a sequence motif not found in
the PRE, 3-35, or 3-36 splicing enhancer (see also Discussion).

We conclude that otherwise isogenic dsx pre-mRNA substrates
can be differentially complemented by the SR protein SC35,
and these SC35-responsive clones share sequence homology
with each other. In addition, we directly demonstrate that
splicing enhancers with pyrimidine-rich sequence compositions
or with balanced pyrimidine-purine sequence compositions can
function as SR-specific splicing enhancers in S100 assays.

(ii) 9G8. To determine whether the selected clones could be
specifically complemented by SR proteins other than SC35,
complementation reactions were performed with recombinant
9GS (9). Class VII clone 6-18 is one of the most potent splicing
enhancers in nuclear extracts (Table 2) and shows strong ho-
mology to a high-affinity 9G8 RNA binding site characterized
by SELEX (8a) (see Discussion). Clones 6-18, 6-24 (an SC35-
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A

dsx N18

gcauUUUGCGGUCUCCGGCCUCCaguc 6-24
gcauCUGGAAUACGGAGACCGGaguc  3-35
gcauGGACCUAGAGGUGGCGACaguc  3-36
gcauGCCGCCGUGGUGGACCGGaguc 6-38

dsx PRE

AAAGGACAAAGGACAAAA PRE

2 & » ® »
o +Q +‘b +‘b *‘b
g ¥ R2 R &
[ A [} I 1 1
NE + + + + +
S100 +++ +++ +++ +++ +++
SF2 + + + + +

SC35 + + + + +

Mpre-mRNA

spliced
product

123 45 6 7 8 9 10111213 14 1516 17 18 19 20
FIG. 4. Functional characterization of SC35-dependent enhancers. (A) The
dsx pre-mRNA substrates are indicated schematically, with the dsx portion shown
in black. Sequences of the different splicing enhancers tested are in capital
letters; sequences common to all dsx-NI8 clones are in lowercase letters. The
dsx-PRE construct is similar but not identical to the dsx-N18 constructs, as it does
not contain an inert Sa element. (B) Two dsx-N18 clones that show sequence
homology are specifically activated by SC35. The pre-mRNA used in the S100
complementation reactions is indicated above the autoradiogram. The presence
of the indicated reaction component in splicing assays and complementation
reactions is indicated by a plus sign above the appropriate reaction lane: HeLa
cell nuclear extract (NE), HeLa S100 extract complemented with buffer D
(S100), or the SR protein indicated by a plus sign. Amounts of SC35 and
SF2/ASF used in the complementation assays were 400 and 200 ng, respectively.
The dsx-N18 and dsx-PRE pre-mRNAs and spliced products are resolved on a
10% denaturing polyacrylamide gel; their positions are indicated to the right.

dependent enhancer [Fig. 4B]), a dsx pre-mRNA containing an
hB-globin-derived SF2/ASF-dependent enhancer (57), and the
wild-type hB-globin pre-mRNA were tested in parallel S100
assays in which the recombinant SR proteins 9G8, SC35, and
SF2/ASF were each titrated. The selected clone 6-18 showed
complementation at every concentration of 9G8 (Fig. 5A; com-
pare lanes 2 to 5) tested in the titration. In contrast, clone 6-18
showed little or no activity in S100 extracts at any concentra-
tion of SC35 (Fig. 5A, lanes 6 to 8) or SF2/ASF (Fig. 5A, lanes
9 to 11) tested. By comparison, clone 6-24 showed efficient
complementation at every concentration of SC35 tested (Fig.
5B, lanes 6 to 8). Surprisingly, clone 6-24 also showed efficient
complementation at the two highest concentrations of 9G8
tested (Fig. 5B, lanes 3 to 5), but no complementation was
observed at any concentration of SF2/ASF (Fig. 5B, lanes 9 to
11). The SR protein SF2/ASF did not function in complemen-
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tation assays with either clone 6-18 (Fig. 5A, lanes 9 to 11) or
clone 6-24 (Fig. 5B, lanes 9 to 11), but SF2/ASF showed
complementation activity at every concentration tested (Fig.
5C, lanes 9 to 11) on a dsx chimeric pre-mRNA containing a
B-globin-derived SF2/ASF-dependent splicing enhancer (57).
This pre-mRNA was also efficiently complemented by 9G8 at
the two highest concentrations tested (Fig. 5C, lanes 3 to 5),
and no complementation was observed with SC35 at any con-
centration tested (lanes 6 to 8). The SF2/ASF-dependent en-
hancer has some sequence homology with a motif found in two
copies in the dsx-PRE construct (57). Consistent with these
observations, the dsx PRE can be efficiently complemented by
both SF2/ASF and 9G8 (29) but not by SC35 (Fig. 4, lanes 7
and 8; see also reference 28). The wild-type B-globin substrate
was efficiently complemented at every concentration of SC35
tested (Fig. 5D, lanes 6 to 8), modestly complemented at every
concentration of SF2/ASF tested (lanes 9 to 11), and not com-
plemented with 9G8 (lanes 3 to 5). Based on the findings that
each SR protein was titrated within its linear range of comple-
mentation activity (data not shown) and that there is at least
one pre-mRNA for which each SR protein gives efficient
complementation at every concentration tested (and at least
one pre-mRNA in which no complementation was observed at
every concentration tested), we conclude that dsx chimeras
containing different enhancer sequences can be differentially
complemented by the SR protein 9GS, SC35 and SF2/ASF.
Interestingly, the SR protein 9GS can efficiently complement
both clones 6-18 and 6-24, containing very disparate sequences,
whereas SC35 efficiently complements clone 6-24 but not 6-18
(see Discussion).

Interaction of specific SR proteins with the selected splicing
enhancers. Strong splicing enhancers isolated in the selection
were individually tested in the absence of any dsx sequences for
the ability to interact with specific SR proteins. Biotinylated
splicing enhancer RNAs were incubated in nuclear extracts
under splicing conditions, isolated with strepavidin-agarose,
and washed under high-salt and detergent conditions as pre-
viously described (76). The SR proteins that remain bound to
the enhancers were analyzed by Western blotting with MAb
which recognizes a phosphoepitope common to many SR pro-
teins (55). Analysis of the SR protein composition of the N18
clones in Fig. 6 shows that some SR proteins bind to each of
the enhancers shown in Fig. 6A, but other SR proteins bind
specifically to individual enhancers. This procedure may not be
generally applicable for all splicing enhancer RNAs, as some
enhancers, such as 3-36 and 6-43, bind only the SR proteins
common to all the enhancers shown in Fig. 6A (data not
shown), and other enhancer RNAs, such as 6-24, show no
bound SR proteins (data not shown). This could be a conse-
quence of the high-salt/detergent conditions used in the washes
or the fact that individual enhancers recruit a specific trans-
acting factor not recognized by MAb 104.

With these caveats in mind, the selected enhancer RNAs
that can recruit a specific SR protein (as well as the SR pro-
teins common to all clones) are shown in Fig. 6A. For example,
a 40-kDa SR protein (Fig. 6A, lane 2; indicated with an aster-
isk), possibly one of the human Tra-2 homologues, binds to
both the (AAG), enhancer as previously described (60, 65, 76)
and the 3-25 enhancer (lane 3) but not the 3-35 enhancer (lane
4). Similarly, a 35-kDa SR protein of unknown identity binds
specifically to the 3-35 enhancer (Fig. 6A, lane 4; indicated
with an asterisk), and a 20-kDa SR protein (presumably
SRp20) binds specifically to the 3-25 enhancer (lane 3; indi-
cated with an asterisk). A mock incubation without RNA (Fig.
6A, lane 1) or with a nonbiotinylated RNA (i.e., not including
biotin-21-UTP in the transcription reaction [data not shown])
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FIG. 5. Functional characterization of 9G8-dependent enhancers. (A) The dsx 6-18 pre-mRNA is activated efficiently by 9G8 in S100 complementation assays. The
presence of the indicated reaction component in splicing assays and complementation reactions is indicated above the appropriate reaction lane: NE, HeLa cell nuclear
extract (lane 1); S100, HeLa S100 extract complemented with buffer D (lane 2). The relative SR protein concentration for each series of SR protein titrations (indicated
by a gradient above the lanes) increases by factors of 1.00, 1.50, and 2.25. The actual amounts of SR protein tested in the complementation assays were as follows: 9G8,
67 ng (lane 3), 100 ng (lane 4), and 150 ng (lane 5); SC35, 267 ng (lane 6), 400 ng (lane 7), and 600 ng (lane 8); SF2/ASF, 89 ng (lane 9), 133 ng (lane 10), and 200
ng (lane 11). These amounts were empirically determined to be within the linear complementation range of each SR protein’s specific activity (data not shown). The
dsx RNA substrates are indicated schematically, and labeling is as in Fig. 3. The RNA substrates and splicing products were resolved on a 10% denaturing
polyacrylamide gel. The reactions were performed in parallel with those in panels B to D. (B) The dsx 6-24 pre-mRNA is activated efficiently by both SC35 and 9G8.
(C) The dsx[h 117-162] pre-mRNA (57) is activated efficiently by SF2/ASF and by 9G8. (D) The wild-type hp-globin pre-mRNA (51) is activated efficiently by SC35.

results in no recruitment of SR proteins, not even those com-
mon to all clones. Because SR proteins are known to interact
in vivo in the two-hybrid assay and are known to aggregate
under low-salt conditions, one explanation for the above re-
sults is that one SR protein binds specifically to the RNA
sequence and then nucleates the formation of an SR protein
complex. Alternatively, the binding of multiple SR proteins to
a single element may reflect the presence of multiple SR pro-
tein binding sites within the enhancer sequence. Interestingly,
the 3-25 splicing enhancer shows significant sequence homol-
ogy to exonic sequences shown in three earlier studies to cross-
link a 20-kDa protein by using pre-mRNAs containing a single
site-specific label (11, 40, 41).

A previous site-specific labeling experiment showed that a
20-kDa protein binds to an RNA sequence located upstream of
the adenovirus major late (AdML) 5’ splice site in isolated E
complex (11). The 20-kDa protein cross-linked to this RNA
when a single **P-labeled phosphate was located at —31 rela-
tive to the 5’ splice site (AdML —31 [Fig. 6B]), but not when
the label was located at —26, —19, —15, or —3 relative to the
5" splice site (11). A 20-kDa protein cross-links to an 8-nt
spacer region (dsx PyE [Fig. 6B]) located between dsx repeats
3 and 4 in the D. melanogaster dsx repeat element containing a

single site-specific label (41) but not to a similar single label
positioned at various locations within the adjacent dsx repeat 4
(42). In addition, a recent study of SRp20’s effect on polyad-
enylation/exon inclusion showed that an SRp20-specific anti-
body immunoprecipitates SRp20 cross-linked to a CT/CGRP
core enhancer element pyrimidine tract sequence (CT/CGRP
Py [Fig. 6B]) containing a site-specific label that has strong
homology to the 3-25 enhancer. Finally, we have detected the
binding of a 20-kDa protein to an RNA containing the 3-25
enhancer and showed that it is an SR protein by virtue of its
immunoreactivity with MAb 104 (Fig. 6A, lane 3). Signifi-
cantly, all sequences implicated in binding the 20-kDa SR
protein SRp20 share the sequence CUC(U/G)UCY (Fig. 6B).

DISCUSSION

We have used the enhancer-dependent dsx pre-mRNA sub-
strate and an in vitro selection/amplification strategy to identify
novel splicing enhancer sequences. Analysis of these sequences
reveals that an extraordinarily large number of them can func-
tion as splicing enhancers. How can this sequence diversity be
explained if all splicing enhancers are recognized by SR pro-
teins? First, it is possible that there are numerous yet to be
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(ref. 60, 65, 76)
CUGGAAUACGGAGACCGG 3-35 (Fig. 6A)
CCACGUGGAACCUCGUCC  3-25 (Fig. 6A)
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FIG. 6. Binding of SR proteins to individual N18 enhancers. (A) Individual
N18 enhancer RNAs were subcloned downstream of a T7 promoter, transcribed
in the presence of biotin-21-UTP, and incubated in nuclear extracts by the
method of Yeakley et al. (76). The RNA binding proteins were purified by using
avidin-agarose and analyzed by Western blotting with MAb 104, which is immu-
noreactive to a phosphoepitope common to many SR protein family members.
Mock refers to a control reaction without RNA included in the assay to deter-
mine the background levels of SR recruitment by the avidin-agarose resin in
nuclear extracts. The 40-kDa SR protein (present in lanes 2 and 3 but absent in
lane 4), the 20-kDa SR protein (present in lane 3 but absent in lanes 2 and 4),
and the 35-kDa SR protein (present in lane 4 but absent in lanes 2 and 3) are
indicated by asterisks. High-molecular-weight standards (prestained; Bio-Rad)
are indicated to the left. (B) The 3-25 enhancer shows good homology to three
sequences, dsx PyE (41), CT/CGRT Py (40), and AdML-31 (11), each of which
contains a single site-specific label and can cross-link a 20-kDa protein. Solid
lines indicate sequence identity, and dashed lines indicate conservative transition
changes. Solid asterisks indicate positions of the engineered site-specific labels.
The homology among the three sequences that bind SRp20 is CUCKUCY
(where K is guanosine or uridine and Y is cytidine or uridine). Triangles inte-
grate the positions of the three site-specific cross-linking experiments.

discovered SR proteins. Second, individual SR proteins may be
capable of binding to relatively degenerate RNA sequences.
Third, SR proteins may be capable of forming distinct SR
protein complexes, each capable of recognizing a different
sequence. There is evidence for each of these possibilities. The
first possibility is supported by the observation that a number
of MADbs raised against nuclear matrix proteins react with
proteins shown to bear striking similarities with known SR
proteins (7). The authors of that study speculate that there may
be a large number of yet to be characterized SR proteins.
However, additional studies will be required to determine
whether these SR-like proteins are capable of functioning as

IN VITRO SELECTION FOR FUNCTIONAL SPLICING ENHANCERS 1715

splicing enhancer factors. The second possibility is supported
by a recent analysis of SF2/ASF-dependent splicing enhancers
identified by in vitro selection (39). These authors character-
ized several such enhancer elements, and the consensus se-
quence derived from the analysis of these elements is highly
degenerate. Similarly, our studies on dsx-N18 pre-mRNAs that
are complemented by SC35 are consistent with a degenerate
consensus sequence of UGCNGY'Y (58), with the more potent
clones having more homology to the UGCYGUU sequences
(57) found in B-globin exons 1 and exon 2. The third possibility
is consistent with the analysis of SR protein complexes that
bind to individual dsx repeat elements (42). A heterotrimeric
complex consisting of the Tra and Tra-2 proteins and a specific
SR protein binds to each repeat. The SR and Tra-2 proteins
contact the 5’ and 3’ ends, respectively, of each repeat, while
Tra is required for the formation of the complex. Thus, all
three possibilities may be responsible for the sequence diver-
sity of splicing enhancers.

A distinguishing feature of the splicing enhancers recovered
in our in vitro selection is the relative paucity of purine-rich
sequences. With few exceptions, most previously characterized
naturally occurring splicing enhancers are purine rich, as were
most of the splicing enhancers isolated in a cis-competition
screen (67). It should be noted that the identification of nat-
urally occurring splicing enhancer elements has been biased
toward those exonic elements found in alternatively spliced
pre-mRNAs in which the alternative splicing enhancer
switches splice site utilization to the weaker of two competing
splice sites. Similarly, the purine-rich sequences isolated in the
Tian and Kole in vitro selection (67) were performed as a
cis-competition assay (52) against the constitutively spliced,
full-length B-globin exon 2, an exon recently shown to have
multiple SR-dependent splicing enhancers (57). By definition,
these enhancers would have to be strong enough to outcom-
pete the additive sum (28) of the multiple splicing enhancers
present in the full-length B-globin exon 2 (57) in order to
activate the internal 3’ splice site of two competing 3" splice
sites. These observations raise the interesting possibility that
constitutively spliced exons utilize exon recognition elements
that are mostly balanced or pyrimidine rich in nucleotide com-
position (such as those isolated in our selection), whereas the
alternative splice site utilization may be controlled by factors
which recognize the purine-rich elements typically found
downstream of 3’ splice sites subject to alternative exon inclu-
sion (such as those isolated in the Tian and Kole selection).
Consistent with this notion that constitutive splicing enhancers
may be mostly balanced or pyrimidine rich in composition, a
number of short hB-globin exon 2-derived splicing enhancers
(for example, the exon 2-derived 13-24 and 63-80 sequences
[57]), and a majority of enhancers isolated in our selection are
balanced or pyrimidine rich in nucleotide composition (Tables
1 and 2). In theory, the strength of a strong composite en-
hancer might be the sum of the RNA binding affinities of the
RNA binding domains, the intrinsic strength of activation of
the SR domains (21), the additivity conferred by multiple en-
hancer complexes (28), the possible effects of cooperativity of
binding (28) by protein-protein interactions (i.e., by Tra-like
factors), and the distance from the regulated 3’ splice site (21).
A strong composite enhancer containing one or more closely
spaced (purine-rich) binding sites might now be sufficient to
outcompete the multiple splicing enhancers (pyrimidine-rich
or balanced nucleotide composition) found in a constitutive
exon in a sensitive assay such as the cis competition. In addi-
tion to the general observation that splicing enhancers typically
found in exons downstream of introns subject to alternative
splicing are purine rich (for reviews, see references 6 and 45),
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A 8100 Complementation Assay
9G8 SC35 SF2
*
PRE (ref. 28, 29, 43) AAAGGACAAA + - +
hB-globin SF2 enh. UGGACAA + - +
(this study and ref. 57, 58) I | H | :|
6-18 (this study) auCCGACGCCAUGGACGACGag + - -
S
9G8 SELEX (ref. 8a) AGACKACGAY nd nd nd
dsx repeat (5' half) uctuca + - -
(ref. 42) Hl:l:
6-24 (this study) auUUUGCGGUCUCCGGCCUCCag + + =
Vi
hf-globin SC35 enh. UGCUGUU - + -
(ref. 57) \H:'::
Ll "
6-38 (this study) auGCCGCCGUGGUGGACCGGag nd + -
3-35 (this study) auCUGGAAUACGGAGACCGGag nd - -
B SRp20 Binding Studies
Recruitment 88 X-1link
3-25 (this study) auCCACGUGGAACCUCGUCCag + nd
AAML -31 (ref. 11) UCCUCACACUCUUCCS nd +
. | !
. Wl 1]
dsx PyYE (ref. 41) U[IICUCUUC[I] nd +
CT/CGRP Py (ref. 40) CUCCGCUcCCcuUCuucCc nd +
L
SRp20 exon 4 +14 (ref. 32) UCuCuuCuU nd nd

FIG. 7. Summary of SR protein-specific enhancer sequences. Splicing enhancers (enh.) show specificity in their binding of or activation by individual SR protein
family members as characterized by RNA binding studies or S100 biochemical complementation assays. Results for S100 extracts complemented with recombinant SR
protein 9G8, SC35, or SF2/ASF (A) and results of studies indicating specific binding of SRp20 (B) are shown. The recruitment assay is the biotinylated RNA affinity
technique performed as described by Yeakley et al. (76), and the site-specific cross-linking (SS X-link) refers to the technique developed by Moore and Sharp (48) to
incorporate a single 3?P-labeled phosphate into a pre-mRNA substrate. Asterisks indicate positions of single-labeled phosphates positioned within functional
pre-mRNAs of dsx PRE (42), hp-globin SC35 enhancer (57), dsx PyE (41), and AAML (11) or of a site-specifically labeled CT/CGRP Py ribo-oligonucleotide (40). The
dsx repeat element (5’ half) shown is an A-type repeat element that is found in three of the six D. melanogaster repeats (31) and all four of the Drosophila virilis repeats
(26). Solid lines indicate sequence identity, and dashed lines indicate conservative transitions between splicing enhancer sequences. A putative SRp20 site, based on
its sequence identity with the dsx PyE site, is located downstream of an autoregulated 3’ splice site in the SRp20 pre-mRNA (32). K, guanosine or uridine; nd, not

determined.

two specific examples are consistent with this notion. Purine-
rich sequences (as well as A/C-rich sequences [14]), were iso-
lated in both in vitro (67) and in vivo (14) selection strategies
based on alternative exon inclusion of an exon containing a
randomized sequence that is normally skipped in a cis-compe-
tition assay against the constitutive B-globin exon 2.
Identification of degenerate RNA consensus sequences for
SC35- and 9G8-mediated splice site activation. In this study,
we characterized two different 18-nt enhancer sequences that
could be specifically activated by 9G8 and two independent
enhancer sequences that could be specifically activated by
SC35. The 9G8-dependent enhancers show homology to two
other sequences implicated in 9G8 binding studies (SELEX
[8a] and site-specific cross-linking [42]), and the SC35-depen-

dent enhancers show sequence homology with each other as
well as other SC35-dependent enhancers (57). None of these
enhancers could be efficiently activated by SF2/ASF, although
two different control pre-mRNAs containing the PRE or nt
117 to 162 from hB-globin exon 2 could be efficiently activated
by SF2/ASF. These results are summarized in Fig. 7.

Clones 6-18 and 6-24 contained 9G8-dependent splicing en-
hancers even though their enhancers show widely disparate
primary sequences. Clone 6-18 contains the sequence GGAC
GACGAG, which shows strong homology to the 9G8 consen-
sus sequence AGAC(G/U)ACGAY isolated by SELEX (Fig. 7
and reference 8a). The pyrimidine-rich clone 6-24 shows no
sequence homology with the SELEX sequence but does show
some sequence homology with the 5’ half of the dsx repeat
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element consensus (Fig. 7). The 5" half of the dsx repeat ele-
ment was previously shown to site specifically cross-link the
9GS protein in HeLa cell nuclear extracts supplemented with
Tra and Tra-2 (42). The binding of 9G8 with Tra and Tra-2 to
the dsx repeat element is cooperative, and this cooperativity is
presumably necessary for the stable complex formation re-
quired for activation at a distance (28). When the dsx repeat
element is artificially positioned within 100 nt of the dsx 3’
splice site, it is Tra and Tra2 independent (70) and can be
complemented in a dsx activation assay using S100 extracts
supplemented with recombinant 9G8 (29). Thus, it is conceiv-
able that 9G8 recognizes two very different, functionally rele-
vant RNA sequences: one similar to the SELEX consensus
sequence in clone 6-18 and one similar to the 5 half of the dsx
repeat element-like sequence in clone 6-24. The 9G8 protein
has been proposed to have two (RRM-type and zinc knuckle-
type [9]) RNA binding domains. Interestingly, a SELEX per-
formed with a mutant zinc knuckle region of 9G8 identified a
consensus sequence very similar to the dsx repeat element 5’
half (8a). It is possible that the two RNA binding domains
operate independently of each other to recognize the disparate
sequences in clones 6-18 and 6-24. A precedent for RNA
binding domains operating independently of each other in an
SR protein containing two RNA binding domains was sug-
gested by the experiments of Chandler et al. (10). The authors
showed that an SF2/ASF derivative lacking one of the RRMs,
but not the reciprocal construct, could function comparably to
the full-length SF2/ASF in a commitment complex functional
assay.

Clones 6-24 and 6-38 contained SC35-dependent splicing
enhancers, and the enhancer sequences show significant se-
quence homology with each other as well as with a recently
identified SC35-dependent enhancer in hB-globin exon 2. The
B-globin exon 2-derived sequence UGCUGUU was subjected
to mutagenesis and site-specific cross-linking studies for SC35-
dependent activation and RNA binding (57). The most homol-
ogous sequences in the two strongest SC35-dependent enhanc-
ers identified among the dsx-N18 clones are the UGCGGUC
sequence in 6-24 and the UGCCGCC sequence in 6-38. We
propose the degenerate consensus RNA binding sequence
UGCNGYY for SC35, a protein predicted to have only a
single RRM-type RNA binding domain.

Identification of degenerate RNA binding sequence for
SRp20. We also identified another 18-nt enhancer capable of
specifically recruiting the SR protein SRp20, using a biotinyl-
ated RNA affinity technique. This enhancer bears a strong
sequence homology to the sequences implicated as SRp20
binding sites in three independent site-specific cross-linking
studies. The functional significance of this sequence homology
is that an exon whose inclusion is regulated by SRp20 shares
multiple potential SRp20 sites, and a functional SRp20 binding
site in the CT/CGRP enhancer enhances both polyadenylation
and exon inclusion of an upstream exon. By using a biotinyl-
ated RNA affinity technique (76), the enhancer of clone 3-25
was shown to specifically bind a 20-kDa SR protein, whereas
the enhancers of clones 3-35 and (AAG), did not bind a
20-kDa SR protein. No other enhancers tested with this assay
were able to interact with a 20-kDa SR protein (data not
shown). Clone 3-25 shows significant sequence homology with
two other exonic sequences characterized by using site-specific
cross-linking. A single-labeled phosphate was positioned up-
stream of the 5’ splice site in the AML pre-mRNA and a
20-kDa protein specifically cross-linked at or near position
—31 but not at adjacent positions (11). Similarly, a single-
labeled phosphate was positioned in the 8-nt inter-repeat
spacer between Drosophila melanogaster repeats 3 and 4 and
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shown to cross-link a 20-kDa protein (41). A recent study
demonstrated that SRp20 binds to the CT/CGRP polyadenyl-
ation enhancer and increases an upstream exon’s inclusion in
cultured cells transfected with SRp20 but not SF2/ASF, Dro-
sophila SRp55, or an SRp20 derivative lacking an activation
domain (40). This study was able to confirm the identity of
SRp20 by immunoprecipitating a cross-linked RNA containing
a site-specific label within this sequence by using an SRp20-
specific antibody (40). The authors of each of these site-specific
cross-linking studies (11, 40, 41) suggest that the 20-kDa pro-
tein might be SRp20. Here we show that a sequence with
strong homology to these sequences interacts with a 20-kDa
SR protein. Recent studies have shown that SRp20 pre-mRNA
is autoregulated by its own gene product to encode a protein
with a truncated SR domain (32), a domain necessary and
sufficient to activate enhancer-dependent splicing of other pre-
mRNAs containing weak 3’ splice sites (22). In cultured cells,
transfected SRp20 is able to promote the inclusion of exon 4,
which is usually skipped (32). We propose that the mechanism
of activation might be due to one or more SRp20 binding
site(s) within the regulated exon 4. There is a perfect match
over eight consecutive nucleotides between the PyE site that
was shown to cross-link SRp20 in dsx repeat element and a
putative SRp20 site located within exon 4 at a position +14
relative to the weak 3’ splice site in intron 3 in the autoregu-
lated SRp20 pre-mRNA. The sequence homology shared be-
tween the sequences implicated in SRp20 RNA binding is the
degenerate sequence CUC(U/G)UCY. In total, the results of
this work and previous studies suggest that both SELEX-iso-
lated high-affinity consensus binding sites (8a, 33, 63-65) and
more degenerate (and possibly lower-affinity) binding sites
(this report and references 14, 39, and 67) can function as
exonic splicing enhancers.
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