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Purine-rich enhancers are exon sequences that promote inclusion of alternative exons, usually via activation
of weak upstream 3’ splice sites. A recently described purine-rich enhancer from the caldesmon gene has an
additional activity by which it directs selection of competing 5’ splice sites within an alternative exon. In this
study, we have compared the caldesmon enhancer with another purine-rich enhancer from the chicken cardiac
troponin T (cTNT) gene for the ability to regulate flanking splice sites. Although similar in sequence and
length, the two enhancers demonstrated strikingly different specificities towards 5’ splice site choice when
placed between competing 5’ splice sites in an internal exon. The 32-nucleotide caldesmon enhancer caused
effective usage of the exon-internal 5’ splice site, whereas the 30-nucleotide cTNT enhancer caused effective
usage of the exon-terminal 5’ splice site. Both enhancer-mediated splicing pathways represented modulation
of the default pathway in which both 5’ splice sites were utilized. Each enhancer is multipartite, consisting of
two purine-rich sequences of a simple (GAR),, repeat interdigitated with two enhancer-specific sequences. The
entire enhancer was necessary for maximal splice site selectivity; however, a 5- to 7-nucleotide region from the
3’ end of each enhancer dictated splice site selectivity. Mutations that interchanged this short region of the two
enhancers switched specificity. The portion of the cTNT enhancer determinative for 5’ splice site selectivity was
different than that shown to be maximally important for activation of a 3’ splice site, suggesting that enhancer
environment can have a major impact on activity. These results are the first indication that individual
purine-rich enhancers can differentiate between flanking splice sites. Furthermore, localization of the speci-
ficity of splice site choice to a short region within both enhancers indicates that subtle differences in enhancer
sequence can have profound effects on the splicing pathway.

Sequences within exons in addition to splice sites have
emerged in the last several years as powerful determinants of
splicing efficiency (2, 13, 24). Of these sequences, the purine-
rich exon enhancers containing the generic core sequence
(GAR),, (R = G or A) (42) have received the most attention
(4, 6, 9, 17, 20, 23, 25, 32, 41-43). Even short purine-rich
enhancers can have major effects on the efficiency of exon
inclusion. Most characterized purine-rich enhancers reside in
alternative exons and have been shown to be essential se-
quence elements for exon inclusion, usually via the activation
of weak 3’ splice sites (2, 14, 26). Exon enhancers are often
interchangeable in their ability to activate weak 3’ splice sites,
not only between genes (8, 17, 20, 36, 41-43), but also between
species (13), suggesting that either most enhancers bind the
same factors or the bound factors have interchangeable activ-
ities.

Purine-rich enhancers bind to members of the arginine-
serine-rich class of splicing factors (29, 44), the S/R proteins
(reviewed in references 10 and 24). Different enhancers dem-
onstrate binding preferences for individual members of this
family of proteins (20, 23, 25, 31-34, 41). These preferences
correlate with the ability of different S/R proteins to affect in
vitro splicing of enhancer-containing exons. Raising the in vivo
level of S/R proteins via expression of cDNAs coding for in-
dividual members of the family has been shown to increase
inclusion of an exon containing a purine-rich enhancer (3, 39).
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Furthermore, disruption of the gene coding for one S/R pro-
tein, ASF/SF2, has been demonstrated to be lethal in cultured
cells (40). Cumulatively, the available data suggests that indi-
vidual purine-rich enhancers bind a preferred subset of S/R
proteins during exon recognition.

Although purine-rich enhancers are frequently associated
with cassette exons, they have not been routinely associated
with splicing choices involving alternative recognition of com-
peting splice sites within a single exon. The only two reported
examples of enhancers regulating this latter type of alternative
splicing occur in the caldesmon gene (12, 16, 17) and the
Drosophila fruitless gene (28). Exon 5 of the caldesmon gene is
a large internal exon containing two competing 5’ splice sites.
An extensive region of purine repeats, consisting of five copies
of a 32-nucleotide purine-rich repeat, resides between the two
splice sites. In vivo, the purine elements are necessary for
maximal exon inclusion and proper regulation of splice site
choice (15). A monomer repeat unit is sufficient to mediate
both exon inclusion and 5’ splice site regulation. The caldes-
mon regulatory sequence has properties of both an enhancer
and a silencer in that it stimulates inclusion of an exon without
itself being included in the spliced product RNA. In a heter-
ologous exon without competing splice sites, the caldesmon
enhancer behaves as a simple splicing enhancer (15), suggest-
ing that it is best considered a complicated member of the
purine-rich exon enhancer family despite its activation of an
upstream 5’ splice site.

Here, we compare the caldesmon enhancer to a more stan-
dard purine-rich enhancer from the chicken cardiac troponin T
(cTNT) gene and report the surprising result that the two
enhancers direct different splicing events both in vivo and in
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vitro when positioned between two competing 5’ splice sites in
an internal exon. This difference is observed despite consider-
able sequence similarity in the two enhancers. The caldesmon
32-nucleotide enhancer stimulated usage of the upstream,
exon-internal 5" splice site, whereas the 30-nucleotide cTNT
enhancer stimulated usage of the downstream, exon-terminal
site. The two enhancers directed opposite choices both in vivo
in a modified internal exon from the caldesmon gene and in
vitro in an artificial exon containing strong constitutive splice
sites derived from adenovirus. In the absence of any enhancer
or in the presence of nonspecific exon sequences, both 5’ splice
sites in the tested internal exons were utilized, indicating that
both enhancers modulated default splice site utilization, albeit
in opposite directions. The sequences responsible for the dif-
ferences in 5’ splice site specificity were localized to a short
region near the 3’ end of the enhancers in which the sequence
of both enhancers diverged from a simple GAR repeat. Al-
though this short region determined splice site selectivity, it
was not sufficient; other sequences within both enhancers were
also necessary for enhancer function. These results emphasize
the multipartite nature of exon enhancers and suggest consid-
erable complexity in the nature of recognition of exon enhanc-
ers by splicing factors. Perhaps most importantly, our results
show that regions of an enhancer important for 5’ splice site
selectivity may not be the same sequence required for 3’ splice
site activation, indicating that the activity of an enhancer can
be environmentally determined.

MATERIALS AND METHODS

In vivo and in vitro constructs. The in vivo constructs used were based on a
mini-gene containing the caldesmon alternative exon. In this mini-gene, the
natural human caldesmon exon 5 and its adjoining intron sequences replaced
exon 2 of the mouse metallothionein II gene driven by the Rous sarcoma virus
(RSV) promoter. This mini-gene directs exon 5 inclusion via the exon-internal 5’
splice site in most cell lines tested (15). The basic mini-gene contained the
natural caldesmon exon 5, in which the region between the two 5’ splice sites
(687 nucleotides) within the exon contained the natural purine-rich enhancer
consisting of five copies of the 32-nucleotide repeat (see Fig. 1A). Derivatives in
which 357 nucleotides containing all copies of the purine-rich repeat between the
two 5’ splice sites in exon 5 were replaced with 48 to 52 nucleotides of heterol-
ogous sequence were constructed. These sequences consist of one copy of the
caldesmon 32-nucleotide repeat, one copy of the natural exon sequences (30
nucleotides [see sequence in Fig. 1B]) from exon 5 of the chicken cTNT gene,
one copy of an “up-mutant” (25) of the ¢TNT exon 5 enhancer (sequence
AAGAGGAAGAAGAAGAAGAGGAAGAC-GACG), and a neutral cDNA
sequence (GTTATGCTCGTTATGCGCGTTATGCTCGTTATGGTCG).

The in vitro constructs used to prepare precursor RNA for in vitro splicing
were derived from adenovirus (27, 35). All splice sites in the constructs (see Fig.
2) are from the second exon of adenovirus. Sequences were placed in between
the 5’ splice sites of the middle exon by using small sequence cassettes (30 to 37
nucleotides) of information, including the caldesmon enhancer monomer, the
wild-type ¢cTNT exon 5 enhancer, the cTNT up-mutant enhancer, a nonspecific
sequence, and the first half of the caldesmon unit enhancer (the left 16 nucleo-
tides of the enhancer shown in Fig. 1B) or the second half of the caldesmon unit
enhancer (the right 16 nucleotides of the enhancer shown in Fig. 1B). Insertions
were added at an Xbal site introduced 139 nucleotides upstream of the exon-
terminal 5’ splice site. Chimeric enhancers were created synthetically as de-
scribed below and were inserted at the above-mentioned Xbal site. The identities
of all constructs were verified by sequencing.

In vivo RNA determination. RNA splicing phenotypes were derived for whole-
cell RNA by the use of a low-cycle reverse transcription-PCR (RT-PCR) de-
scribed and quantified previously (15). PCR primers were from exon 3 of the
metallothionein mini-gene backbone and from the RSV promoter region of exon
1. This primer pair could not amplify endogenous metallothionein mRNA. The
identities of spliced products were verified by direct sequencing of RT-PCR
products as described previously (15).

In vitro splicing. In vitro splicing assays (25 wl) using HeLa nuclear extract
were performed as described previously (25, 27). Maximal observation of differ-
ential phenotypes of the utilized enhancers took place with final concentrations
of 2.0 mM MgCl, and 1% polyethylene glycol. Splicing reaction products were
quantified with a Molecular Dynamics PhosphorImager. The exon-internal splice
site efficiencies were calculated as percent internal splice site usage [IS/(IS +
TS), where IS is the exon-internal splice site and TS is the exon-terminal splice
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site]. Each reported efficiency represents the mean of at least four independent
experiments with calculated standard deviations (as shown in Tables 1 and 2).

RESULTS

The caldesmon and ¢TNT enhancers regulate in vivo 5’
splice site selection and stimulate exon inclusion. It has been
shown previously that the purine-rich sequences residing be-
tween the two competing 5’ splice sites within alternative exon
5 of the caldesmon gene (Fig. 1A) are necessary for both exon
inclusion and modulation of 5’ splice site utilization (15). In
their presence, the exon-internal 5 splice site (site upstream of
the enhancer) is dominantly used; in their absence or when
they are replaced by nonspecific cDNA sequences, exon inclu-
sion levels fall and RNA is produced by using both 5’ splice
sites. Therefore, the exon 5 enhancer both stimulates exon
inclusion via a positive effect and regulates inclusion via rec-
ognition of a 5’ splice site positioned upstream of the en-
hancer. This form of splice site activation effectively positions
the enhancer outside the exon whose inclusion is being stim-
ulated. The enhancer must be within an exon to be effective in
modulating 5’ splice site choice (15), indicating that it can be
considered an exon element even though it stimulates usage of
an upstream 5’ splice site.

Most importantly, previous results indicated that usage of
the exon-internal splice site is an active rather than a passive
choice because mutation of the exon-internal 5’ splice site does
not activate usage of the exon-terminal site. Instead, RNA is
produced via activation of a normally silent cryptic 5’ splice site
upstream of the enhancer in an element-dependent manner
(15). Thus, the caldesmon enhancer has both positive and
negative characteristics in that it stimulates the inclusion of
upstream sequences without stimulating inclusion of the region
of the pre-mRNA containing the enhancer. This property of
the enhancer distinguishes it from other purine-rich exon en-
hancers.

A single 32-nucleotide repeat of the caldesmon enhancer is
sufficient for both exon inclusion and regulation of splice site
choice (15). The caldesmon enhancer sequence is shown in Fig.
1A (the caldesmon minimal 32-nucleotide enhancer monomer
is indicated in Fig. 1 to 3). Figure 1A also shows the purine-rich
enhancer from alternative exon 5 of the cTNT gene (the cTNT
30-nucleotide enhancer is indicated in Fig. 1 to 3). Both
enhancers are multipartite, consisting of two purine-rich se-
quences with the consensus (GAR), (R = G or A) inter-
digitated with enhancer-specific sequences. Both enhancers
activate inclusion of a heterologous gene dependent upon pu-
rine-rich enhancers for maximal splicing (15). To compare the
abilities of the two enhancers to direct exon inclusion and
modulate 5" splice site choice in the caldesmon gene, mini-
genes for in vivo transfection studies containing the natural
caldesmon alternative exon 5 were constructed. The large nat-
ural caldesmon enhancer residing between the competing 5’
splice sites was replaced with minimal enhancers or nonspecific
sequences. This replacement significantly shortened the exon
and reduced the need for an enhancer for exon inclusion. (In
the natural gene, replacement of the enhancer with nonspecific
sequences raises exon skipping to 65 to 99%, whereas in con-
structs with shorter exons, replacement of the enhancer causes
only 13% skipping [15].) Thus, the utilized constructs assay the
ability of the enhancer sequence to regulate 5’ splice site uti-
lization with a minimal effect on exon inclusion.

Figure 1B shows the RNAs produced from transfection with
these mini-genes using a quantitative RT-PCR assay described
previously (15). Inclusion of the natural caldesmon exon con-
taining five enhancer monomers was efficient, and all of the
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FIG. 1. Caldesmon and cTNT enhancers regulate in vivo 5" splice site selec-
tion and stimulate exon inclusion. (A) Diagram of the alternative exons (black
boxes) of the human caldesmon and chicken cTNT genes containing the purine-
rich enhancers studied (circle and triangle, respectively). The two purine-regions
in each enhancer (gray boxes) and the enhancer-specific sequences that separate
the two purine-rich regions (italic) are indicated. An up-mutant of cTNT that
promotes exon inclusion of ¢cTNT exon 5 more efficiently than the wild-type
element (25) (triangle with plus sign). Five copies of the 32-nucleotide caldes-
mon enhancer from the natural exon are shown (five circles). (B) RT-PCR
analysis of spliced RNA produced upon transfection of CHO cells with mini-
genes containing the indicated enhancer sequences placed between the compet-
ing 5’ splice sites of the natural caldesmon exon 5, diagrammed below the gel.
The 5’ splice site upstream of the enhancer is termed the exon-internal site (IS),
and the 5’ splice site downstream of the enhancer is termed the exon-terminal
site (TS). For the constructs used in lanes 2 to 6, 357 nucleotides of exon
including the natural enhancer were replaced with 48 to 52 nucleotides of
heterologous sequence. RNA phenotypes were assessed by low-cycle quantitative
RT-PCR (15) using PCR primers located in the exons flanking the alternative
exon. The internal exon utilized in lane 1 is the natural caldesmon exon and is not
drawn to scale. Product RNA resulting from use of the exon-terminal site in this
construct is not observed (15) and would be much larger than the spliced RNAs
produced in the other constructs. The constructs in lanes 2 to 6 had internal
exons that did not significantly differ in length; therefore, the PCR products
produced from each of these constructs resulting from usage of the exon-termi-
nal 5’ splice site were indistinguishable in length in the gel system used. These
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RNA that included exon 5 was produced via utilization of the
exon-internal 5’ splice site (Fig. 1B, lane 1). When there was
no purine-rich sequence between the two competing 5’ splice
sites or when the natural purine-rich sequence was replaced
with a short nonspecific cDNA sequence, both 5 splice sites
were used to direct mRNA synthesis (lanes 2 and 4). These
results indicated that a purine-rich sequence was necessary for
majority utilization of the exon-internal 5’ splice site.

When a single 32-nucleotide copy of the caldesmon en-
hancer was present, exon inclusion levels were high and RNA
was produced predominantly via usage of the exon-internal 5’
splice site (Fig. 1B, lane 3). In contrast, when the ¢cTNT en-
hancer was present, spliced RNA was produced predominantly
via usage of the exon-terminal 5’ splice site (Fig. 1B, lane 5).
Therefore, despite the similarity in enhancer length and se-
quence, the caldesmon and ¢TNT enhancers directed opposite
5" splice site selection when placed in the same environment. A
mutant cTNT enhancer in which the central enhancer domain
was replaced with a GAR repeat afforded a slight increase in
utilization of the exon-terminal 5" splice site (Fig. 1B, lane 6).
Thus, a mutation in the ¢cTNT element that improves exon
inclusion in the cTNT environment (25) also improves 5’ splice
site selectivity when positioned in the caldesmon exon. These
results show that the caldesmon and cTNT enhancers effec-
tively stimulate usage of splice sites lying upstream or down-
stream of the enhancer sequence, respectively. Such differen-
tial selectivity is unusual among purine-rich enhancers and
presents an optimal test system with which to investigate en-
hancer function.

The caldesmon and ¢TNT enhancers differentially regulate
in vitro utilization of competing identical strong 5’ splice sites.
The alternative exon tested in Fig. 1 is derived from the natural
caldesmon exon from which the caldesmon enhancer was iso-
lated. This exon is heterologous to the cTNT enhancer. To test
both enhancers in a heterologous environment and to deter-
mine whether the two enhancers regulate 5’ splice site choice
in vitro, we utilized a three-exon in vitro precursor RNA con-
taining a middle exon with two 5’ splice sites. The precursor,
diagrammed in Fig. 2, was constructed from adenovirus se-
quences (27, 35) and contains identical 5" splice sites (i.e., the
two 5’ splice sites within exon 2 are identical and identical to
the 5’ splice site in exon 1). Similarly, the 3’ splice sites in exons
2 and 3 are identical. Therefore, any observed preferential
splice site utilization cannot be due to inherent differences
between the competing splice sites. The design of the test
constructs was chosen to place the enhancers within an internal
exon between competing 5’ splice sites. Use of an internal exon
insulates the enhancers from exon definition effects caused by
cap-binding proteins (11) and places the tested enhancers in an
exon environment structured similarly to the alternative cal-
desmon exon. Use of a strong adenovirus precursor RNA
provided enhancer-independent removal of intron 1 to permit

constructs have significantly shorter second exons than the natural caldesmon
gene. Shortening reduces the dependence of the exon on the enhancer for
inclusion and permits examination of effects on splice site specificity only. The
construct (lane 2) in which the natural enhancer was deleted (no element)
produced PCR products of 973, 643, and 240 nucleotides resulting from exon
inclusion via the exon-terminal splice site, exon inclusion via the exon-internal
splice site, and exon skipping, respectively. The constructs containing a single
copy of the caldesmon enhancer (lane 3), nonspecific sequences (lane 4), cTNT
enhancer (lane 5), or improved ¢cTNT enhancer containing a purine spacer (lane
6) produced PCR products of 1,111 to 1,115, 643, and 240 nucleotides resulting
from exon inclusion via the exon-terminal splice site, exon inclusion via the exon-
internal splice site, and exon skipping, respectively. The identities of individual
RNA species within each band were confirmed by sequencing of PCR products.
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FIG. 2. Caldesmon and ¢cTNT enhancers promote differential utilization of identical flanking 5’ splice sites in an in vitro precursor RNA. (A) Pathway of splicing
of two intron precursor RNAs with a second exon containing two 5’ splice sites flanking either the caldesmon or the cTNT enhancer. The precursor contains duplicated
splice sites derived from adenovirus exon 2. The diagram indicates the preferred path of splicing exhibited by all in vitro precursors used in this study in which intron
1 is removed prior to intron 2. nt, nucleotides; IS and TS, exon-internal and exon-terminal sites, respectively. (B) Denaturing 8 and 5% acrylamide gels of 45-min
reaction products enhance visualization of lariat species. Note that if a pathway in which intron 2 was removed first via the exon-internal 5 splice site had been used,
a diagnostic product band of 363 nt would have been produced. A similar pathway of initial intron 2 removal using the exon-terminal 5’ splice site would produce a
diagnostic released exon 1 band of 485 nt. Neither of these bands was observed, indicating little processing by a pathway removing intron 2 before intron 1. Therefore,
all splicing via the alternative 5’ splice sites in exon 2 can be visualized in the product bands TS and IS. Lanes M, Hpall-digested pBR322, which is the marker for all
subsequent figures. Band sizes are indicated in nucleotides. (C) The caldesmon enhancer (circle), cTNT enhancer (triangle), improved ¢cTNT enhancer (triangle with
plus sign), or nonspecific sequence (striped box) was placed in the in vitro precursor RNA diagrammed below the gel. Splicing reactions were performed for 0, 25, or
45 min under standard conditions. Products resulting from intron 1 removal, double splicing using the exon-terminal 5’ splice site (TS), or double splicing using the
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exon-internal 5" splice site (IS) are indicated.

assessment of the ability of the sequences to regulate 5" splice
site recognition without an accompanying requirement for ac-
tivation of an upstream 3’ splice site.

Short cassettes (30 to 37 nucleotides) of nonspecific se-
quence, the caldesmon enhancer, or the cTNT enhancer (wild
type and improved) were inserted between the competing 5’
splice sites within exon 2 of these constructs. All tested pre-
cursor RNAs were spliced efficiently, producing products in
which both introns 1 and 2 were removed (Fig. 2A and B).
No evidence for exon skipping was observed, reflecting the
strength of the splice sites flanking exon 2. Intron 1 was re-
moved at equal frequencies in all tested constructs. In addition,
intron 1 was removed before noticeable removal of intron 2 via
usage of either 5’ splice site flanking the tested enhancer (Fig.
2A). Thus, all usage of the alternative 5’ splice sites within
exon 2 could be monitored by observation of the levels of
doubly spliced product RNAs (IS and TS species in all figures).
Constructs differed as to the preference of utilization of alter-
native 5’ splice sites within exon 2. Therefore, these substrates
provided a measure of the ability of each enhancer to affect the

specificity of utilization of flanking 5" splice sites without in-
terference from effects on overall exon 2 inclusion.

When a precursor RNA containing nonspecific sequences
between the competing 5’ splice sites was spliced in vitro, RNA
was produced via relatively equivalent utilization of the two 5’
splice sites (Fig. 2C, lanes 10 to 12). A similar result was
observed when no additional sequence was placed between the
two competing 5’ splice sites (data not shown). When the
32-nucleotide caldesmon enhancer was placed between the two
5’ splice sites, splicing proceeded almost exclusively from the
exon-internal 5’ splice site (Fig. 2B and C, lanes 1 to 3). This
preference was observed over a long period with various
batches of HeLa nuclear extract. An average of 14 experiments
indicated that the internal site was used to generate (79.4 =
8.1)% of the doubly spliced RNA (quantification in Table 1).
Thus, when the caldesmon monomer enhancer was present,
splicing occurred preferentially at the 5’ splice site located
upstream of the enhancer sequence even when the splice sites
were strongly constitutive. In contrast, the 30-nucleotide cTNT
enhancer switched the 5’ splice site preference to the exon-
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TABLE 1. Enhancer domains and chimeras

% Internal
ENHANCER 5' Splice Site
1 caldesmon® GAGGAAGAG AAAAGGGCAGCA GAGGAGAGGCA 1] 79.4 + 8.1
2 aagaggaagaa AAAAGGGCAGCA GAGGAGAGGCA [ NN 66.9:13.2
3 GAGGAAGAG uggcuu GAGGAGAGGCA | mm 72.0+ 3.8
4 GAGGAAGAG uggcuuuggcuu GAGGAGAGGCA I 68.8 + 10.9
5 GAGGAAGAG AAAAGGG 1] 559+ 13.8
6 CAGCA GAGGAGAGGCA 1] 59.5+13.2
7 GAGGAAGAG AAAAGGGCAGCA gaggaagacgacg I | 37.2:11.3
8 aagaggaagaa uggcuu GAGGAGAGGCA (I S | 66.7 +7.9
9 aagaggaagaa AAAAGGGCAGCA gaggaagacgacg C——_ s | 3694117
10 aagaggaagaa AAAAGG gaggaagacgacg [ ] 28.3 + 4.0
11 aagaggaagaa GCAGCA gaggaagacgacg [ M R | ] 17.5+1.5
12 GAGGAAGAG uggcuu gaggaagacgacg BN T ] 338197
13 GCTCGTATTGCTCGTATTGCTCGTATTG (2272777 777277772  46.5 + 201
14 ocINT”  aagaggaagaa uggcuu gaggaagacgacg [ I I ]  19.1+7.9
DOMAIN 1 2 3
IS TS

¢ Caldesmon sequences are shown in uppercase.

® ¢TNT sequence are shown in lowercase. L and R, 6-nucleotide half-domains (domain 2). Symbols are as for the figures.

terminal 5 splice site (Fig. 2B and C, lanes 4 to 6) so that only
(19.1 = 7.9)% of the doubly spliced product RNA resulted
from usage of the internal 5’ splice site. The improved cTNT
enhancer was even more effective in directing splice site utili-
zation to the exon-terminal 5 splice site, so that essentially all
of the product RNA resulted from usage of the exon-terminal
5’ splice site (Fig. 2C, lanes 7 to 9). Thus, the cTNT enhancer
directed splicing using a 5" splice site located downstream of
the enhancer sequence both in vivo and in vitro.

These results strongly indicate that the two enhancers, de-
spite their sequence similarity, cause utilization of 5’ splice
sites lying on opposite sides of the enhancer sequence in a
fashion independent of other sequences within the regulated
exon. To our knowledge, this is the first example of two purine-
rich enhancers with relatively similar sequences demonstrating
opposite splice site specificities.

Specificity of the caldesmon enhancer requires the entire
enhancer monomer. Both the caldesmon and the ¢TNT en-
hancers have multipartite structures in which two segments of
purine-rich sequence are separated by a spacer sequence. Pre-
vious work indicated that the ¢cTNT enhancer functions to
stimulate exon inclusion in its natural environment primarily
through the upstream purine-rich region (25). To determine
whether the multipartite nature of the caldesmon enhancer
was required for its ability to regulate 5’ splice site choice,
versions of the in vitro precursor RNA used in the experiment
whose results are shown in Fig. 2 in which the monomer 32-
nucleotide caldesmon enhancer was replaced by either the
right or the left half of the enhancer (16 nucleotides each) were
prepared (Fig. 3). This splitting of the enhancer created a
5'-half enhancer containing only purines and a 3’-half en-
hancer containing both purines and pyrimidines.

When assayed in vitro, the precursor RNA containing either
half of the caldesmon enhancer spliced efficiently. Specificity of

5’ splice site utilization, however, was lost, so that considerable
product was generated when the exon-terminal 5" splice site
with precursor RNAs containing either half of the caldesmon
enhancer was used (Fig. 3, lanes 4 to 9), with 56 to 59% of the
product RNA resulting from usage of the exon-internal site
(Table 1). These values are different than the 47% average we
observed for nonspecific sequences (Table 1), but it should be
noted that there was a considerable standard deviation associ-
ated with 5’ splice site usage patterns when neutral or inacti-
vated enhancer sequences were analyzed. We have therefore
chosen to set a threshold of 60% 5’ splice site preference for
minimum specificity. Enhancer sequences failing to meet this

Enhancer OFul Q5 Half Q3 Half
Time A ] 1
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FIG. 3. Specificity of the caldesmon enhancer requires the entire enhancer
monomer. Precursor RNAs similar to those diagrammed in Fig. 2 containing the
entire caldesmon enhancer, the 5" half of the enhancer (nucleotides 1 to 16 of the
sequence shown in Fig. 1A), or the 3" half of the enhancer (nucleotides 17 to 32
of the sequence shown in Fig. 1A) were prepared. Reaction products resulting
from splicing using the exon-internal (IS) or exon-terminal (TS) 5’ splice site are
indicated. The gel used for this experiment has a different cross-linking ratio than
that in Fig. 2, causing lariat species to migrate just above the TS band repre-
senting double splicing using the terminal 5’ splice site.
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or chimeric enhancers. Reactions were performed for 45 min. Reaction products are identified as for Fig. 2. Sizes are indicated in nucleotides. In panel C, several
different chimeras containing alternate domain 2 were made to control for differences in length of domain 2 between the two enhancers. When caldesmon domain 2
sequences were inserted into the cTNT enhancer, either the entire domain (12 nucleotides) (lane 5) or 5" or 3’ half-domains (6 nucleotides each [boxes L and R]) (lanes
7 and 8) were used. When ¢TNT domain 2 sequences were inserted into the caldesmon enhancer, either one copy (6 nucleotides, represented by one white box) or

two copies (two white boxes) were used.

criteria are considered neutral sequences. By these criteria, the
full enhancer containing two purine-rich regions was required
to direct 5’ splice site usage to the exon-internal site (Fig. 3,
lanes 1 to 3).

Splice site specificity of the caldesmon and ¢TNT enhancers
requires all regions of each enhancer and is strongly influ-
enced by sequences in the 3'-terminal segment. To determine
which sequences within each enhancer are required for 5’
splice site selectivity, each enhancer was arbitrarily divided into
three domains. As shown in Fig. 4A, domain 1 is a 5’ purine-
rich region with a simple (GAR); sequence, domain 2 is a
region that is variable in sequence and length in the two en-
hancers, and domain 3 begins with (GAR), and terminates
with 5 to 7 nucleotides of enhancer-specific sequence. Chi-
meric enhancers were created by interchanging each of the
three domains between the two enhancers. Swapping any of
the three regions between the enhancers produced an alter-
ation in 5’ splice site utilization. The magnitude of the effect
was different for individual regions. Table 1 lists the chimeras

created for this study and indicates the percentage of splicing
via utilization of the exon-internal 5’ splice site of exon 2 for
each construct.

Most of the ability to affect 5" splice site choice resided
within sequences in the right third of the enhancers (domain
3 in Table 1 and Fig. 4B). Replacement of domain 3 of the
caldesmon enhancer with the corresponding region from the
¢TNT enhancer (13 nucleotides replaced 11 nucleotides)
reduced usage of the exon-internal 5’ splice site from 79.4 to
37.2%, effectively converting the caldesmon enhancer splice
site selection pattern to 70% of that of the cTNT enhancer
(Fig. 4B, lane 3). Conversely, replacement of domain 3 of
the cTNT enhancer with that from the caldesmon enhancer
effectively converted the cTNT enhancer splice site selection
to 79% of that of the caldesmon enhancer, and usage of the
exon-internal site increased from 19.1 to 66.7% (Fig. 4B,
lane 4).

Although interchanging domain 3 of the two enhancers had
a pronounced effect on 5’ splice site choice, the resulting chi-
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meric enhancers had only 70 to 80% of the full specificity of the
parent enhancers, suggesting that domains 1 and 2 of each
enhancer also played a role in splice site selection. Further-
more, as shown in Fig. 3, the right half of the caldesmon
enhancer was not sufficient to direct splice site selectivity when
present alone, underscoring the need for other regions of the
enhancer for specificity.

To analyze the importance of the domain 2 regions of the
two enhancers, which are very different from each other in
sequence, the spacers were swapped between the two enhanc-
ers (Fig. 4C). Interchange of the domain 2 regions of the
enhancers had a reproducible but minimal effect on splice site
choice that accounted for 15 to 30% of the selectivity (Fig. 4C,
lanes 4 and 5, and Table 1). Domain 2 of the caldesmon en-
hancer is twice the length of domain 2 from the cTNT en-
hancer, raising the possibility that spacing between the two
purine-rich regions could be important. To address this possi-
bility, domain 2 from the caldesmon enhancer (12 nucleotides)
was replaced by two copies of domain 2 from the cTNT en-
hancer (total of 12 nucleotides) (Fig. 4C, lane 6), and domain
2 from the ¢TNT enhancer was replaced by either half (AAA
AGG or GCAGCA) of domain 2 from the caldesmon en-
hancer (lanes 7 and 8, respectively). These alterations had
similar and relatively minimal impacts on splice site choice,
suggesting that both the sequence and the length of domain 2
play a role in splice site choice, but are not determinative.

Previous studies of the cTNT enhancer suggested that the
GAR repeat sequences in the 5’ portion of the enhancer were
important for enhancer function and S/R protein binding (25).
To test the importance of these sequences for enhancer spec-
ificity, chimeric enhancers interchanging domain 1 were ana-
lyzed (Fig. 4D, lanes 3 and 4). Interchange of these sequences
had minimal impact on splice site selectivity. It should be
noted, however, that the two sequences are relatively similar.
Coupled with the inability of the 3’ half of the enhancers to
direct splice site selectivity, the data suggests that domain 1
may be essential for enhancer function but nondeterminative
for specificity. Thus, when both enhancers were dissected for
functional elements that were required for alternative recog-
nition of flanking splice sites, each enhancer was revealed to be
a complex multipartite element.

Short enhancer-specific sequences at the 3’ end of the cTNT
and caldesmon enhancers provide splice site specificity. To
identify the nucleotides within domain 3 that are important for
enhancer specificity, domain 3 was further subdivided into two
domains (3A and 3B) (Fig. 5 and Table 2). Domain 3A consists
of two GAR repeats, and domain 3B contains 5 to 7 nucleo-
tides of enhancer-specific sequence. It seemed unlikely, given
the sequence similarity in domain 3A between the two enhanc-
ers, that specificity determinants were present in this domain.
Therefore, analysis concentrated on domain 3B. Domain 3B is
quite short, consisting of 5 nucleotides (AGGCA) in the
caldesmon enhancer and 7 nucleotides (GACGACG) in the
¢TNT enhancer. Mutations were made within domain 3B, and
the mutants were analyzed for specificity and overall splicing
efficiency (Fig. 5).

In the first mutant, the heptanucleotide GACGACG from
the cTNT enhancer domain 3B replaced domain 3B of the
caldesmon enhancer. This replacement strongly affected splice
site choice, activating usage of the exon-terminal splice site in
vitro, so that 82% of the product RNA was now spliced via the
exon-terminal 5" splice site versus 21% for the recipient caldes-
mon enhancer (Fig. 5, lane 3, and Table 2). Strong activation
of usage of the exon-terminal splice site with this small se-
quence suggests that domain 3B is determinative for splice site
selectivity.
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FIG. 5. Sequences within domain 3B dictate 5’ splice site specificity. For this
experiment, the two enhancers were considered to contain four domains. Com-
pared to the domains identified in Fig. 4, the extra domain arises by subdivision
of domain 3 into domain 3A, which contains the first 6 nucleotides of domain 3,
with the sequence (GAR), and domain 38, which contains the terminal enhanc-
er-specific. Caldesmon (black boxes) and cTNT (white boxes) domains are indi-
cated. One mutant enhancer was prepared by replacing domain 3B of the caldes-
mon enhancer with domain 3B from the ¢cTNT enhancer (lane 3). Two point
mutations were made by altering the two C’s in the ¢cTNT domain 3B to U’s
(UU) (lane 4) or deleting both C’s (XX) (lane 5). Splicing reactions were
performed for 45 min. Product RNAs are identified as for Fig. 2. Quantification
of the indicated product RNAs is shown beneath the gel. The amounts of
products are shown in arbitrary PhosphorImager units as a percentage of total
RNA precursor and products, normalized for uridine content.

Two additional mutants with alterations in the specific se-
quence within domain 3B of the cTNT enhancer were created.
The first mutation altered the two C nucleotides of the GAC
repeat to GAU. This alteration had minimal impact on splice
site selectivity (Fig. 5, lane 4, and Table 2). A second mutant in
which the two Cs in each GAC repeat were simultaneously
deleted was created (Fig. 5, lane 5, and Table 2). This deletion
effectively converts domain 3 of the cTNT enhancer to a se-
quence almost identical to the equivalent region of the caldes-
mon enhancer (GAGGAAGACGACG converted to GAGG
AAGAGAG, compared to the caldesmon domain 3 sequence
of GAGGAGAGGCA). The deletion caused activation of splic-
ing via the exon-internal site. As shown in Table 2, 70% of the
product RNA was spliced via usage of the exon-internal site
versus 19% via usage of the parental cTNT enhancer, i.e., the
¢TNT enhancer was strongly converted to the caldesmon en-
hancer with respect to splice site selectivity. Thus, small alter-
ations in domain 3B located at the very 3’ terminus of both
enhancers strongly activated opposite splice site selectivity.
The sequences implicated for exon-terminal or exon-internal
5’ splice site activation by these experiments are GACGACG
and AGGCA, respectively.

DISCUSSION

Exon splicing enhancers have been shown to be important
elements in the efficiency of exon recognition (2, 14, 26). One
major class of exon enhancers are the purine-rich enhancers,
exemplified by the caldesmon and ¢TNT enhancers compared
in this study (4, 5, 8, 9, 15, 20, 22, 25, 31-34, 36, 38, 41-43). The
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TABLE 2. Enhancer-specific sequences within domain 3B

ENHANCER

(GAR)3 Sheae’  (@AR, Solde 5" Spiice Site
1 caldesmon®* GAGGAAGAG AAAAGGGCAGCA GAGGAG AGGCA [T 7°4:8
2 GAGGAAGAG AAAAGGGCAGCA gaggaa gacgacg -: 37.2+11.3
3 GAGGAAGAG AAAAGGGCAGCA GAGGAG gacgacg --:| 17.8 +6.7
4 aagaggaagaa uggcuu GAGGAG AGGCA :_——_ 66.7 +7.9
5 aagaggaagaa uggcuu gaggaa gagag | | 1 X X:l 69.5 + 3.9
6 aagaggaagaa uggcuu gaggaa gaugaug | 1 Tuul 31.7+75
7 cTNTb aagaggaagaa uggcuu gaggaa gacgacg | | | | 19.1+7.9

DOMAIN 1 2 3A 3B
1S TS

“ Caldesmon sequences are shown in uppercase.

> ¢TNT sequences are shown in lowercase. XX and UU, point mutations made by deleting the two C’s in domain 3B or changing them to U’s, respectively. Symbols

are as for the figures.

caldesmon and cTNT enhancers are similar in both sequence
and length, consisting of two blocks of purine repeats interdig-
itated with enhancer-specific sequences. Both enhancers stim-
ulate splicing of a single-intron heterologous pre-mRNA (15,
42). However, when placed between two competing 5’ splice
sites in an internal exon bearing two sites, the enhancers dem-
onstrated opposite phenotypes. Both increased exon inclusion
levels in vivo compared to exons lacking an enhancer; however,
the two enhancers directed inclusion by different 5’ splice sites
within the alternative exon. Both shifted the 5’ splice site usage
pattern away from the roughly equal usage of the two 5’ splice
sites observed in the absence of an enhancer between the sites.
The caldesmon enhancer caused usage of the exon-internal 5’
splice site, the site upstream of the enhancer, both in the
natural caldesmon exon and in a heterologous exon containing
strong adenovirus-derived constitutive 5" splice sites. In con-
trast, the cTNT enhancer caused usage of the exon-terminal 5
splice site, the site downstream of the enhancer, in both the
caldesmon exon and the adenovirus exon. Thus, despite their
sequence similarity, the presence of the two enhancers resulted
in opposite splice site choices. These results suggest that
subtle differences in exon sequence can strongly affect splic-
ing choices.

Multipartite enhancer structure. Analysis of the domains
within each enhancer that are important for function indicated
that each enhancer could be considered as a tetrapartite se-
quence made up of a 5" domain consisting of a simple purine
repeat, (GAR);; a second domain of enhancer-specific se-
quence and length; a third domain consisting of (GAR),;
and a fourth differentiating short domain with the sequence
AGGCA (caldesmon) or GACGACG (cTNT). Full-length en-
hancers were required for specificity. However, interchange of
regions 1 and 2 had only 10 to 30% effect on splice site spec-
ificity, indicating that although these regions of the enhancer
are necessary, the sequence differences between domains 1 and
2 played a minor role in specificity. It should be noted, how-
ever, that the two enhancers are very similar in domain 1.

In contrast, interchange of the last 5 to 7 nucleotides of the

enhancers strongly altered enhancer specificity, almost con-
verting the specificity of each enhancer to that of the other.
The sequence of this region of each enhancer is unique, sug-
gesting that the binding of enhancer-specific factors to this
region of the enhancer regulates specificity. Thus, although the
multipartite nature of each enhancer was required for splice
site specificity, a short stretch of nucleotides near the 3’ end of
the enhancers was found to be determinative for splice site
choice when present within the whole enhancer.

Positive versus negative regulation. The caldesmon exon
enhancer is a very unusual splicing regulatory sequence in that
it causes recognition of a 5’ splice site lying upstream of the
enhancer within the exon containing the enhancer. Thus, the
enhancer does not become incorporated into product RNA
resulting from usage of the upstream splice site. This raises the
question of whether the enhancer functions to cause alterna-
tive splice site recognition via activation of the upstream splice
site or repression of the downstream splice site. Although
some aspects of repression are certainly possible, we have no
evidence suggesting that the enhancer is inhibitory to 5’ splice
site recognition. Placement of the enhancer in a weak exon
activates splicing when the exon is 3’ terminal (15) or internal
(unpublished data). In these contexts, however, the caldesmon
enhancer is never as powerful as the cTNT enhancer.

In its natural gene, the enhancer is absolutely required for
significant inclusion of exon 5 via recognition of the exon-
internal 5’ splice site. Usage of the internal 5’ splice site ef-
fectively places the enhancer outside the enhanced exon, sug-
gesting that the enhancer has the ability to activate flanking
sequences (15). Replacement of the enhancer with nonspecific
sequences causes exon skipping, not inclusion via the exon-
terminal splice site. A model in which the enhancer repressed
usage of the external 5’ splice site would have predicted inclu-
sion via the terminal splice site in the absence of a functional
enhancer.

Perhaps more revealing, however, is the phenotype observed
when the upstream splice site is mutated in the natural caldes-
mon gene. If the enhancer caused silencing of the downstream
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5’ splice site, it might be predicted that mutation of the up-
stream 5’ splice site would induce exon skipping. Instead, exon
inclusion levels remain high, and normally silent cryptic splice
sites are activated (15). Therefore, we prefer an interpretation
in which the caldesmon enhancer is viewed as a complicated
enhancer-silencer activating neighboring sequences for inclu-
sion by causing an overall preference for binding of splicing
factors to an upstream splice site versus a downstream site.
Such activation at a distance with concomitant internal silenc-
ing for splicing is reminiscent of the mechanism of activation of
inclusion of the alternative 3'-terminal exon in the calcitonin/
calcitonin gene-related peptide gene by an intron-located en-
hancer containing wild-type splice sites and binding splicing
factors but not itself used for splicing (21).

Regulation of 5’ splice sites by enhancers. Exon enhancers
have usually been shown to affect exon inclusion by activating
weak 3’ splice sites, via the interaction of enhancer-bound S/R
proteins and the 35-kDa subunit of U2AF. In the constructs
examined in this study, the enhancers regulate 5’ splice site
utilization, presumably through an effect on the binding of Ul
snRNPs. Indeed, exon enhancers can replace a 5 splice site
during early exon recognition and have been shown to activate
U1 snRNP binding in reconstituted in vitro reactions (19, 31).
Furthermore, S/R proteins have recently been shown to pro-
vide 5’ splice site recognition in the absence of U1 snRNPs (7,
37).

What, if any, differences exist between the mechanisms uti-
lized by S/R proteins to activate 3’ splice sites and 5’ splice
sites? Our study suggests that there may be at least some
differences, because regions of the cTNT enhancer character-
ized as important for 5" splice site selectivity were different
than those shown to be maximally important for activation of
a 3’ splice site. The cTNT enhancer used in this study has been
subjected to exhaustive mutagenesis with respect to its ability
to support exon inclusion in its natural 30-nucleotide internal
exon from the cTNT gene (5, 6, 42). This analysis revealed the
importance of domains 1 and 2 of the enhancer for both de-
fault and regulated exon inclusion. Mutations within domain 1
reduced exon inclusion in nonmuscle and muscle cells from 26
and 73% to 2 and 4%, respectively. Mutation of domain 3B,
containing the sequences important for 5’ splice site selectivity,
in this study reduced inclusion to only 6 and 30% in the same
cell lines. Thus, domain 3B was less important than domain 1
for maximal exon inclusion. This difference in sequence re-
quirements in the two test situations suggests that environment
can influence enhancer activity and the binding of specific
proteins. This result may be similar to the observation that an
exon purine enhancer becomes inhibitory if positioned close to
the binding site of U2AF (22).

Enhancer-binding proteins. The sequences present in the
specificity domains of each enhancer suggest little about the
identity of the proteins binding to these sequences and affect-
ing 5’ splice site specificity. Neither represents a sequence
selected by iterative selection as a preferred binding site for a
known S/R protein. The ¢cTNT enhancer had been shown to
bind SRp75, SRpS55, SRp40, and ASF/SF2 in vitro, but not
SC35 (25). Binding of these proteins, however, was strongly
affected by sequences within domains 1 and 2 of the cTNT
enhancer. Preliminary in vitro experiments with the caldesmon
enhancer indicate that it binds SC35 better than SRp40. In
addition, both enhancers can be UV cross-linked to unique
proteins with molecular weights not characteristic of known
S/R proteins.

Addition of SRp40, but not SC35, to an S100 in vitro splicing
extract activates splicing of the natural cTNT exon in an en-
hancer-dependent fashion (25). Addition of individual S/R
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proteins (SRp55, SRp40, or SC35) did not cause enhancer-
mediated alterations in 5’ splice site utilization in the con-
structs used in this study (data not shown). In fact, addition of
any S/R protein or a magnesium pellet enriched for a mixture
of S/R proteins caused dominant usage of the exon-terminal 5’
splice site in any substrate with two 5’ splice sites in exon 2
regardless of the presence or absence of an enhancer between
the splice sites (data not shown). Furthermore, replacement of
the enhancer with a dimer with a sequence selected by SRp40
by iterative selection did not result in 5" splice site selectivity
(data not shown). Thus, at the moment, we do not know the
identity of the trans-acting factors responsible for enhancer
specificity. Given the complexity of the enhancer sequences
revealed in this study and the inability of individual S/R pro-
teins to affect 5 splice site utilization in an enhancer-respon-
sive fashion, regulation may require the binding of multiple
proteins to multiple domains within the enhancer.

Our results suggest that exon enhancers, even relatively
short ones like the 30-nucleotide ¢TNT and caldesmon en-
hancers, may have complicated multipartite structures. In this
regard, the cTNT and caldesmon enhancers resemble the com-
plicated exon regulatory sequences within certain human im-
munodeficiency virus exons in which short exon silencers are
closely juxtaposed to short exon enhancers (1, 30). Full regu-
latory potential in both situations requires the entire multipar-
tite structure, but short regions can have a determinative effect.
Given the high degree of similarity of subdomains within the
caldesmon and ¢TNT enhancers, it seems likely that the two
enhancers bind some common factors, implying that an indi-
vidual factor can be involved in both positive and negative
splicing decisions, depending upon the identity of the factors
also bound to the enhancers.
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