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Myotonic dystrophy type 1 (DM1) is a genetic disorder linked to a
(CTG)n repeat expansion in the 3� untranslated region of the DMPK
gene. Upon transcription in the nucleus, the CUG repeats form a
stable RNA stem-loop that sequesters the RNA-binding protein
MBNL1 from its normal function in the cell. MBNL1 regulates the
alternative splicing of many pre-mRNAs, and upon MBNL1’s
sequestration, the alternative splicing of many genes is mis-
regulated, leading to disease symptoms. MBNL1 is known to bind
directly to at least 3 of the pre-mRNAs that it regulates, but how
MBNL1 binding mechanistically regulates alternative splicing is
unclear. Here, we demonstrate that MBNL1 controls the splicing of
exon 5 in the cardiac troponin T (cTNT) pre-mRNA by competing
directly with the essential splicing factor U2AF65 for binding at
the 3� end of intron 4. When U2AF65 is prevented from binding to
the pre-mRNA, the U2 snRNP can no longer be recruited and the
following exon is skipped. Furthermore, MBNL1 and U2AF65 ap-
pear to compete by binding to mutually exclusive RNA structures.
When bound by splicing factors, the 3� end of intron 4 can form
either a stem-loop or a single-stranded structure. MBNL1 binds a
portion of the intron as a stem-loop, whereas U2AF65 binds the
same region in a single-strand structure. Mutations that strengthen
the stem-loop decrease U2AF65 binding affinity and also repress
exon 5 inclusion, independently of MBNL1. Thus, U2AF65 binding
can be blocked either by MBNL1 binding or by the stabilization of
RNA secondary structure.

muscleblind-like 1 � myotonic dystrophy � alternative splicing

A lternative splicing is a fundamentally important process that
many organisms use to increase proteomic diversity. Many

diseases are known to arise from the mis-regulation of alterna-
tive splicing (1). Myotonic dystrophy (DM) is an example of a
disease where the alternative splicing of many pre-mRNAs is
mis-regulated. The mis-splicing seen in DM is thought to be
caused, at least in part, by the mis-localization of the splicing
factor MBNL1 (muscleblind-like 1) (2–4). MBNL1 is known to
interact directly with 3 pre-mRNAs that are mis-regulated in
DM, the cardiac troponin T (cTNT) (5, 6), fast troponin T (7),
and SERCA1 (8). It is unclear how many more of the mis-
regulated pre-mRNAs observed in DM may also be directly
bound and regulated by MBNL1.

We have recently shown that MBNL1 binds a stem-loop within
intron 4 of the cardiac troponin T (cTNT) pre-mRNA. This
stem-loop is located directly upstream of exon 5, which is
mis-regulated in this disease (5, 6). The mechanism used by
MBNL1 to repress exon 5 remains undetermined. One mecha-
nism might entail a direct binding competition between MBNL1
and other splicing factors. One of the best articulated models of
the regulation of alternative splicing is sex determination in
Drosophila melanogaster, where the protein Sex Lethal (Sxl)
competes with the splicing factor U2AF65 at the 3� end of certain
introns [reviewed in ref. 9]. U2AF65 is thought to be 1 of the first
splicing factors to bind an intron and thus, helps define the 3� end
of the intron. In concert with other proteins that bind near the
3� end, U2AF65 is responsible for helping to recruit the U2
snRNP to the branch-point sequence (10–12). When Sxl inhibits
U2AF65 binding and the subsequent recruitment of the U2

snRNP, the spliceosome selects another 3� splice site, or the
intron is retained if another 3� splice site cannot be defined
(13, 14).

We hypothesized that MBNL1 may act through a similar
mechanism to compete with U2AF65. U2AF65 is a potential
competitive target of MBNL1 because a putative U2AF65
binding site appears to be in the loop portion of the stem-loop
which MBNL1 binds (5). We found that MBNL1 does compete
with U2AF65 for binding of a region within intron 4. This
competition with U2AF65 is functionally important, because
recruitment of the U2 snRNP is reduced by MBNL1. Further-
more, we found that MBNL1 and U2AF65 compete by binding
mutually exclusive RNA structures.

Results
U2AF65 Recognizes a Canonical Sequence Within Intron 4 of the cTNT
pre-mRNA. We have shown that MBNL1 binds a stem-loop
located at the 3� end of intron 4 (Fig. 1A and B) (5). A putative
polypyrimidine tract (py-tract) for intron 4, the likely U2AF65
binding site, exists primarily within the loop portion of this
stem-loop (Fig. 1 A and B). This loop contains an uninterrupted
sequence of 5 uracil and 7 cytosine residues and is 25 residues
upstream of the 3� splice site and 9 residues downstream of a
consensus branch-point sequence.

The affinities of U2AF65 for regions of this intron were
determined by using an electrophoretic mobility shift (gel
shift) assay. U2AF65 bound to a 50-nucleotide sequence
(cTNT 50mer) containing the putative py-tract with an affinity
(Kd) of 310 � 30 nM (Fig. 1C, see supporting information (SI)
Fig. S1 for representative gel shifts). Truncated versions of this
RNA that retained the putative py-tract, but removed another
run of pyrimidines nearer to the 3� splice site, showed an
unchanged binding affinity for U2AF65 (cTNT 32mer, Fig. 1
B and C). Mutations that replaced the putative py-tract nearly
abolished U2AF65 binding (UUCG Loop, Fig. 1 B and C).
Based on its location, the sequence of the region, and the
binding data and the truncations, it is likely that this region is
indeed the py-tract and comprises the binding site of U2AF65
within this intron.

MBNL1 and U2AF65 Bind Competitively to the 3� End of Intron 4. To
determine whether MBNL1 competes with U2AF65 for bind-
ing at this intronic site, a UV cross-linking assay was used.
While holding U2AF65 concentration constant, increasing the
concentration of MBNL1 strongly reduced U2AF65 cross-
linking (Fig. 2). If the 2 proteins could bind to the RNA at the
same time, it was expected that a ternary complex of higher
molecular weight would be observed. However, because
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U2AF65 cross-linking was significantly decreased and little or
no apparent ternary complex was observed, it appears that
MBNL1 and U2AF65 bind competitively to the cTNT
50mer-Wt sequence.

A mutated RNA (cTNT 50mer-4G, Fig. 2) was used to
determine whether nonspecific binding of MBNL1 affected
U2AF65 binding. In this RNA, 4 guanosine residues in the stem
were mutated that are required for MBNL1 binding (5) and
cross-linking (6), whereas U2AF65 binding and cross-linking
remain intact. As expected, cross-linking of this RNA to
U2AF65 was not affected by MBNL1, showing that MBNL1
specifically competes with U2AF65 only for the wild-type RNA
sequence.

MBNL1 Inhibits ‘‘A Complex’’ Formation on Intron 4. The role of
U2AF65 is to define the 3� end of an intron and help recruit
the U2 snRNP to the branch-point (10–12), forming ‘‘A
complex’’ (15, 16). If U2AF65 does not bind, recruitment of
the U2 snRNP to the branch-point is usually compromised (11,
12). We therefore predicted that the competition of MBNL1
with U2AF65 would inhibit the formation of the A complex on
this intron.

An RNA construct was made that contained human cTNT
exon 5, together with 100 nts of the 3� end of the RNA upstream
of intron 4. Sequences from a constitutively spliced intron from
chicken troponin I (TNI) were placed upstream of that sequence
(see Fig. S2 A for diagram). Radiolabeled RNA was incubated
with HeLa nuclear extract, allowing splicing complexes to form

on the RNA substrate. A time course shows that this cTNT
pre-mRNA forms A complex well (Fig. S2B). The ADML
pre-mRNA substrate served as a positive control because it
forms A complex robustly (Fig. S2B). In the absence of ATP, no
complex band is formed on the cTNT-Wt pre-mRNA, indicating
that this is A complex (Fig. S2C). At later time points, larger
complexes (B and C) are seen on the ADML pre-mRNA, but the
cTNT pre-mRNAs are not robust enough to form these com-
plexes in vitro before RNA degradation.

The 10-min time point was chosen to assay the effect of
MBNL1 on A complex formation because RNA degradation was
minimal and complex formation was optimal on the cTNT
pre-mRNA (Fig. S2B). Complex formation on the cTNT-Wt
pre-mRNA was reduced by nearly 2-fold with increasing con-
centrations of MBNL1, whereas little effect was seen on the
ADML pre-mRNA or on the mutant cTNT-4G pre-mRNA (Fig.
3A and B). This indicates that MBNL1 reduces the formation of
A complex only on its specific pre-mRNA target, and does not
perturb A complex formation in general.

Stabilization of the Stem-Loop Reduces U2AF65 Binding Affinity and
Represses Exon 5 Inclusion in Vivo. We previously observed that
mutations that increased the number of base-pairs in the stem-
loop repressed exon 5 inclusion, independently of MBNL1 (5).
This led us to hypothesize that these mutations might repress the
inclusion of exon 5 by reducing the affinity of U2AF65 for the
py-tract, in a manner similar to the repression mechanism used
by MBNL1. To investigate this possibility, we tested the affinity
of U2AF65 for the cTNT intron 4 py-tract using stem-loops with
increased stability.

A correlation was seen between the stability of the stem-loop
and the binding affinity of U2AF65, with stronger stems nearly
abolishing U2AF65 binding (Fig. 4 A and B). The Stem
Strengthen (SS) mutation stabilized the stem by adding one base
pair to each end of the stem, increasing the Tm of the stem-loop
by 5 °C, and reduced U2AF65 binding nearly 10-fold (Fig. 4 A
and B). The No Mismatch (NM) mutation increased the stability
of the stem by 10 °C and reduced U2AF65 binding to the point
where a Kd value could not be determined (Fig. 4 A and B). It
is interesting that the mutation that more strongly stabilized the
stem structure had a larger effect on binding. This result suggests
that U2AF65 binds the py-tract in a single-stranded region of this
RNA. As a negative control, a mutation (UUCG loop, UL) was
made that removed the py-tract from the loop to fully abolish
U2AF65 binding (Fig. 4 A and B).

Furthermore, we found a strong correlation between
U2AF65 binding affinity and exon 5 inclusion in vivo (Fig. 4
C and D). The NM, SS, UL mutations all showed minimal exon
5 inclusion using an in vivo splicing assay. This repression was
independent of MBNL1, because coexpression of expanded
CUG repeats (which would sequester MBNL1) had no affect
on exon 5 inclusion for these mutations (Fig. 4D). These results
indicate that inclusion of exon 5 can be regulated either by
competition of MBNL1 with U2AF65 at the 3� end of the
intron, or by the formation of RNA secondary structures that
reduce the affinity of U2AF65 for its binding site.

U2AF65 and MBNL1 Bind Distinct RNA Structures. To determine the
effect of MBNL1 or U2AF65 binding on the stem-loop structure,
a fluorescence-based assay was used. The fluorescent adenosine
analogue 2-amino purine (2-AP) was used to replace a guanosine
residue that forms a ‘‘wobble base-pair’’ with a uracil residue
near the base of the stem (Fig. 5A). 2-AP was chosen as a
spectroscopic probe for this purpose because its f luorescence is
strongly quenched when it is in a base-paired structure (here with
uracil), whereas its f luorescence strongly increases when it is in
a single-stranded environment. The guanosine residue near the
base of the stem was selected for replacement as no adenosine
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residues were available in the stem and replacement of this
position had no effect on MBNL1 or U2AF65 binding or the
stability of the stem.

Titration of U2AF65 to the RNA increased the fluorescence
of the probe nearly 2-fold (Fig. 5B). In general, the fluorescence
of a 2-AP probe has been shown to increase 2- to 3-fold when
2-AP switches from a base-paired to a single-stranded environ-
ment (17). Therefore, this result suggests that U2AF65 binds this
RNA in a single-stranded structure. U2AF65 was titrated to a
point where the RNA should be approximately 85% bound,
based on the Kd determined from the gel shift assay. A U2AF65
protein that contains 4 mutations which inhibit RNA binding
(U2AF65–Quad Mutant or QM (18)) had no effect on the
fluorescence of the probe (Fig. 5B).

In contrast to U2AF65, titration of MBNL1 (to a concen-
tration at which 85% of the RNA should be bound) had no
significant effect on the f luorescence of the 2-AP probe (Fig.
5C). This result indicates that the stem structure remains intact
upon MBNL1 binding. However, a recent crystal structure of

2 zinc fingers from MBNL1 with a six nucleotide RNA suggests
that at least 2 of MBNL1’s zinc fingers bind RNA sequences
in a single-stranded structure (19). This crystal structure was
only obtained with a minimal RNA sequence that was not long
enough to form a double-stranded structure, so it is unclear
whether a longer RNA sequence would be in a different
structure. It might be possible that MBNL1 does bind the
cTNT stem as single-stranded RNA, but the protein quenches
the 2-AP probe so that the f luorescence does not increase.
However, this is unlikely, because 2-AP probes have not been
seen to be strongly quenched by direct protein binding when
compared with base stacking and base-pairing in a stem
(17, 20).

The recent crystal structure argues that it is probable that
MBNL1 opens at least 1 or 2 bases in the stem. However, this
f luorescence data suggests that other portions of the stem
remain structured. We therefore conclude that at least a portion
of the stem remains intact upon MBNL1 binding, whereas
U2AF65 binds to a completely single-stranded structure.
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Discussion
MBNL1 Regulates the cTNT Exon 5 Through Competition with U2AF65.
The competition of MBNL1 with U2AF65 represents an exam-
ple of an alternative splicing factor that regulates splicing
primarily through modulation of an RNA structural element and
not through direct occlusion of another splicing factor’s binding
site. The competition of MBNL1 with U2AF65 does not con-
stitute a novel mechanism, because other alternative splicing
factors have been shown to compete directly with U2AF65. The
alternative splicing factor Sex Lethal (Sxl) has been shown to
compete with U2AF65 in the tra and msl-2 pre-mRNAs (13, 14),
whereas the Polypyrimidine Tract Binding Protein (PTB) has
been observed to compete with U2AF65 for sequences within
the �- or �-tropomyosin pre-mRNAs (21, 22).

Sxl and PTB both have binding specificities similar to that
of U2AF65, because all 3 proteins primarily prefer long runs

of single-stranded uracil residues (21). When competitively
binding with U2AF65, both Sxl and PTB are considered to
occlude the U2AF65 binding site, and sterically inhibit
U2AF65 from accessing its binding site. However, MBNL1 has
a different binding specificity from U2AF65, and binds adja-
cent sequences primarily outside of the py-tract. We cannot
rule out steric contributions to the competition between
MBNL1 and U2AF65, but the f luorescence assay strongly
suggests that these proteins bind this RNA in different con-
formations (Fig. 5). Both the differential binding sites of
MBNL1 and U2AF65, and the role that RNA secondary
structure can play in modulating U2AF65 binding, suggest that
these splicing factors compete for recognition of the 3� end of
intron 4 largely through binding mutually exclusive RNA
structures (see Fig. 6 for model).

The Role of MBNL1 in Regulating Alternative Splicing by Modulating
RNA Secondary Structure. It is well documented that RNA struc-
tural elements alone can regulate alternative splicing. For in-
stance, stable structures have been shown to inhibit U1 snRNP
binding to the 5�-splice site following exon 7 of both the SMN1
and SMN2 pre-mRNAs (23). Other structural elements that
encompass exon 6B in chicken �-tropomysin have been shown to
also inhibit binding of all of the U snRNPs, promoting the
skipping of that exon (24). At present, it is unclear whether these
examples also involve alternative splicing factors that regulate
these RNA structures, as MBNL1 appears to regulate secondary
structures within the cTNT pre-mRNA.

Other alternative splicing factors have been postulated to
regulate RNA structural elements, but there is no clear evidence
to show that these factors modulate RNA structure in a way that
directly regulates alternative splicing. For example, the splicing
factor hnRNP A1 has been shown to inhibit binding of splicing
factors ASF/SF2 and SC35 when they regulate splicing of the tat
pre-mRNA from HIV-1 (25). Binding of hnRNP A1 is thought
to alter the secondary structure of the pre-mRNA in a way that
affects splicing (26), but this has not been demonstrated. Simi-
larly, ribosomal protein L32 from S. cerevisiae binds a structured
RNA element near the 5�-splice site of an intron within its own
pre-mRNA, leading to intron retention (27). However, this
structured binding site still allows for recruitment of the U1
snRNP, showing that RNA structures do not always inhibit
binding of the U snRNPs (28). It is still unclear how L32 causes
intron retention if it does not inhibit binding of U1.

In regards to the competition between MBNL1 and U2AF65,
it has been demonstrated with a crystal structure that U2AF65
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binds the py-tract in a single-stranded structure (29). In this
structure, 7 uridine residues bind along 2 RNA recognition
motifs of U2AF65, leaving the 3� and 5� ends spatially far from
each other. This crystal structure sheds light on why U2AF65
must bind the cTNT intron in a single-stranded form, because it
is unlikely that the stem could form with the loop in such an
extended structure. At present, MBNL1 is an alternative splicing
factor that has been shown to regulate alternative splicing on the
level of RNA structure. It is likely that other examples will follow
as it is becoming increasingly apparent that RNA structure plays
important roles in controlling pre-mRNA splicing.

Materials and Methods
Cloning and Protein Purification. MBNL1 and U2AF65 were purified as de-
scribed (5, 18), and are described in SI Text.

RNA Synthesis, Labeling, and Purification. The RNA substrates used for the
Complex formation assay were transcribed with T7 polymerase, off linearized
Puc19 plasmid. During transcription, RNAs were radiolabeled using
[�-32P]CTP. All other RNA substrates were ordered from IDT DNA, and 5�
end-labeled using [�-32P]ATP.

Cross-Linking Assay. RNA and proteins were incubated at room temperature
for 10 min, then on ice for 10 min, under the same conditions as used in the gel
shift assay. Samples were placed on a pre-chilled block and exposed to UV for
1 min 20 seconds (1 Joule/cm2), 3.5 cm from the light source using a FB-UVXL-
1000 lamp (Fisher Scientific). Samples were then incubated in protein dena-
turing buffer for 2 min at 95°C and were resolved on a 10% denaturing
SDS/PAGE gel. Gels were then dried and autoradiographed.

Gel Shift Assay. Final conditions for the RNA-U2AF65 binding experiments
were 175 mM NaCl, 5 mM MgCl2, 20 mM Tris (pH 7.5), 1.25 mM BME, 12.5%
glycerol, 2 mg/ml BSA, and 0.1 mg/ml Heparin. Prior to incubation, RNA
substrates were snap annealed in 66 mM NaCl, 6.7 mM MgCl2, and 27 mM Tris
(pH 7.5). Protein was then added to the RNA, in a 10 �L volume and incubated
for 10 min at room temp before 3–5�L were loaded on a prechilled 5%
acrylamide (37.5:1), 0.5x TB gel, and run for 1 hr at 175 volts, at 4 °C. Gels were
dried and autoradiographed.

For binding curves, gels were quantified using ImageQuant (Molecular
Dynamics). The percentage of RNA bound was determined by taking the ratio
of RNA:Protein complex to total RNA, per lane. Binding curves were graphed
and apparent Kd values were determined with KaleidaGraph (Synergy) soft-
ware using the following equation: y � ((m2 � m1 � m0) � ((�m2 � m1 � m0)2

� (4 � m1 � m0))0.5/(2 � m1), where y � % RNA bound, m2 � Kd, m1 � total
RNA concentration and m0 � protein concentration. This equation assumes a

1:1 interaction between the RNA and protein, which allows only an apparent
Kd to be determined for RNAs containing more than one binding site. To
determine the standard error of the apparent Kds, 3–5 binding titrations were
performed with each substrate and the apparent Kd values determined for
each titration separately, prior to averaging. The error bars on the binding
curve were obtained by averaging the individual titration points and calcu-
lating the standard deviation.

Complex Formation Assay. HeLa nuclear extract was prepared (30) and com-
plex formation was performed (31) as previously described. In short, HeLa
extract was added to a solution with RNA and buffer and incubated at 30 °C
for the appropriate time point. The sample volume was 12 �L, and contained
25% HeLa extract, 55 mM KOAc, 30 mM KCl, 14.5 mM Hepes (pH 8.0), 10%
glycerol, 0.12 mM EDTA (pH 8.0), 0.5 mM DTT, 3.2 mM MgCl2, 0.5 mM ATP, 20
mM creatine phosphate, 0.7 units/�L of RNase Inhibitor (Ambion). After the
appropriate time point, samples were incubated with 4 �L of heparin (4
mg/mL), and incubated at room temp for 2 minutes. ADML and cTNT-wt
samples were then loaded onto a prechilled 1.8% agarose gel (1x TG), and run
at 75 volts for 1.5 hours, at 4 °C, in a 1x TG solution. To better resolve A
complex, cTNT-4G samples had 80 mM KOAc, and were run on a 1.2% agarose
gel (1x TG), for 4.5 hours at 40 volts, 4 °C. The gels were then fixed in 10% acetic
acid, 10% methanol solution for 10 min. Gels were dried, autoradiographed,
and quantified using ImageQuant (Molecular Dynamics). To determine the
fold reduction, the percentage of complex formed in the absence of MBNL1
was divided by the percentage complex formed in the presence of MBNL1.

2-Amino Purine Fluorescence. RNA (Dharmacon RNA Technologies) was diluted
to 1 �M concentration in the binding buffer (175 mM NaCl, 20 mM NaCl, 5 mM
MgCl2) and snap annealed. All reactions were performed at room tempera-
ture, in the binding buffer, using an L-formate Jobin-Yvon Horiba Fluoromax
fluorimeter. A 3 mm wide Spectrosil microcell cuvette (Starna Cells, Inc) was
used. The 2-amino purine was excited at 312 nm, and spectra were collected
from 310 to 420 nm. The fluorimeter slits were 3 nm , with an integration time
of 0.2 seconds. Spectra collected with buffer and protein was used to subtract
out background. Three spectra were collected and averaged for every titra-
tion point, with 3–4 titrations performed to determine average values and
standard deviations. To calculate relative fluorescence, the value at 375 nm
was used.

In Vivo Splicing. HeLa cell transfections, and RT-PCR was done as described in
ref. 5, and are described in the SI Text.
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