








definition of exon 2 and subsequent assembly of intron 1. The
presence of the ISE in the sense orientation, E45.ISE, facili-
tated increased levels of complex A formation compared to the
substrate containing the ISE in the antisense orientation,
E45.ISE OPP (Fig. 5A). The E45.ISE construct also had en-
hanced levels of complex B formation presumably due to the
increased levels of complex A. This finding indicates that ISE-
binding proteins binding to a sequence downstream of the
second exon promote recognition of the upstream intron, sug-
gesting that the ISE is involved in defining the second exon and
implicating SF1 in exon definition of an upstream exon.

To further test the role of the ISE in exon definition, assem-
bly substrates were created that contained only the single in-
ternal exon, exon 5, followed by the ISE in either the sense or

antisense orientation (E5.ISE and E5.ISE OPP). Such isolated
exon precursor RNAs are capable of forming only complex A
(Fig. 5B). The construct containing the ISE in the sense ori-
entation (E5.ISE) assembled significantly better than the sub-
strate containing the ISE in the antisense orientation
(E5.ISE.OPP). The increased level of complex A formation in
the presence of the ISE suggested that SF1 binding to the
cTNT ISE promotes early steps in exon recognition.

The cTNT ISE is a distance-dependent element. The obser-
vations in Fig. 5 indicated that the ISE participates in exon
definition when downstream of a target exon. In its parent
gene, the ISE is positioned immediately downstream of the
exon beginning one nucleotide beyond the 59 splice site. This
positioning coupled with the observation that the element is
recognized by a protein rather than an snRNP suggested that
the element might need to be close to the exon it affects. To
test this hypothesis, we created minigenes for in vivo transfec-
tions in which the ISE was positioned at different distances
downstream of a target small exon.

The gene used in this experiment was the artificially created
DUP33 construct based on the b-globin gene that only mini-
mally includes the middle 33-nt exon unless supplemented with
improved splice site sequences or enhancers (17, 18). The basal
construct was modified to add the ISE, in both sense and
antisense orientations, either 29 or 121 nt downstream of the 59
slice site of exon 2. Reverse transcription-PCR (RT-PCR)
analysis of in vivo RNA splicing phenotypes following trans-
fection of HeLa cells demonstrated that the construct contain-
ing the ISE in a sense but not antisense orientation directed
considerable inclusion of the middle exon when it was placed
20 nt downstream of the 59 splice site (Fig. 6, lanes 2 and 3).
Even a modest increase in the distance between the 59 splice
site and enhancer to 121 nt reduced splicing enhancement
compared to the control (Fig. 6, lanes 4 and 5). These data
demonstrate that the cTNT ISE is a distance-dependent ele-
ment. Such a distance requirement suggests that factors bind-
ing to the enhancer, including SF1, must be placed near the
exon to have effect.

FIG. 3. The ISE GGGGCUG repeated sequence can be UV cross-linked to a 90-kDa protein in both HeLa and poly(G)-depleted extract. (A) Radiolabeled RNA
oligonucleotides consisting of WT or mutant ISE GGGGCUG sequence were UV cross-linked using standard splicing conditions in HeLa (lanes 1 to 4) or
poly(G)-depleted (lanes 5 to 8) nuclear extracts. Cross-linked reactions were not treated with RNase prior to electrophoresis; therefore, the substrate oligonucleotides
are still attached to the proteins and affect apparent molecular weights. Cross-linked bands of interest are indicated. (B) Competition of UV cross-linking of the 90-kDa
protein by the WT ISE GGGGCUG sequence but not mutant sequences. Proteins that bind to the ISE GGGGCUG sequence were detected by UV cross-linking in
the presence of increasing amounts of WT or mutant competitor RNAs using poly(G)-depleted nuclear extract. The cross-linking substrate (WT) consisted of a short
radiolabeled RNA oligonucleotide, GGGGCUG. The competitors used were GGGGCUG (WT), AAAACUG (M1), and GGGGAAA (M2). The amount of added
competitor RNA is indicated.

FIG. 4. SF1-specific antibodies immunoprecipitate the 90-kDa UV-cross-
linked protein. Radiolabeled GGGGCUG (WT) and AAAACUG (M1) RNA
oligonucleotides were UV cross-linked to proteins in HeLa or S100 extracts.
Following cross-linking, the reactions were subjected to immunoprecipitation
using antisera specific for SF1 or U2AF proteins as indicated. Lanes 8 and 9
contain 2 and 4 ml of the cross-linked reaction using nuclear extract without
immunoprecipitation. The positions of SF1 and p90 are indicated.
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DISCUSSION

Studies directed at understanding the recognition of small
vertebrate exons have led to the consistent observation that
intronic enhancers located adjacent to the exons are necessary
for efficient exon recognition and splicing (9, 10, 12, 18, 32, 36,
40, 44, 47). In this study we have identified a core repeat unit
within such an enhancer and a protein recognizing the core
sequence. The intron enhancer under study (ISE) is located
immediately adjacent to the 59 splice site of a 6-nt microexon
from the cTNT gene. The ISE is required for both splicing and
initial recognition of the microexon. Within the 130-nt ISE are
six copies of the short G-rich repeat GGGGCUG. RNA oli-
gonucleotides containing this short sequence were able to com-
pete the splicing enhancement afforded by the entire 130-nt
ISE in in vitro splicing and spliceosome assembly assays.

UV-cross-linking experiments demonstrated that the mam-
malian splicing factor SF1 binds to the ISE GGGGCUG re-
peated sequence. Consistent with SF1 binding to the ISE, the
presence of the ISE enhanced early steps of spliceosome as-
sembly, as assayed by complex A formation. Oligonucleotides
containing the ISE GGGGCUG sequence effectively com-
peted splicing, complex A assembly, and SF1 cross-linking.
These observations suggest that SF1 binding to the ISE GGG
GCUG sequences participates in exon definition of the micro-

exon. Mutant ISE GGGGCUG sequences that failed to bind
SF1 and failed to compete ISE-dependent in vitro splicing also
failed to stimulate in vivo recognition of the ISE, suggesting
that the binding of SF1 to the enhancer is required for in vivo
activity. Because we were unable to use available reagents to
effectively deplete endogenous SF1, however, formal proof of
the requirement for SF1 in this splicing reaction must await
further experimentation.

SF1 has recently been shown to bind to the branchpoint
sequence, which at first glance bears little similarity to the
enhancer GGGGCUG sequence. Mutation studies of nucleo-
tides important for SF1 recognition of branchpoints (6), how-
ever, indicate that the central CUA of the yeast UACUAAC
branchpoint is critical for binding, although the A could be
altered to a G without serious impairment of binding (Fig. 7C).
Thus, SF1 would be predicted to bind via its KH domain to the
terminal CUG within the enhancer repeat. In addition, muta-
tional analysis also indicated that mutation of the two nucleo-

FIG. 5. The ISE stimulates assembly of complex A. (A) Two-exon, single-
intron substrates with the ISE positioned downstream of the second exon in the
sense (E45.ISE) or antisense (E45.ISE.OPP) orientation were incubated under
standard splicing conditions for the times indicated, and spliceosome complexes
were visualized via native gel electrophoresis. Splicing complexes H, A, and B are
indicated. (B) Assembly of substrates consisting of a single internal exon fol-
lowed by the ISE in the sense (E5.ISE) or antisense (E5.ISE.OPP) orientation.
Substrates are diagrammed below the gels. Substrates are identical or derived
from those in Fig. 2.

FIG. 6. The ISE functions to activate an upstream exon only when positioned
close to the 59 splice site. The ISE was positioned either 29 or 121 nt downstream
of the second exon in the three exon b-globin substrate DUP33 (17). Both sense
and antisense versions of the enhancer were used. The constructs were trans-
fected into HeLa cells, and RNA splicing phenotypes were assessed using RT-
PCR and primers specific for exons 1 and 3. Species resulting from inclusion or
skipping of the middle exon are indicated.

FIG. 7. Model for SF1 binding to the enhancer GGGGCUG enhancer se-
quence. (A) Comparison of the zinc knuckle domains within SF1 (bone) and the
HIV nucleocapsid protein NL4-3. The zinc knuckle is indicated by the box, and
amino acids found to contact RNA within the HIV protein are indicated with
asterisks. (B) Model for binding of SF1 to the enhancer GGGGCUG sequence.
(C) Alignment of the enhancer core with branchpoints from mammalian or yeast
genes.
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tides within the branchpoint preceding the CUA to G’s also
had little effect on SF1 binding (6). Therefore, binding of SF1
to the ISE repeated sequence GGGGCUG is not surprising.

The zinc knuckle within SF1 could also participate in RNA
binding. Studies with another zinc knuckle-containing protein,
the human immunodeficiency virus (HIV) nucleocapsid pro-
tein, indicate a preferred GGAG binding site for this zinc
knuckle (15), similar to the sequence at the beginning of the
enhancer repeat. The region of the HIV protein containing the
zinc knuckle has 37% overall identity with SF1 in this region
(Fig. 7A), suggesting they may have similar binding prefer-
ences. In addition, purified SF1 has a preference for binding to
poly(G) at low salt (4). These observations suggest a model for
binding (Fig. 7B) in which both the zinc knuckle and the KH
domain contact the enhancer GGGGCUG in a fashion similar
to that postulated for contact between BBP and branchpoints
(8).

Our data suggest a mechanism whereby SF1 activates exon
definition. We suggest, in the case of cTNT exon 17, that SF1
(or an SF1-U2AF heterodimer) binds to the short G-rich re-
peat GGGGCUG located in the ISE downstream of the 59
splice site of this very small exon. After initial interactions with
the RNA, bound SF1 stabilizes association of U2AF65 to the
upstream pyrimidine tract. In this model, SF1 becomes an exon
bridging factor rather than an intron bridging factor (Fig. 8).
Binding of SF1 to the ISE and activation of U2AF may help to
explain the previously startling observation that the ISE func-
tions to activate exon inclusion of microexons when positioned
either downstream or upstream of the target exon (12); i.e., as
a bridging protein, SF1 should be able to operate in either an
exonic or intron polarity.

It should be noted that the 39 splice site of cTNT exon 17
contains the sequence GGUGCUG located at 210 to 24 with
respect to the 39 splice site, suggesting that in the natural
context, SF1 could bind to sequences immediately flanking
both the 39 and 59 splice sites of the exon. This upstream copy
must not be required for SF1 activation, however, because the
three heterologous exons used in this study, the 7-nt sTNI exon
3, the 30-nt exon 5 from cTNT, and the artificial 33-nt exon
from the b-globin-derived DUP33, are all enhanced by the ISE
despite the absence of GGGGCUG sequences within their 39
splice site regions. All of the utilized and responsive exons have
long U-poor, C-rich polypyrimidine tracts (Fig. 1 and Materials
and Methods). The four 39 splice sites have an average pyrim-
idine tract length of 32 nt with 50% C’s. More importantly, the
longest uninterrupted U tract within the four 39 splice sites is
only 4 nt. Therefore, each would be predicted to be a poor
binding site for U2AF. It will be interesting to see if SF1-
mediated exon definition of small exons such as these is ac-
companied by variations in the constellation of proteins that
bind the branchpoint-polypyrimidine tract during early spliceo-
some assembly.

We would also suggest that recognition of 59 splice site-
proximal G-rich sequences by SF1 may be a common mecha-
nism in vertebrate splicing. Statistical analysis of sequence
composition downstream of 59 splice sites has indicated an
unusually high concentration of G-rich sequences (19, 31). In
addition, other small exons appear to have GGGGCUG ele-
ments located in adjacent introns. Examples include the alter-
natively spliced 18-nt murine src N1 exon, which contains two
copies of this repeat located near other intronic accessory
sequences (10), and the human p53 gene, containing multiple
copies of the repeat located downstream of 22-nt exon 3. In
addition, alternatively splicing within the chicken b-tropomyosin
gene is dependent on a G-rich repeat (consensus [A/U]GGG)
found six times immediately downstream of the second mutu-
ally exclusive exon 6B (38). Although this latter element does
not have the complete sequence of the cTNT ISE GGGGCUG
repeat, it is similar and could be recognized by a bridging
protein.

The binding of SF1 to sequences downstream of the 59 splice
site naturally raises questions about the role of U1 snRNPs in
recognizing the 59 splice site terminating the microexon. Ex-
perimentation to address this question indicated the need for
U1 snRNP in exon recognition. When U1 snRNPs were de-
pleted from extract, assembly of the 39 splice site of the exon
did not occur (data not shown), indicating a general require-
ment for U1 snRNPs. Interestingly, cleavage of the 59 terminus
of U1 RNA actually increased formation of the ATP-depen-
dent complex A, suggesting a different mode of recognition by
U1 snRNPs than the standard base pairing to 59 splice sites. In
a different study using a precursor RNA containing multiple
GGG triplets downstream of the 59 splice site but no copies of
GGGGCUG, we have discovered that U1 RNA can effectively
base pair to GGG triplets and this base pairing is resistant to
RNase cleavage of the 59 end of U1 RNA because of the
presence of CCU at nt 8 to 10 of U1 RNA (A. McCullough and
S. M. Berget, submitted for publication). Coupled with the
observation that yeast SF1 (BBP) interacts with U1 snRNP
proteins an attractive model emerges in which U1 snRNPs and
SF1 bind to enhancer sequences downstream of the exon,
thereby extending the domain of the microexon (Fig. 8).

The observation of SF1 binding to sequences adjacent to the
59 splice site raises the possibility that SF1 could participate in
alternative 59 splice site or exon recognition. In mammals, SF1
comes in a variety of forms that are expressed differentially in
different cell types (4). These different forms are distinguished
by different C-terminal proline-rich domains that presumably
contain protein-protein interaction motifs. Thus, the finding
here may hint at other activities of SF1 yet to be discovered.

The mechanism of exon recognition suggested by our exper-
iments is a variation of the basic theme of initial complex
formation thought to occur on constitutive exons and introns in
vertebrates. It suggests that individual constitutively recog-
nized exons or introns may utilize either slightly different pro-
teins or binding arrangements of standard proteins. We have
recently observed another nonstandard arrangement in a short
Drosophila intron that uses SRp54 instead of SF1 to bridge the
intron (24). In both this case and the exon studied here, the 39
splice site polypyrimidine tract that is being stimulated is a
sequence that does not resemble a preferred binding site for
U2AF65 (37), suggesting that accessory proteins may function
to maximize U2AF association with constitutive exons as well
as with alternative exons. In vertebrates, there are multiple
genes resembling the major form of both subunits of U2AF
(42, 46, 48; P. S. McCaw and P. A. Sharp, personal communi-
cation), suggesting even further permutations on the set of
factors used during initial recognition of splice sites. Thus,

FIG. 8. Model for SF1-mediated exon versus intron bridging. (A) Intron
bridging as described for S. cerevisiae; (B) exon bridging as discussed for the exon
in this study.
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there may be considerable variation in the ways in which in-
teractions between factors binding to 39 and 59 splice sites can
occur in constitutive exons and introns.
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