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ABSTRACT

We recently reported that serine-arginine-rich (SR)
protein-mediated pre-mRNA structural remodeling
generates a pre-mRNA 3D structural scaffold that
is stably recognized by the early spliceosomal com-
ponents. However, the intermediate steps between
the free pre-mRNA and the assembled early spliceo-
some are not yet characterized. By probing the early
spliceosomal complexes in vitro and RNA-protein in-
teractions in vivo, we show that the SR proteins bind
the pre-mRNAs cooperatively generating a substrate
that recruits U1 snRNP and U2AF65 in a splice signal-
independent manner. Excess U1 snRNP selectively
displaces some of the SR protein molecules from
the pre-mRNA generating the substrate for splice
signal-specific, sequential recognition by U1 snRNP,
U2AF65 and U2AF35. Our work thus identifies a novel
function of U1 snRNP in mammalian splicing sub-
strate definition, explains the need for excess U1
snRNP compared to other U snRNPs in vivo, demon-
strates how excess SR proteins could inhibit splic-
ing, and provides a conceptual basis to examine if
this mechanism of splicing substrate definition is
employed by other splicing regulatory proteins.

INTRODUCTION

The early spliceosome defines the mammalian splicing sub-
strate by recognizing four major splice signals, namely 5’
and 3’ splice sites (SS) located at the 5'- and 3’-ends of the
intron as well as branch-point sites (BS) and polypyrimi-
dine tracts (PPT) near the 3’SS. These four splice signals
are recognized by Ul small nuclear ribonucleoprotein (Ul
snRNP), U2 auxiliary factor 35 (U2AF35), splicing fac-
tor 1 (SF1) and U2 auxiliary factor 65 (U2AF65), respec-
tively (1). U2AF65 is considered to be the primary fac-
tor that defines the 3'SS (2,3). However, these recognition

events are not governed solely by the splice signal sequences
but by a combination of features embedded within the pre-
mRNA strand, collectively known as the ‘splicing code’ (4).
The features of a pre-mRNA splicing code may include the
sequence of the splice signals, the pre-mRNA secondary
structure (5,6), the splicing regulatory elements (SREs) (7),
and the pre-mRNA 3D structural scaffold (8). The four
aspects of the splicing code could also mutually regulate
each other: secondary structure could control the exposure,
occlusion (6), and proximity (9) of SREs and splice sig-
nals, pre-mRNA 3D structural scaffold could regulate the
functionality of SREs, RNA binding proteins (RBPs) re-
cruited by the SREs could modulate the pre-mRNA scaf-
fold, and/or the secondary structure, and mutation in splice
signal sequences could disrupt the pre-mRNA 3D scaffold
(8).

Serine—arginine-rich (SR) proteins are key RBPs in the
regulation of early spliceosome assembly, and deregulation
of this process causes widespread splicing changes lead-
ing to a wide range of diseases (10-18). Accurate correla-
tion of binding of RBPs to the cognate SREs within the
pre-mRNA with the splicing outcome is critical for eluci-
dating the mammalian ‘splicing code’ (19). Currently, sev-
eral mechanistic aspects of the functions of SR proteins
remain unclear. Firstly, it is recently reported that the 3D
scaffold of a pre-mRNA can be recognized by the early
spliceosomal components and structural remodeling of the
scaffold by SR proteins enhances the stability of the early
spliceosomal complexes (8). The steps involved in the ex-
ecution of this novel element of the mammalian splicing
code is currently not clear. Secondly, the repertoire of splic-
ing regulatory RBPs appears to be overwhelmingly large for
each of them to have the ability to interact with an early
spliceosomal component. If the RBPs could promote splic-
ing without interacting with the early spliceosomal com-
ponents is not yet clear (20). Our earlier observation sug-
gested that pre-mRNA structural remodeling by SR pro-
teins is a possibility but the detailed mechanisms remain
unclear (8). Thirdly, SR proteins may repress splicing by
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binding to the intronic motifs (19) through an as yet un-
characterized mechanism. Fourthly, SR proteins may bind
the pre-mRNAs in multiple copies prior to assembly of the
early spliceosome (6,20). However, the mechanism that reg-
ulates whether these multiple copies of SR proteins will
compete with the early spliceosomal components thus in-
hibiting splicing or cooperate with them for promotion of
early spliceosome assembly remains unclear.

In the present work, we characterized the steps between
the free pre-mRNA and the assembled early spliceosome
in vitro. We report that different SR proteins compris-
ing of members both having and lacking detectable in-
teractions with the early spliceosomal components work
together to promote the assembly of the early spliceo-
some. Our data also suggest that SR proteins and the early
spliceosomal components Ul snRNP and U2AF65 have
a unique competitive-cooperative relationship: binding of
multiple copies of SR proteins to the pre-mRNA indeed
prevent splice signal-specific recruitment of Ul snRNP and
U2AF65 and instead promotes their non-specific recruit-
ment. Interestingly, excess Ul snRNP, in the presence of
U2AF65, selectively displace a fraction of the bound SR
protein molecules to enable their own splice signal-specific
recruitment to the pre-mRNA.

MATERIALS AND METHODS

Cloning, protein purification, and in vitro reconstitution and
purification of Ul snRNP

Different subunits of Ul snRNP, SR proteins, U2AF65,
U2AF35 and SF1 (1-320 a.a.) SSOE/S82E were expressed
and purified as described before (8). hnRNP Al was ex-
pressed in Escherichia coli and purified as a Hisg-tagged pro-
tein, followed by further purification by gel filtration. Ul
snRNP was reconstituted and purified with all full-length
proteins except U1-70k, which was truncated (1-215 amino
acids) (8). Additionally, a truncated form of Sm B (1-174
a.a.) was used to reconstitute Ul snRNP for certain experi-
ments as indicated. All protein sequences used in this study
are provided in the Supplementary File.

RNA constructs

B-globin and AdML RNA were as described before (6). 14-
ntlong Ron ESE (5-UGGCGGAGGAAGCA-3') sequence
and AdML 5SS RNA (UUGGGGUGAGUACU) were de-
scribed before (8,21). B-globin and AdML RNA sequences
are provided in the Supplementary File.

Electrophoretic mobility shift assay (EMSA)

Complexes for EMSAs were assembled with the indicated
concentrations of components in 20 mM HEPES-NaOH
pH 7.5, 250 mM NaCl, 2 mM MgCl,, I mM DTT, 0.3%
poly (vinyl alcohol) (Sigma P-8136), 0.5 M urea and 20%
glycerol. EMSA with full-length pre-mRNA and 14-nt long
RNAs were carried out with 4% (89:1) and 6% (80:1) native
polyacrylamide gels, respectively, as described before (8).
Antibody super-shift was carried out with anti-U1-C anti-
body (Abcam, ab157116) and anti-SRSF1 antibody (Life
Technologies, 32-4500). After the formation of complexes

Nucleic Acids Research, 2022, Vol. 50, No. 14 8263

as described above, 0.25 wg antibody was added to the 15 .l
reaction, incubated at 30°C for 5 min and resolved on poly-
acrylamide gels. Bands were quantified after subtracting the
background by Fiji (22). The concentration-response curves
were fitted in Graphpad Prism. Our EMSAs were designed
to examine both the affinity (when RNA is in trace amount)
and the stoichiometry (when RNA is not in trace amount)
of protein components required to form a complex follow-
ing principles described before (23). Hill slope of SRSF1
binding was calculated from the percentage of bound RNA
by using the equation for ‘log(agonist) vs. response - vari-
able slope’ on GraphPad Prism (GraphPad Software, San
Diego, California, USA, graphpad.com).

In vitro selective 2’ hydroxyl acylation followed by primer
extension by mutational profiling (SHAPE-MaP)

For SHAPE assay with AdM L, 500 nM refolded RNA with
3x MS2-binding loops at the 3’ end was first bound to 1500
nM MBP-MS?2 protein for 10 min at 30°C. Then the RNA
was added to 250 pl reaction mixture with the same buffer
composition as described before (8) at a final concentration
of 100 nM, was mixed with 300 nM Ul snRNP (stock con-
centration 1 puM) and/or 500 nM SRSFI1-RE (full-length
SRSF1 with all serine residues in its RS domain replaced
with glutamate) (stock concentration 8§ wM), and was incu-
bated at 30°C for 5 min. Then complexes were bound to 15
pl amylose agarose (NEB) by rotating the tube at 4°C for
30 min. The resin was washed with chilled buffer (20 mM
HEPES pH 7.5, 250 mM NaCl, 2 mM MgCl,, 1 mM 2-
mercaptoethanol) and then eluted in 500 wl of this buffer
containing 20 mM maltose by rotating the tube at 4°C for
2 hours. Then 250 .l solution was transferred to 8.33 wl
120 mM NMIA (final NMIA concentration 4 mM) or equal
volume of DMSO (vehicle), mixed gently, and incubated at
16°C for 1 h. The solution was then treated with 0.5 mg/ml
proteinase K in the presence of added 2 M urea at 37°C for
30 min and the RNA was ethanol-precipitated followed by
RNA cleanup with Monarch RNA cleanup kit.

SHAPE experiment shown in Figure 5C was carried out
with 10 mM NMIA. The reaction mixtures contained 25
nM pre-mRNA, 125 nM or 250 nM SRSF1-RE, 600 nM
Ul snRNP, 0 nM or 50 nM [U2AF65 + SF135 (E/E)]
(stock concentration 10 wM), and 0 or 50 nM U2AF35
(stock concentration 5 pM). Since binding of U2AF65
and U2AF35 were weak, these complexes were not purified
prior to SHAPE reaction.

Preparation of denatured control with 4 and 10 mM
NMIA, library preparation, deep sequencing, and data pro-
cessing were carried out as described before (8). SHAPE-
derived secondary structure models were obtained us-
ing RNAstructure software (24). All negative values in
SHAPE reactivity were considered zero. For visualization
of SHAPE differentials on a plot, we used fold changes in
SHAPE reactivity instead of showing increase or decrease.
This is because changes in SHAPE reactivity in nucleotides
with inherently low SHAPE reactivity are expected to be
low, but calculation of fold changes will give equal im-
portance to the changes in SHAPE reactivity of these nu-
cleotides as the nucleotides with inherently high SHAPE
reactivity. For calculation of fold changes, all zero values
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were converted to 0.0001. Most fold changes are calcu-
lated by dividing the SHAPE reactivity obtained under the
test condition with that of the protein-free substrate. Fold
changes shown in Figure 5C are calculated by dividing the
SHAPE reactivity of the complex formed in the presence of
U2AF65 + SF1 + U2AF35 with the reactivity of the com-
plex formed in the absence of U2AF65 + SF1 + U2AF35.

Detection of RNA—protein interactions by RNP-MaP

RNP-MaP for detection of protein interaction sites on an
RNA was carried out as described before (25). The early
spliceosomal complexes were assembled in the presence of
0.5 M urea and U1 snRNP storage buffer contains 15 mM
each arginine-HCI and glutamate-KOH. Both urea and
free amino acids would interfere with the SDA crosslink-
ing reagent used for RNP-MaP since SDA reacts with pri-
mary amines. Thus, purification of the complexes was es-
sential for RNP-MaP analysis. Since we could purify AdML
complexes efficiently by amylose pull-down, we carried out
RNP-MaP with AdML. AdML complexes were assembled
and purified as in SHAPE. The complex was eluted by ro-
tating the tubes for 2 h at 4°C in elution buffer containing 4
mM SDA (NHS-diazirine, succinimidyl 4,4’-azipentanoate,
Thermo Fisher Scientific, diluted from 100 mM stock in
DMSO) or equivalent concentration of DMSO. Then the
resin was removed by gentle centrifugation, the liquid was
transferred to a 24-well plate on ice and was exposed to
3 J/cm? of 365 nm light in UVP 1000CL (Analytik Jena)
crosslinker. The proteins were then digested in the pres-
ence of 1.5% SDS, 20 mM EDTA, and 0.5 mg/ml pro-
teinase K for 2 h at 37°C, and the RNA was purified by phe-
nol:chloroform extraction and ethanol precipitation. The
RNA pellet was dissolved in 50 wl water and was further
purified by Monarch RNA cleanup kit. The reverse tran-
scription reaction was carried out as described before (295).
The library preparation and deep sequencing were carried
out as in SHAPE. Analyses of RNP sites and RNP reactiv-
ities were carried out as described before (29).

Treatment of cells with morpholino oligonucleotides,
transfection-based splicing assay, and RNNA immunoprecipi-
tation

HelLa cells were grown in a six-well plate for transfection-
based splicing assay and in 150 mm plates for RNA im-
munoprecipitation (RIP). Cells were grown up to 90%
confluency and then transfected with 5 nmol morpholino
oligonucleotide for splicing assay and 75 nmol for RIP. Af-
ter 16 h, cells were transfected with 1 pg and 15 wg AdML
minigene plasmid, respectively. Cells were harvested 24 h af-
ter the second transfection.

For splicing assay, cells were harvested by directly adding
Trizol reagent (Thermo Fisher Scientific) to the six-well
plate for extraction of RNA using manufacturer’s instruc-
tions. Reverse transcription reaction was carried out with
100 ng total RNA using AdM L-specific reverse primer in
20 wl volume, and 1 pl of cDNA preparation was used in
25 w1 PCR mix.

For RIP, adherent cells were gently washed with PBS
stored at room temperature, harvested with a scraper, re-

suspended in 30 ml PBS containing 0.1% fresh formalde-
hyde, and gently rocked for 10 minutes at room tempera-
ture. Then 3 ml of quenching buffer (2.5 M glycine, 2.5 M
Tris) was added to 30 ml suspension and rocked for an ad-
ditional 5 min. Cells were centrifuged at 400 g for 10 min
at 4°C and washed once with chilled PBS. Cells were gen-
tly and thoroughly resuspended in chilled RIPA buffer (25
mM Tris pH 7.5, 150 mM NaCl, 1% NP-40, 0.1% SDS,
0.1% sodium deoxycholate and 1 mM EDTA) containing
1:100 mammalian protease inhibitor cocktail (Sigma) and
1:100 RNase Inhibitor (Biobharati Life Science). Resus-
pended cells were briefly sonicated, and the cell lysate was
cleared by centrifugation at 16 000 g for 10 min at 4°C.
Cell lysate was precleared with control antibody (1 pg an-
tibody per 100 pg of total protein) using protein-A-coated
Dynabeads (Thermo Fisher scientific) following manufac-
turer’s instructions. Two aliquots of pre-cleared cell lysate
each containing 50 pg total protein were saved for RNA
extraction using the method described below and estima-
tion of SRSF1 expression level by western blotting. Next,
SRSF1 or U2AF65 was immunoprecipitated using specific
antibody (1 g antibody per 100 pg total protein) from pre-
cleared cell lysate at 4°C. Finally, the beads were separated
and washed with chilled RTIPA buffer.

For RNA extraction, the beads (bound to immunopre-
cipitant from cell lysate containing 500 g total protein)
were resuspended in 100 pl proteinase K buffer (50 mM
Tris—=HClpH 7.5, 5mM EDTA, 1% SDS and 10 mM DTT).
The pre-cleared cell lysate (50 pg total protein) was diluted
in equal volume of 2x proteinase K buffer. Proteinase K
was added to a final concentration of 2 mg/ml and then
the solution was incubated at 65°C for 45 min with occa-
sional mixing to digest and de-crosslink the protein. RNA
was extracted once with phenol:chloroform:isoamyl alco-
hol and then once with chloroform, followed by purifica-
tion by Monarch RNA cleanup kit. The total RNA eluant
is then digested with DNase I (NEB) for 30 min at 37°C and
purified further by Monarch RNA cleanup kit. Loss of nu-
cleic acids before and after DNase I treatment was not de-
tectable. 1 w1l RNA without concentration adjustment was
used in 20 pl reverse transcription reaction. 1 wl of cDNA
preparation was used in 25 pwl PCR mix.

We used aSRSF1 (rabbit IgG, A302-052A, Bethyl Lab-
oratories) (26) and control antibody (Rabbit IgG, Diagen-
ode c15410206) for immunoprecipitation of SRSF1, and
o« U2AF65 (mouse IgG2b, Sigma, U4758) (3) and control
antibody (mouse IgG2b, Cell Signaling, 53484) for im-
munoprecipitation of U2AF65.

Amylose pull-down assay

Pre-mRNA with 3x MS2-binding loop at its 3’ end was
mixed with 1x molar excess MBP-MS2 (to keep the MBP-
MS2 band intensity low so that it does not mask other
bands with similar migration patterns) and incubated for
10 min at 30°C. Then this RNA was mixed with the indi-
cated components in 100 wl volume. The buffer composi-
tion for the assembly reaction was same as described ear-
lier (8). After each addition, the reaction was incubated at
30°C for 5 min. Then the reaction was incubated at room
temperature for 5 min and then placed on ice for 5 min.



Next, it was centrifuged at 16 000 g for 15 min at 4°C. The
supernatant was then transferred to a fresh low-bind tube
containing pre-washed 5 pl amylose magnetic beads (NEB)
and rotated for 45 min at 4°C. Magnetic beads, due to highly
smooth surfaces, suppress non-specific beads:protein inter-
actions. Then the supernatant was removed, and the beads
were washed thrice with 400 wl chilled wash buffer (20 mM
HEPES-NaOH pH 7.5, 250 mM NaCl, 1 mM DTT, 2
mM MgCl, and 1 M urea). The beads were then boiled in
Laemmli buffer and analyzed on 15% SDS gel. For RNA
analysis, the beads were resuspended in proteinase K buffer
(50 mM Tris—HCI pH 7.5, 5 mM EDTA, 1% SDS and 10
mM DTT) in the presence of 0.5 mg/ml proteinase K and
was incubated at 37°C for 30 min. After removal of the
beads, RNA was purified by phenol:chloroform:isoamyl al-
cohol extraction and ethanol precipitation. Then the RNA
pellet was resuspended in deionized formamide, heated for
2 min at 95°C, resolved by urea—PAGE, and stained with
0.1% toluidine blue. Densitometric quantification of band
intensity was carried out after background subtraction us-
ing Fiji (22).

RESULTS

U1 snRNP recognizes the pre-mRNA 3D structural scaffold
in B-globin pre-mRNA

Our earlier results revealed that early spliceosomal compo-
nents recognize the 3D structural scaffold of adenovirus 2
major late transcript IVS I (4dML) (8). Here we expanded
on the observation and examined if similar mechanisms are
employed for the recognition of human g-globin IVSI.

We titrated 10 pM B-globin in the absence or presence
of 60 nM SRSF1-RBD (Supplementary Figure S1A) with
U1 snRNP (Supplementary Figure S1B, Figure 1A). With-
out SRSF1-RBD, Ul snRNP formed a single complex with
B-globin (lanes 7 and 8). In the presence of SRSF1-RBD,
Ul snRNP formed multiple complexes. We confirmed the
presence of SRSF1-RBD as well as Ul snRNP in the fi-
nal WT ‘ternary’ complexes by performing antibody super-
shift with anti-SRSF1 and anti-U1-C antibodies, respec-
tively (Figure 1A, compare lanes 5, 9 and 18, 19). Anti-
U1C antibody disintegrated a portion of the pre-mRNA
complex likely because U1-C is important for RNA bind-
ing of Ul snRNP (27). Band intensity of the free probes
suggests the efficiency of complex formation: a lower level
of probe remains free in the presence of SRSF1-RBD than
in its absence, which suggests that SRSF1-RBD stabilizes
Ul snRNP binding to B-globin (Figure 1A, compare lanes
4, 5 with 7, 8).

B-globin AS'SS, which has 14 substitution mutations in
the authentic 5'SS and two cryptic sites at the —16 and + 13
positions (28) formed similar complexes with Ul snRNP
and/or SRSFI1-RBD as the WT substrate (Figure 1A, com-
pare lanes 4, 5 with 13, 14 and lanes 7, 8 with 16, 17, respec-
tively). We hypothesized that the 5'SS sequence plays a rel-
atively minor role in stabilizing the early complex and that
the long 3’ exon of B-globin (206-nt in B-globin) might pro-
vide sufficient support to stably recruit Ul snRNP. There-
fore, we generated a B-globin construct with a truncated 3’
exon (Bg-AEx2) and introduced A5'SS mutations into this
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construct to generate Bg-AEx2 A5'SS. We also generated
the hybridization-mutant (EH3 + 4) on the fg-AEx2 con-
struct, in which the critical single-stranded segments imme-
diately upstream of the 5'SS (6) are hybridized; this mutant
does not recruit SR proteins appropriately and is defective
in splicing (6). These probes migrate as two bands — the ma-
jority as the fast-migrating natively folded RNA and the mi-
nority as the slow migrating unfolded /misfolded RNA (29)
(Figure 1B, lane 1). Ul snRNP alone did not form a stable
complex with Bg-AEx2 (lanes 5, 6). However, in the pres-
ence of SRSF1-RBD, Ul snRNP formed the distinctively
migrating complexes (lanes 3, 4). The ternary complex as-
sembled with Bg-AEx2 is less stable than the same with the
full-length probe (B-globin) as suggested by the remaining
free probe level (compare lanes 4, 5 of Figure 1A with 3 and
4 of Figure 1B). Nevertheless, the ternary complexes formed
with 8g-AEx2 were more stable than those formed with the
other two mutant probes (compare lanes 3 and 4 with 9 and
10 and 15 and 16). These results strongly suggest that the
entire length of the pre-mRNA including the 5’SS is essen-
tial for Ul snRNP recruitment and that SRSF1 stabilizes
the complex.

The fact that the 3’ exon stabilizes Ul snRNP on S-globin
suggests that Ul snRNP recognizes a 3D structural scaf-
fold that integrates the 3’ exon of B-globin. To examine how
the B-globin structure regulates Ul snRNP binding even
in the absence of 5SS, we examined the SHAPE reactivity
of protein-free B-globin and its 5'SS-mutant and generated
their SHAPE-derived secondary structure models (Supple-
mentary Figure S1C, D). The largest structural differences
were observed around the 5SS between the 50th to 120th
positions (5" exon ends at the 106th position) (Figure 1C,
top panel). However, the strandedness of nucleotides in the
remainder of the pre-mRNA appeared somewhat similar.
SHAPE reactivity of nucleotides between the 120th and
420th positions of both RNAs showed a moderate corre-
lation (0.71). SHAPE reactivity of Ul snRNP-bound g-
globin variants exhibited a slightly higher correlation be-
tween the 120th and 420th positions (0.78) (Figure 1C, bot-
tom panel). This suggests that mutation in the authentic
and cryptic 5'SS did not completely disrupt the structure
of B-globin and that a global interaction of Ul snRNP
with B-globin is important for Ul snRNP recruitment to
this splicing substrate. Additionally, we observed a loss of
SHAPE reactivity over 1000-fold at several positions in the
5'SS region and its flanking segments in both the mutant
and the WT substrate upon binding of Ul snRNP; among
these nucleotides, the 104™ nucleotide at the —3 position
of the 5'SS, which is not mutated in A5'SS, and the 58th
and the 47th nucleotides (also not mutated) within the crit-
ical single-stranded segment immediately upstream of the
5’SS, are common to both substrates (Supplementary Fig-
ure S1E). This likely suggests that the 3D structural scaffold
of B-globin A5'SS is able to position Ul snRNP in a similar
manner as the WT substrate. However, the SHAPE reactiv-
ity of B-globin and B-globin + U1 snRNP complex exhibits
a lower correlation (r = 0.77; p = 3.12E-60) compared to
that of B-globin A5'SS and B-globin AS5'SS + Ul snRNP
(r = 0.87; p = 2.57E-93). This suggests that Ul snRNP
contacts and the consequent structural remodeling of the
WT substrate is more extensive than the mutant substrate.
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Figure 1. U1 snRNP recognizes the pre-mRNA 3D structural scaffold in 8-globin. (A) B-globin forms ternary complexes with SRSF1-RBD and U1 snRNP,
which migrate primarily as three major bands (marked with black arrows in lane 5 and labeled as U1S1, U1S2 and U1S3 on the side of the gel); Ul snRNP
also binds free B-globin (marked with a violet arrow in lane 8); the ternary complex is super-shifted with «SRSF1 (lane 9, marked with orange arrows)
and aU1-C (lanes 18 and 19); slightly more smeary complexes of similar migration patterns were formed with B-globin A5'SS (lanes 10-17); red script
indicates radiolabeled components; the position of the free probe is indicated with an exon-intron-exon schematic; percentage of upshifted g-globin probe is
indicated below each lane. (B) Bg-AEx2 (B-globin lacking the 3" exon) formed U1l snRNP-dependent complexes in the presence of 60 nM SRSF1-RBD (the
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position of the free probe is indicated with an exon-intron schematic. (C) Overlaid SHAPE reactivity of protein-free 8-globin WT and its 5SS mutant (A5)
(top) and U1 snRNP-bound B-globin WT and U1 snRNP-bound B-globin 5'SS-mutant (bottom); the segments showing a moderate correlation of SHAPE
reactivity are marked in each plot and the corresponding r and p values are indicated; exon-intron boundaries are demarcated with dotted vertical lines. (D)
Amylose pull-down assay showing enhancement of co-purification of Ul snRNP (indicated by corresponding Ul snRNA level) with AdML and B-globin
in the presence of SRSF1-RE by urea PAGE. (E) Summary flow chart: Ul snRNP specifically recognizes a global 3D structural scaffold of g-globin and
SRSF1 enhances this interaction.



Nonetheless, as expected, B-globin A5'SS is completely de-
fective in splicing in vivo (Supplementary Figure S1F).

The results shown so far suggest that SRSF1 stabilizes the
U1 snRNP: B-globin complex. To further confirm this ob-
servation, we performed an amylose pull-down assay with
3XMS2-tagged B-globin in the presence of SRSF1-RE and
U1l snRNP. We also used 3XMS2-tagged AdML, which
binds U1 snRNP more strongly (8). From the pulled-down
samples, we isolated the total RNA and analyzed the pro-
portion of pre-mRNA and Ul snRNA in each sample. This
revealed co-purification of more U1l snRNA in the presence
of SRSF1-RE with both substrates (Figure 1D).

Overall, these results suggest that U1 snRNP specifically
recognizes a global 3D structural scaffold of S-globin and
that SRSF1 enhances this interaction (Figure 1E). This
scaffold exhibits a nominal alteration in its structure and
in its ability to be recognized by U1 snRNP upon mutation
of the authentic and cryptic 5'SS.

Cooperative binding of SRSF1 in appropriate stoichiometry
to the pre-mRNA is important for stable recruitment of Ul
snRNP

To understand how SRSF1 enhances the Ul snRNP:pre-
mRNA interactions as shown above and reported previ-
ously, we characterized the nature of binding of SRSF1 to
the pre-mRNA. Upon titration of 10 pM radiolabeled g-
globin with SRSF1-RBD, we observed that the most com-
pact band on native gel was formed with ~ 40 nM protein,
and at higher protein concentrations, larger, slower migrat-
ing complexes were formed (Figure 2A). The generation
of a concentration-response curve with densitometrically-
quantified free probe intensity showed the Hill coefficient
to be much greater than 1.0, suggesting that SRSFI1-RBD
binding is cooperative (Figure 2B). In contrast to this high-
affinity and cooperative binding, Ky of the SRSF1-RBD-
ESE complex is around 0.5 pM (21). Consistently, we
also found that SRSFI-RBD weakly binds to a 14-mer
probe containing the Ron ESE site, a strong binding site
for SRSF1 (21) (Figure 2C). A stoichiometric binding as-
say revealed that about 28 molecules of SRSF1-RBD were
required to form the most compact band on the native
gel (Supplementary Figure S2A). A similar result was also
obtained with AdML pre-mRNA (Supplementary Figure
S2B) with a Hill coefficient of ~ 3 (Supplementary Fig-
ure S2C), which binds about 10 molecules of SRSF1-RBD
for formation of the most compact band on the native
gel (6).

Although B-globin and AdML require about 28 and 10
molecules of SRSF1-RBD respectively to form the most
compact band visible on the native gel, we hypothesize that
a lower SRSF1:pre-mRNA ratio could be sufficient to form
the ternary complex with Ul snRNP efficiently. In a sto-
ichiometric EMSA, we found that 60x molar excess Ul
snRNP was required for forming the well-resolved ternary
complexes with 1x B-globin pre-mRNA (Supplementary
Figure S2D). We next performed another stoichiometric
EMSA to estimate the minimum SRSF1:pre-mRNA ratio
required to form stable ternary complexes with Ul snRNP.
For this, we added 60x molar excess Ul snRNP to 1x B-
globin probe bound to 2x, 6x, 10x, 14x, 18x or 22x mo-
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lar excess SRSF1-RBD molecules (Figure 2D). Quantifica-
tion of the unbound B-globin probe in each lane suggests
that an SRSF1-RBD:g-globin ratio of at least 10:1 is re-
quired to upshift the majority of the free probe (compare
lanes 8 and 10) and form the ternary complex efficiently
with Ul snRNP (lanes 9 and 11). We also examined the
minimum SRSF1:4dML ratio required for formation of the
ternary complex by amylose pull-down assay (Figure 2E).
The level of bound Ul snRNP increased with an increas-
ing SRSF1-RE:AdML ratio (lanes 1, 3, 5 and 7). Challeng-
ing each of these complexes with a 14-nt long RNA con-
taining AdML 5'SS, which disrupts the binary AdML + Ul
snRNP complex more efficiently than the ternary complex
(8), caused a reduction in the Ul snRNP level bound to
AdML in the presence of 0x, 1x, and 2x SRSF1-RE but
not 5x SRSFI-RE (lanes 2, 4, 6 and 8). This suggests that
complexes formed in the presence of 1 x and 2x SRSF1-RE
(lanes 2, 4 and 6) represent a mixture of binary and ternary
complexes while the ones formed with 5x SRSFI-RE (lane
8) are primarily ternary complexes.

Taken together, these results suggest that SRSF1 engages
the pre-mRNA in a cooperative mode, which is required for
stabilization of the interactions between the pre-mRNA and
Ul snRNP (Figure 2F).

U1l snRNP selectively displaces some SRSF1 molecules
bound to the pre-mRNA

To further understand how pre-mRNA, SRSF1 and Ul
snRNP assemble to form the stable ternary complexes, we
titrated 10 pM S-globin bound to about 25 molecules of
SRSF1-RBD with Ul snRNP. Increasing concentrations
of Ul snRNP gradually increased the mobility of the pre-
mRNA complex, eventually forming the faster migrating
complexes (marked with arrows in Figure 3A). We also
observed that the migration rate of the aSRSF1-super-
shifted complexes increased with increasing concentrations
of Ul snRNP up to 80 nM (lanes 3, 5 and 7 of Fig-
ure 3B). This suggests that SRSF1-RBD is gradually de-
pleted from B-globin pre-mRNA with increasing concentra-
tions of U1 snRNP. To further confirm the displacement of
SRSF1 from the full-length pre-mRNA by Ul snRNP, we
performed amylose pull-down assays with MS2-tagged S-
globin pre-mRNA substrate in a complex with SRSF1-RE
or SRSFI-RE and Ul snRNP (Figure 3C). Densitomet-
ric analysis suggested that >~60% of bound SRSFI-RE,
which stains 5x more intensely than Ul snRNP proteins
(8), is displaced by Ul snRNP. We also repeated the exper-
iment with 25 nM (1X) AdML WT or APPT bound to 250
nM SRSFI1-RBD (10X), which was titrated with 200 nM
(8X) and 600 nM (24x) Ul snRNP. Densitometric analy-
sis indicated that 8x and 24x Ul snRNP displaces ~53%
and ~62% of SRSF1-RBD bound to AdML WT and ~49%
and ~69% of SRSF1-RBD bound to 4dML APPT (Fig-
ure 3D, values normalized with MBP-MS2 levels). Interest-
ingly, with 8x Ul snRNP, AdML APPT bound more Ul
snRNP than AdML WT. However, with 24x Ul snRNP,
AdML WT bound more Ul snRNP. Given that AdML
APPT is unable to bind Ul snRNP as strongly as the WT
substrate in the protein-free state due to a disrupted pre-
mRNA scaffold (8), this result suggests that the displace-
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Figure 2. Cooperative binding of SRSF1-RBD to B-globin is important for stabilization of Ul snRNP. (A) EMSA showing gradual upshift of radiolabeled
B-globin complexes upon titration with SRSF1-RBD. (B) Binding curve (solid black line) of SRSFI1-RBD to B-globin and Hill coefficient obtained from
band intensity of the free probe in (A); the equation of the curve is given below it, where Y is band intensity, X is log;o[SRSF1], and top and bottom are
plateaus in the unit of the Y axis; a trendline (broken blue line) was generated to visually examine the goodness of fit by estimating the Y values from the
X values, Hill slope (5.89), EC50 (33), top (98.18) and bottom (1.85). (C) EMSA showing formation of weak complexes with a radiolabeled 14-nt long
RNA containing Ron ESE (a binding site for SRSF1). (D) Binding efficiency of SRSF1-RBD diminishes with decreasing SRSF1:8-globin ratio below
10:1 (compare lanes 8 and 10) with a corresponding decline in the ternary complex formation with Ul snRNP (compare lanes 9 and 11). (E) Amylose
pull-down assay of 4dML (25 nM) bound to MBP-MS2 showing enhanced stability of Ul snRNP with 5x molar excess SRSF1-RE (125 nM) compared
to 2x, 1x or no SRSF1-RE, particularly when challenged with a 14-nt long RNA containing AdML 5'SS; Sm D1, D2, D3 band intensity is normalized
to MBP-MS2 level. (F) Summary flow chart: Specific Ul snRNP recruitment requires cooperative binding of SRSF1, which in turn requires a threshold
level of SRSF1:pre-mRNA molar ratio; red text indicates the step added based on the conclusions of this figure.

ment of SRSF1 from SRSF1:AdML binary complex im-
proves the splice signal specificity of Ul snRNP recruitment
(Figure 3D). We also observed that Ul snRNP displaces
SRSF1-RBD from 14-nt long RNA containing Ron ESE, a
strong binding site for SRSF1 (21) (Supplementary Figure
S3A).

To further demonstrate whether Ul snRNP displaces
SRSF1-RBD from the full-length pre-mRNA, we sought
to identify a Ul snRNP variant that can displace SRSF1-
RBD from the pre-mRNA without itself getting recruited.
Since different protein components of Ul snRNP play im-
portant roles in binding of U1 snRNP to the RNA (27), we
assembled U1 snRNP with varied components to identify a
variant that would not bind the pre-mRNA. We found that
assembling Ul snRNP with Sm B; ;74 and without Ul-A
(U1 snRNP Bj74 AA) served this purpose. We then titrated

SRSF1-RBD-bound S-globin with U1l snRNP By74 and U1
snRNP By74 AA (Figure 3E). While Ul snRNP Bj74 formed
complexes of comparable migration patterns as observed
with Ul snRNP (lanes 5-7), Ul snRNP B4 AA at high
concentrations displaced all SRSF1-RBD molecules from
B-globin releasing the free probe (lane 12). To examine if
Ul snRNP Bj74 AA displaces SRSF1-RBD from the pre-
mRNA due to a higher affinity for SRSF1-RBD, we tested
the assembly of the binary Ul snRNP:SRSF1-RBD com-
plex by anion-exchange chromatography (Supplementary
Figure S3B). While Ul snRNP B;74 formed a stoichiomet-
rically 1:1 binary complex that eluted under a sharp and
symmetric peak (Supplementary Figure S3B — top, S3C —
top), Ul snRNP Bj74 AA did not (Supplementary Figure
S3B — bottom, S3C — bottom). We found that Ul snRNP
Bi74 AA also displaces SRSF2-RE and SRSF5-RBD from
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Figure 3. Excess Ul snRNP displaces majority of SRSF1-RBD molecules bound to the pre-mRNAs. (A) Titration of 8-globin bound to SRSF1-RBD
with Ul snRNP showing change in the migration of the radioactive complexes leading to formation of the ternary complexes (labeled on the side of
the gel). (B) Super-shift of complexes shown in A with «SRSF1 showing increase in the migration rate of the super-shifted complexes up to 80 nM Ul
snRNP. (C) Amylose pull-down assay of MS2-tagged B-globin bound to MBP-MS2 and SRSF1-RE in the presence or absence of Ul snRNP showing Ul
snRNP-mediated displacement of SRSF1-RE from B-globin. (D) Amylose pull-down assay of MS2-tagged AdML WT and APPT showing that Ul snRNP
displaces SRSF1-RBD bound to the pre-mRNA, which improves specific interactions of Ul snRNP with the WT pre-mRNA complex more significantly
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of this figure.
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B-globin, both of which promote its splicing (30) (Supple-
mentary Figure S3D)

To examine if SRSF1 displacement is in the early spliceo-
some assembly pathway in cells, we inhibited assembly of
U1 snRNP and U2 snRNP by transfecting HeLa cells with
a 25-nt long morpholino oligonucleotide that is comple-
mentary to the 5 end of Ul snRNA (Ul AMO) or U2
AMO since destabilization of U2 snRNP also inhibits sta-
ble recruitment of Ul snRNP without directly impairing
the integrity of Ul snRNP (31). Cells were then transfected
with AdML minigene and its splicing efficiency was tested
by RT PCR: Ul and U2 AMO partially inhibited splicing
compared to the scrambled AMO (Supplementary Figure
S3E). SRSF1 was then immunoprecipitated from the pre-
cleared cell lysate and AdML pre-mRNA levels in the im-
munoprecipitant were quantified by RT PCR (Figure 3F
and G, Supplementary Figure S3F). The level of enrichment
of AdML pre-mRNA in the immunoprecipitant compared
to the precleared cell lysate was highest for Ul AMO and
lowest for the scrambled AMO suggesting that disruption of
Ul snRNP and U2 snRNP leads to a more persistent inter-
action between SRSF1 and AdML pre-mRNA. To examine
the level of SRSF1 in the precleared cellular extract, which
would dictate the level of immunoprecipitated SRSF1 and
the RNA associated with it, we examined SRSF1 expression
levels in precleared extracts. SRSF1 band intensity normal-
ized with the internal control GAPDH suggested that cells
express similar levels of SRSF1 upon any of the treatments
(Supplementary Figure S3G-I).

Overall, these results suggest that Ul snRNP selectively
displaces some SRSF1 molecules bound to the full-length
pre-mRNA prior to its own specific recruitment to the pre-
mRNA (Figure 3H).

RNP reactivity verifies SR protein-mediated pre-mRNA
structural remodeling for the stable recruitment of U1 snRNP

We next investigated the sites of ‘optimal’ binding of
SRSF1 and its effects on pre-mRNA structure and Ul
snRNP recruitment in vitro. Purification of the pre-
mRNA:SR:Ul snRNP complexes was required for the
SHAPE and RNP-MaP analyses (see Methods), which led
us to use AdML pre-mRNA. We compared fold changes in
SHAPE reactivity of AdML upon binding of 5x SRSF1-
RE (SHAPE_5XSI, the optimal SRSF1 stoichiometry),
2x SRSF1-RE (SHAPE_2XS1 — suboptimal SRSF1 sto-
ichiometry), Ul snRNP (SHAPE_U1) and 5x SRSF1-
RE + Ul snRNP (SHAPE_5XS1 + Ul). SHAPE_5XS1 ex-
hibits a greater enhancement of nucleotide flexibility across
the pree-mRNA compared to SHAPE_2XS1 (Figure 4A).
Enhanced flexibility of segments immediately upstream of
the 5'SS (marked with a rectangle above the plot) and
at positions 86 and 129 (marked with arrows above the
plot) is lessened in SHAPE_5XS1 + Ul (Figure 4B). This
suggests that SRSF1-mediated remodeling enhances flex-
ibility of these segments to promote the likely contacts
with Ul snRNP. Of these segments, the one immediately
upstream of the 5SS is particularly important for splic-
ing across the transcriptome (6). Finally, we compared
the fold changes in SHAPE reactivity in SHAPE_ U1 and
SHAPE_5XS1 + Ul (Figure 4C). SHAPE_5XSI1 + Ul ex-

hibited a much higher level of flexibility-gain across the pre-
mRNA compared to SHAPE_U1. These observations are
consistent with our previous report that splicing-competent
pre-mRNAs are highly flexible in vivo (6) correlating the
SR protein-mediated pre-mRNA structural remodeling ob-
served in vitro with the in vivo structural state of the pre-
mRNA.

We then examined the protein contacts with the RNA
by RNP-MaP-seq, which identifies the nucleotides within
~12 A of the central carbon atom of an interact-
ing lysine residue, under three different binding condi-
tions: S5x SRSFI1 alone (RNP_SI), Ul snRNP alone
(RNP_U1)and 5x SRSF1 and Ul snRNP (RNP_S1 + Ul)
(Figure 4D). The protein contacts were also mapped onto
the SHAPE-derived secondary structure model of AdML
pre-mRNA (Supplementary Figure S4A—C). The follow-
ing observations were made from the RNP experiments: (i)
RNP_UI exhibits protein contacts across exon 1 and the
intron only (23 sites), while RNP_S1 and RNP_S1 + Ul
across the entire pre-mRNA (44 and 40 sites, respectively).
(i1) 25 RNP-reactive nucleotides in RNP_S1 were not re-
active in RNP_S1 + Ul likely due to the displacement
of SRSF1 from the pre-mRNA. (iii) 17 out of 19 com-
mon RNP-reactive sites in RNP_S1 and RNP_SI + Ul ex-
hibit a stronger interaction (i.e. higher RNP reactivity) in
RNP_S1 + UL. (iv) Similarly, 9 out of 10 RNP-reactive nu-
cleotides common to both RNP_UI and RNP_S1 + Ul
exhibit a stronger interaction in RNP_S1 + Ul. (v) Three
nucleotides (41st, 62nd and 124th) exhibit RNP reactiv-
ity in all three samples and the reactivity is the highest in
RNP_S1 + Ul. (vi) Upon comparison of SHAPE_S1 and
RNP_S1 + Ul, we observed that segments flanking the 5'SS
that have enhanced flexibility in SHAPE_S1 exhibit multi-
ple lysine contacts in RNP_S1 + Ul (Figure 4E).

Overall, these results suggest that both binding and dis-
placement of SRSF1 to the pre-mRNA play important
roles in structural remodeling of the pre-mRNA regulating
global engagement of Ul snRNP (Figure 4F).

A precise SRSF1:pre-mRNA ratio is required for specific re-
cruitment of U2AF65

To examine the effects of the SRSF1 level bound to the pre-
mRNA on U2AF65 recruitment, we performed amylose
pull-down assays with 25 nM MS2-tagged WT AdML pre-
mRNA and its PPT mutant bound to 1 x, 2x and 5x molar
excess SRSF1-RE and reacted with 24x molar excess Ul
snRNP and 50 nM [U2AF65 + SF13y (E/E)] (Figure 5A,
Supplementary Figure S5A). U2AF65 binding increased
with an increasing SRSF1:pre-mRNA ratio for AdML WT
but remained low for AdML APPT at a so-called back-
ground level. This suggests that a minimum SRSF1:pre-
mRNA ratio is critical for U2AF65 recruitment to AdML
as this ratio dictates cooperative binding of SRSF1 to the
pre-mRNA. Additionally, in the presence of U2AF65, an
increase in the bound Ul snRNP level was not observed
with the increasing SRSF1:pre-mRNA ratio (Figure 5A)
unlike in the absence of U2AF65 (Figure 2E). To exam-
ine the reason for this, we performed amylose pull-down
assay of AdML mixed with 5x SRSF1-RBD and 24x Ul
snRNP in the presence as well as the absence of 50 nM
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upon binding of 5x SRSFI-RE (optimal stoichiometry, blue line) or 2x SRSF1-RE (sub-optimal stoichiometry, orange line); fold changes in SHAPE
reactivity are plotted along y-axis showing only the increase in SHAPE reactivity (i.e. y > 1); the nucleotides that exhibit a gain of flexibility over 1000 fold
with 5x SRSF1-RE but not 2x SRSFI-RE and a loss of flexibility with [Sx SRSFI-RE + Ul snRNP] shown in B are marked with either a rectangle or
arrows above the plot. (B) Fold changes in SHAPE reactivity upon binding of 5x SRSF1-RE (blue line) or [Sx SRSF1-RE + Ul snRNP] (yellow line);
fold-changes in SHAPE reactivity are plotted along y-axis showing only the increase (i.e. y > 1). (C) Fold changes in SHAPE reactivity upon binding of
Ul snRNP alone (grey line) or [Sx SRSFI-RE + Ul snRNP] (yellow line); y-axis is shown in Logjg scale. (D) RNP reactivity of AdML bound to Ul
snRNP (blue line), 5x SRSF1-RE (orange line) and [Sx SRSF1-RE + Ul snRNP] (grey dotted line); in vitro selected SRSF1-binding sites are demarcated
below the plot and exon-intron boundaries are indicated with dotted vertical lines. (E) Fold changes in SHAPE reactivity of [Sx SRSF1-RE + AdML]
(blue line) plotted along primary y-axis and RNP-reactivity of [SxSRSFI + Ul snRNP + 4dML] (orange line) along secondary y-axis. (F) Summary flow
chart: Cooperative binding of SRSF1 followed by displacement of some of the SRSF1 molecules by excess Ul snRNP exposes an optimally remodeled
pre-mRNA to specifically engage Ul snRNP through multiple contacts across the pre-mRNA scaffold; pink text indicates the steps added based on the
conclusions of this figure.



8272 Nucleic Acids Research, 2022, Vol. 50, No. 14

A glE|& B g8 §lE| &
a|a|a [ Q|| Qa
Q|99 << (<9 (<<
<l | alalale cle |lelellalalalalelala]
HEHEEEE 22(3(3(3/3/3/3/3/3/13/3/3]/3
CdEdEdR dE-dRE-aFS SRR dLdE dEdEdE - dRE- AR -JR-JR-dE-diK <
25125125125/25|25] |AdML (nM) AdML (nM) 2512525252525 25252525 |25 | 25
24X[24X[24X[24X[24X[24X] + | U1 snRNP U1 snRNP + 8X 24X [8X PAX| | 8X |24X|__[8X[24X
1X[2X [ 5X [ 1X[2X[5X || SRSF1-RE SRSF1-RE | + | [10X[10X|10X[10X10XAOX[10X[10X[10Xf10X/10X[ 10X
05050 [ 505050 | | U2AF65/SF1(E/E); 300(nM) U2AF65+SF1 (nM)|_+ 50 |50 | 50 | 50 [50 [50 [ 50 [ 50 | 50 [50 [50 | 50
U2AF65 [T/ L U2AF35 (nM) |_+
MBP-MS2S = = = — == T
i L
SRSF1-RE e
U1-A. {—Hiss-tagged U1-70k -
sm B Tr
ut-c|
Sm D1, D2, D3+
SmE, F, G|
| 54 - | u2AF65 . i !
100 90 | 85 [101] 87[80[ - | Sm D1, D2, D3 U2AFes|-| - | - [100 - 121
112 3] 4]5]6]|7]|Lane number SmD1,D2,D3 |- - | - [100 =2 ===
Lane number[1] 2 | 3 | 4 7 [ 8]9[10[11]12
(o] Pull-down Precipitate
10000 —WT_[10XS1+U1+65/35/SF1]/[10XS1+U1] —WT_[5XS1+U1+65/35/SF1]/[5XS1+U1]
® : :
2 100 : A
2 H
© H
k-3 1 A/\ bt N\ 7 il J\_ | /j\
2 Mo 4 160 VV \ 2
a
< 0.01 l
=
& .
0.0001 BS  PPT + EXON
Nucleotide position BS PPT
D E
10 SRSF1-RBD (nM) 6060606060 60[60]60]60]60
& =1 U1 snRNP (nM) 160]160[300[400 160[160[300 400
R2 R3 |R1|R2|R3 £ U2AF65 (nM) 10[10]10 1010
PC [a65] PC [a65] PC |65 jaCntlaCntiaCnt g 6 B-globin (pM) | 10| 10 [10[ 10| 10|10
= 94 B-globin APPT (pM) 10 0[10]
g 3,
<
0
AdML APPT pre-mRNA PN AN
Qé’/ D7
o"y ES ES
===
% of RNA in the major
soluble complex (ES) [ - [ - [ - [70]65]58] - | - [ - [70]33]23]
Lanenumber| 1 [2[3[4[5][6[7[8]9[10[11]12]
CCTATTGGTCTATTTTCCC>AAAAAAGGAAAAAAAARAA
F G
SRSF1-RBD (nM)| [ 6060 60]60]60]60]60]60 60]60]60]60]60][60]60]60 Pre-mRNA
U1 snRNP (nM) 160]_ [400[ |40 _|400 160|400 _[400] _[400] —
U2AF65 (nM) 10[10[10[10[10][10 10[10[10[10[10[10
SF15, (E/E) (nM) 10[10[10[10[ 1010 10[10[10[10]10] 10 Cooperative binding
U2AF35 (nM) 10[10[10[10 10[10[10[10
hnRNP A1 (nM) 1010 10[10
B-globin (pM) 1 10| 101011010/ 10]10]10}10 Pre-mRNA structural remodeling
B-globin APPT (pM) 10 10[10[10[10[10[10[10]10 U1 SnRNP.

U2AF65 SRSF1
Non-specific engagement of

U1 snRNP and U2AF65
U1 snRNP
H U1 snRNP makes protein contacts

|
' ‘ across the pre-mRNA
== ‘ 5 Specific quaternary complex
% of RNA in the major [ _ | . ‘ ‘ | 38

e s |~ -|73| EEEEEBE
soluble complex (ES
Lansnumber]1|2|3[4| 6|78 ]9l10[11[12]13]14[15[16[17[18

m

Figure 5. Specific U2AF65 recruitment requires cooperative binding and displacement of SRSF1. (A) Amylose pull-down assay showing binding of increas-
ing levels of U2AF65 with increasing SRSF1-RE: AdML ratio but fixed Ul snRNP:AdML ratio; black arrows mark the U2AF65 bands; band intensities
normalized to the MBP-MS?2 levels are shown; a background-subtracted and contrasted version of this image is shown in Supplementary Figure SSA. (B)
Amylose pull-down of AdML in the presence of 8 x or 24 x molar excess Ul snRNP, 10x molar excess of SRSF1-RE, and 50 nM [U2AF65 + SF1359 (E/E)
+ U2AF35]. (C) Fold changes in SHAPE reactivity upon addition of [U2AF65 + SF1350 (E/E) + U2AF35] to [AdML + 24x Ul snRNP + 10x SRSFI-RE
(blue line) and to [AdML + 24x Ul snRNP + 5x SRSFI-RE] (orange line); exon-intron boundaries are demarcated with dotted vertical lines and the
BS and the PPT regions are marked. (D) (Left) Amplification of 4dML APPT pre-mRNA by RT PCR from pre-cleared extract (50 pg total protein,
PC), immunoprecipitant obtained from the pre-cleared extract (500 pg total protein) with anti-U2AF65 antibody («65), and immunoprecipitant obtained
from uncleared extract (500 g total protein) with IgG2b control antibody («Cnt) performed in triplicate; (right) a plot showing significant enrichment
of AdML APPT with anti-U2AF65 antibody compared to the control antibody; error bars indicate standard deviation, “*’ P < 0.05, n = 3. (E) EMSA
showing titration of the quaternary complexes of B-globin WT and B-globin APPT assembled with SRSF1-RBD, Ul snRNP, and U2AF65 with addi-
tional U1 snRNP reduces the major soluble complex labeled as ‘ES’; the ratios of the band-intensity of the free pre-mRNA and the quaternary complexes
(marked with yellow arrows inside the gel and as ‘ES’ on the side of the gel) are indicated in red script below the image; the mutated sequence in APPT is
shown. (F) Addition of hnRNP A1, U2AF35 and SF135 (E/E) promotes PPT-dependent complexes for the WT substrate and but not the PPT mutant.
(G) Summary flow chart: Cooperative binding of SRSF1 is critical for U2AF65 recruitment; however, U2AF65 non-specifically engages the pre-mRNA
prior to displacement of some of the SRSF1 molecules by excess Ul snRNP; specific interactions between the pre-mRNA and U2AF65 are established
upon displacement of these SRSF1 molecules; orange text indicates the steps added based on the conclusions of this figure.



[U2AF65 + SF1350 (E/E)] (Supplementary Figure S5B). We
used SRSF1-RBD instead of SRSF1-RE because it is possi-
ble to quantify SRSF1-RBD band intensity accurately. We
found lesser levels of SRSFI-RBD and Ul snRNP bound
to AdML in the presence of U2AF65. Thus, the displace-
ment of SRSF1 from the pre-mRNA, a process that dimin-
ishes non-specific interactions of Ul snRNP with the pre-
mRNA (Figure 3D), is more efficient when both U1 snRNP
and U2AF65 are present. Nonetheless, we did not observe
binding of U2AF65 to the pre-mRNA in the presence of
SRSF1-RBD (Supplementary Figure S5B). This suggests
that stabilization of U2AF65 by SRSFI1-RBD is not sulffi-
ciently strong to be detected by the pull-down assay but by
the EMSA as shown later (Figure SE) and that possibly the
phosphorylated RS domain of SRSF1 and the RS domain
of U2AF65 interact for engaging the branchsite (32).

Since SRSF1 displacement is highly efficient in the pres-
ence of U2AF65, we raised the SRSF1 level from 5x to
10x molar excess to examine how the efficiency of SRSF1
displacement affects U2AF65 recruitment, (Figure 5SB). Af-
ter mixing 8 x or 24x molar excess Ul snRNP and 50 nM
[U2AF65 + SF1350 (E/E) + U2AF35] with the SRSF1-pre-
mRNA complex, the soluble and insoluble fractions were
separated (see Methods) and the MBP-MS2-bound soluble
fractions were pulled down using amylose magnetic beads.
We observed a similar level of U2AF65 binding to the WT
and the APPT variant of AdML in the presence of 10x
SRSF1-RE. No detectable interaction with SF135 (E/E)
and U2AF35 was observed with either of the AdML vari-
ants. In contrast, in the case of 5x SRSFI1-RE, specific
binding of both U2AF65 as well as U2AF35 to AdML WT
was observed (Supplementary Figure S5C). Binding of a
low level of SF 1350 (E/E) was observed to both the WT and
APPT variants in the absence but not the presence of Ul
snRNP (lanes 2 and 5). Additionally, 24x but not 8x Ul
snRNP led to a background level binding of U2AF65 to
AdML APPT substrate (Figure 5A —lanes 4-6; Supplemen-
tary Figure S5C — lane 7) likely due to partial solubilization
of the precipitate (Supplementary Figure S5C — lane 13)
by the equimolar arginine-HCI and glutamate-KOH (33)
present in the U1l snRNP storage buffer.

To examine if the mode of binding of U2AF65 to the pre-
mRNA is PPT-specific with 5x and non-specific with 10X
SRSF1, we determined the SHAPE reactivity of the ternary
(ie. 1x AdML + nx SRSF1-RE + 24x Ul snRNP) and
the quinary (i.e. 1x AdML + nx SRSFI1-RE + 24x Ul
snRNP + 50 nM U2AF65 + 50 nM U2AF35) (SF1 does
not remain bound) complexes, where n = 5 or 10. SHAPE
fold changes were calculated by dividing the SHAPE reac-
tivity of each nucleotide of the quinary complex by that of
the corresponding nucleotide of the ternary complex (Fig-
ure 5C). The plot revealed that SHAPE fold changes for
complexes assembled with Sx and 10x SRSFI1-RE are dif-
ferent across the pre-mRNA. In particular, a greater level of
protection in the BS, the PPT, and the 3’SS region (165-190-
nt, i.e. —23 through +2 around the 3’SS) was observed in the
presence of 5x SRSF1-RE compared to 10x SRSFI1-RE
(Figure 5C).

To examine if U2AF65 could bind the pre-mRNA in a
PPT-independent manner in vivo, we transfected HeLa cells
with an AdML APPT minigene. U2AF65 was immunopre-
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cipitated from the pre-cleared cell lysate and AdML APPT
pre-mRNA, which does not splice (8), was quantified by RT
PCR (Figure 5D). Anti-U2AF65 antibody significantly en-
riched the pre-mRNA compared to the control antibody.

Then we examined how the titration with U1 snRNP im-
pacts specific binding of U2AF65 to B-globin by EMSA
since the pulldown experiment could not be done with this
substrate. We added U2AF65 to the ternary complex of 8-
globin formed with 160 nM U1 snRNP and 60 nM SRSF1-
RBD (Figure 5E — lanes 4-6). Addition of U2AF65 up-
shifted all U1 snRNP-dependent bands to a single band (la-
beled as ‘ES’, lane 4). Titration of the quaternary complex
(ES) with increasing concentrations of Ul snRNP slightly
downshifted it, likely due to displacement of additional
SRSF1-RBD molecules. With g-globin APPT, we observed
that with increasing concentrations of Ul snRNP, the sol-
uble ES complex became weaker (Figure SE — lanes 10—
12). We did not observe any detectable binding of 25 nM
U2AF65 to protein-free S-globin pre-mRNA (Supplemen-
tary Figure S5D). Addition of SF13y (E/E) and U2AF35
(Figure S5F — compare lanes 16, 18) also weakened the ES
complex formed with B-globin APPT. hnRNP Al is re-
ported to proofread for U2AF65 (34); accordingly, we ob-
served a reduction in the ES complex formed with B-globin
APPT in the presence of hnRNP A1 (compare lanes 14 and
16).

Finally, we tested the assembly of the early spliceosomal
‘ES’ complex with all splice signal mutants of 8-globin. The
ES complex formed with WT B-globin consisted of 65% of
the pre-mRNA while those formed with S-globin AS'SS,
ABS, APPT and A3’SS consisted of 27%, 56%, 36% and
64% of the mutant pre-mRNA, respectively (Supplemen-
tary Figure SS5E). These results also indicate an important
role of the 5°SS in the assembly of U2AF65/35. We also
observed that the high efficiency of the assembly with -
globin ABS and A3'SS correlates with their transfection-
based splicing efficiency (Supplementary Figure S5F)—p-
globin ABS splices using a cryptic BS (35) and S-globin
A3'SS uses a cryptic 3'SS 26-nt downstream of the authen-
tic 3'SS.

Overall, these results suggest that excess SRSF1 bound
to the pre-mRNA promotes non-specific engagement of
Ul snRNP and U2AF65. Displacement of some of these
SRSF1 molecules enhances the specificity of Ul snRNP
and U2AF65 binding (Figure 5G). On the other hand, a
lower SRSF1:pre-mRNA ratio is not sufficient to recruit
U2AF65.

Cooperation among different SR proteins for early spliceo-
some assembly

We sought to understand how SRSF2 and SRSF5, which
also promote the splicing of B-globin (30), support the
assembly of the early spliceosome. For this, we used the
RNA binding domain (RBD) of SRSF1 (8,36,37), SRSF2-
RBD in chimera with the fully phosphomimetic RS domain
of SRSF1 (SRSF2-RE) (37,38), and SRSF5-RBD (Sup-
plementary Figure S1A). SRSF2-RE cooperatively bound
B-globin at <3 nM concentration (Supplementary Figure
S6A, lanes 1-9) while its affinity for its cognate ESE is
weaker (Kg = ~0.3 wM) (39). The complex forming the
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most compact band on the native gel has about 10 molecules
of SRSF2-RE bound to it (6). Similarly, at least a few copies
of SRSF5-RBD bound to 10 pM S-globin below 6 nM con-
centration (Supplementary Figure S6A, lane 11). Binding of
SRSF5-RBD to 25 nM unlabeled B-globin traced with ra-
diolabeled S-globin indicates that the most compact band is
formed with about 15x SRSF5-RBD (Supplementary Fig-
ure S6A, lane 23). For all three SR proteins, at high SR pro-
tein to pre-mRNA probe ratios, a portion of the probe was
caught in the well likely due to the formation of larger com-
plexes that could not enter the gel.

We next tested if SRSF2 could lower the amount of
SRSF1 required for cooperative engagement to S-globin
and stable recruitment of U1 snRNP. For this, we compared
the Ul snRNP-dependent B-globin complexes formed with
varying ratios of SRSF1-RBD and SRSF2-RE. As ex-
pected, an SRSF1-RBD:S-globin molar ratio of less than
10 formed the B-globin:SR:U1 complex inefficiently (Fig-
ure 6A — lanes 3-7). However, if at least 7x molar excess
SRSF2-RE was present, the lower SRSF1-RBD:g-globin
molar ratios could assemble stable complexes (Figure 6A
— lanes 8-13). To further test if the presence of multiple
SR proteins helps form the B-globin:SR:U1 complex, we
added SRSF5-RBD to the reaction mixture. In the pres-
ence of SRSF5-RBD, concentrations of both SRSF1-RBD
and SRSF2-RE could be lowered to obtain similar Ul
snRNP-dependent complexes (Figure 4B). Next, we exam-
ined if this cooperative relationship exists between the full-
length fully phosphorylated mimetic SRSF1 and SRSF2.
Although the majority of the binary and ternary complexes
assembled with SRSFI-RE alone gets caught in the well
under the in vitro experimental conditions (Supplementary
Figure S6B, lanes 7-11), lower concentrations of SRSF1-
RE in the presence of a low concentration of SRSF2-RE
formed U1 snRNP-dependent complexes similar to SRSF1-
RBD (Supplementary Figure S6B, lanes 13-18).

Then we examined U2AF65-dependent complex forma-
tion with a combination of [6 nM SRSF2-RE + 20 nM
SRSF1-RBD]instead of 60 nM SRSF1-RBD alone (Figure
6C) using S-globin and its splice signal mutants. The major
soluble complex was most intense for the splicing competent
variants (WT, ABS and A3'SS — lanes 2, 6 and 10). These
results suggest that the SR proteins collaborate to recruit
early spliceosome factors lowering each other’s concentra-
tion requirement and that all splice signals are important
for the recruitment of U2AF65.

Overall, these results suggest that the molar ratio of indi-
vidual SR proteins to the pre-mRNA dictates early spliceo-
some assembly efficiency (Figure 6D).

DISCUSSION

The mechanisms governing the recognition of the highly de-
generate mammalian splice signals by the early spliceoso-
mal components from background sequences remain un-
clear. Data shown in this and our earlier work (8) suggest
that pre-mRNAs adopt a folded structure integrating all
splice signals and such early spliceosomal components as
Ul snRNP, U2AF65 and U2AF35 recognize the 3D struc-
tural scaffold. However, the scaffold needs to be remod-
eled for recognition and/or stabilization of the early spliceo-

somal components. Data shown in the current work sug-
gest that cooperative binding of SR proteins to the pre-
mRNA enables this structural remodeling. The cooperative
nature of binding also explains how SR proteins bind the
pre-mRNA efficiently in vivo despite having a weak affin-
ity (in the micromolar range) for their weakly conserved
binding motifs. This cooperative binding requires a mini-
mum number of SR protein molecules per molecule of the
pre-mRNA. Interestingly, pre-mRNA-bound SRSFI at a
higher SRSF1:pre-mRNA ratio promotes non-specific en-
gagement of Ul snRNP and U2AF65 to the tested splic-
ing substrates. We find that a large excess of Ul snRNP,
which is overabundant in living cells compared to other U
snRNPs (40), selectively displaces some SRSF1 molecules
from the pre-mRNAs enabling the splice signal-specific en-
gagement of Ul snRNP, U2AF65 and U2AF35. These data
also explain why assembled early spliceosome contains only
a few SR protein molecules bound to it (20) despite having
SR protein binding motifs scattered across the entire pre-
mRNA. This model of splicing substrate recognition is de-
picted in a cartoon in Figure 7. The SRSF1-dependent non-
specific Ul snRNP engagement was easily detected with the
AdML APPT mutant, which is completely defective in U1
snRNP recruitment in the protein-free state due to a dis-
rupted scaffold (8). However, it was not possible to examine
this phenomenon with B-globin because its 5'SS-mutant in
the protein-free state is highly similar to the WT substrate in
its structure and the ability to recruit Ul snRNP. Nonethe-
less, these observations tempt us to propose that the non-
specific engagement of splicing factors prior to displace-
ment of SRSF1 (or other SR proteins) increases the prob-
ability of specific engagement of the former after displace-
ment of the latter, thus likely improving early spliceosome
assembly efficiency. Additionally, the SR protein displace-
ment step has the potential to act as a regulatory checkpoint
for early spliceosome assembly in vivo. This hypothesis is
consistent with the earlier observations that an increase in
SR protein levels could disrupt efficient early spliceosome
assembly and splicing (19,41,42).

Ul snRNP-mediated SR protein displacement appears to
involve a complex and dynamic mechanism. SRSF1 inter-
acts with U1-70k (37) and the stem-loop III of Ul snRNA
(43). On the other hand, Ul snRNP interacts with various
segments of the pre-mRNA [(8) and Figure 4D]. Therefore,
we propose that a combination of interactions between U1
snRNP and SRSF1 and between Ul snRNP and the pre-
mRNA are primarily responsible for Ul snRNP-mediated
SRSF1 displacement. Interestingly, Ul snRNP B;74 AA
displaces SRSF1 more efficiently than Ul snRNP B,74 de-
spite having a weaker interaction with the pre-mRNA and
SRSF1 compared to Ul snRNP; we hypothesize that tran-
sient interactions of this variant with the pre-mRNA and
SRSFT1 help recycle this variant more efficiently. Further
studies are required to examine this possibility. Displace-
ment of other SR proteins by Ul snRNP may also in-
volve similar mechanisms, many of which exhibit interac-
tions with Ul snRNP (43). The selective displacement of
SRSF1 (or other SR proteins) from the pre-mRNA is likely
guided by the position of its binding site within the 3D scaf-
fold and the affinity of the site for the protein. After dis-
placement, the remaining SRSF1 bound to the pre-mRNA
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Figure 6. Collaboration of SR proteins for assembly of the early spliceosome. (A) EMSA showing U1 snRNP stabilization efficiency of 10x, 8, 6x, 3x
and 2x SRSF1-RBD on 25 nM B-globin (lanes 4-7), with 6x, 3x and 2x SRSF1-RBD and 10x SRSF2-RE (lanes 8-10), with 6x, 3x and 2x SRSF1-RBD
and 7x SRSF2-RE (lanes 11-13), with 6x, 3x and 2x SRSFI-RBD and 3x SRSF2-RE (lanes 14-16), with 6x and 3x SRSF1-RBD and 2x SRSF2-RE
(lanes 17 and 18). (B) EMSA showing formation of comparable stable 8-globin:SR:U1 snRNP complexes in the presence of a high level of SRSF1-RBD
alone or a low level of SRSF1-RBD supplemented with SRSF2-RE and/or SRSF5-RBD. (C) EMSA showing a high efficiency of assembly of the early
spliceosomal complexes with Ul snRNP and U2AF65 in the presence of low concentrations of SRSF1-RBD and SRSF2-RE with the splicing-competent
variants of B-globin (WT, ABS, A3'SS). (D) Summary flow chart: a combination of different pre-mRNA-specific SR proteins at low SR:pre-mRNA ratios
could substitute for a high SRSF1:pre-mRNA ratio required for assembly of the early spliceosomal complexes; violet text indicates the steps added based

on the conclusions of this figure.

complex could be present within the early spliccosome by
bridging the SRE and Ul snRNP (20) or by bridging Ul
snRNP and another early spliceosomal component at the 3
end of the intron (43). Currently it is not clear which mode
is being used for the tested splicing substrates. Nonetheless,
SRSF1 bound to the pre-mRNA:U1 snRNP:SRSF1 com-
plex are ‘locked” within the pre-mRNA structural scaffold
and are not displaced at least until after the recruitment of
U2AF65 and U2AF35.

In this study, a truncated U1-70k (1-215 a.a.) is used to
assemble Ul snRNP. At least two different isoforms of Ul-
70k participate in the assembly of human U1 snRNP. These
two isoforms, which differ in amino acid sequence beyond
the 215th residue, exhibit different interactions within the
U1 snRNP particle and different phosphorylation patterns

(44). Without additional knowledge about their functional-
ities, it is not possible to ascertain whether and how selec-
tive usage of the one or the other full-length isoform or the
truncated protein impacts the results. However, the residues
beyond the 215th position of Ul-70k constitutes the RS
and R-D/E domain, which primarily serves as a regula-
tor of the functions of U1-70k for assembly of Ul snRNP;
this domain is phosphorylated in vivo for the release of the
RNA recognition motif (RRM) from the contact with the
RS + R-D/E domain, an essential step for assembly of Ul
snRNP (45). That is, in the absence of the RS + R-D/E do-
main, U1-70k may be constitutively active. An earlier find-
ing that the RS domain of U1-70k is dispensable for the
survival of simpler organisms such as Drosophila supports
this hypothesis (46). Given the situation, we surmise that
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Figure 7. Proposed model for mammalian splicing substrate definition by cooperative binding and subsequent selective displacement of SR proteins. The
primary, secondary, and tertiary structure of a pre-mRNA mediate the cooperative recruitment of multiple copies of different SR proteins (and potentially
other splicing regulatory proteins) specific to the pre-mRNA. The SR:pre-mRNA complex initially recruits Ul snRNP and U2AF65 non-specifically. A
large excess of Ul snRNP selectively displaces some SR protein molecules from the pre-mRNA leading to structural remodeling of the pre-mRNA and
specific recruitment of Ul snRNP, U2AF65 and U2AF35. SF1, which appeared to be critical for recruitment of U2AF65 and U2AF35, is detected in
the pre-mRNA complex prior to displacement of the majority of the SR protein molecules. However, it is not detected in the same pre-mRNA complex
consisting of U2AF65, U2AF35 and Ul snRNP suggesting its chaperone-like role as proposed earlier (8).

the observations made with U1 snRNP assembled with the
truncated U1-70k would resemble the behavior of native
Ul snRNP in vivo. Nonetheless, the physiological and/or
clinical relevance of these observations remains to be estab-
lished.

Data presented in this and our earlier manuscript (8)
bring to light a novel regulatory niche in the early spliceo-
some assembly by providing insights into the regulation of
early spliceosome assembly in the context of the pre-mRNA
3D structural scaffold. We observed several common as well
as different features in the tested viral and human tran-
scripts allowing for diversified splicing regulation. For ex-
ample, although AdML 5'SS has six nucleotides comple-
mentary to the 5’ end of Ul snRNA while g-globin 5'SS
has seven, the AdML scaffold binds Ul snRNP more sta-
bly with a greater involvement of its 5’SS than the B-globin
scaffold. On the other hand, both AdML and B-globin
scaffolds are similar in requiring the 5'SS for U2AF65 re-
cruitment, suggesting cross-intron communication through
the 3D space in both substrates. Besides, although SF1 is
known to regulate splicing genome-wide (47), its mecha-
nisms of action remain unclear (48). Our data obtained
with a truncated variant of SF1 containing the N-terminal
320 amino acids suggest that SF1 but not U2AF65 and
U2AF35 remains bound to the pre-mRNA:SRSF1 com-
plex at low Ul snRNP concentrations, but with increasing
U1l snRNP concentrations, U2AF65 and U2AF35 bind-
ing improves and the SF1 level diminishes. This is con-
sistent with our earlier hypothesis that SF1 might have a
chaperone-like function for the recruitment of U2AF65 and
U2AF35 (8). Finally, the inability of individual binding mo-
tifs to explain the splicing outcome and the cooperative
binding are also reported for many other SRps (49-55).

Thus, we infer that the mechanistic knowledge presented in
the current work using SRSF1 could also be extended to a
variety of other SRps.

Overall, this work highlights the highly complex mode
of early spliceosome assembly where SR proteins endow
a greater flexibility to the pre-mRNA 3D structural scaf-
fold. U1 snRNP facilitates its own recruitment and recruit-
ment of U2AF65 and U2AF35 by selectively removing
some SR protein molecules. Despite generation of several
high-resolution structures for various stages of the spliceo-
some in the recent years, both the structure and the mech-
anism of assembly of the early spliceosome, particularly
E-complex, are still unclear (56). Our data expand on the
novel regulatory niche in the early spliceosome assembly
by characterizing the detailed mechanism of modulation
of the pre-mRNA 3D structural scaffold and assembly of
the mammalian E-complex, thus paving the way for its de-
tailed structural analysis. Additionally, the knowledge of
pre-mRNA-wide dynamic binding of RBPs generated in
this work will be valuable in developing RNA therapeutics
(57) targeting previously unthought of segments of a pre-
mRNA to alter the RBP binding and/or the 3D scaffold in
order to rescue splicing defects.
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