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RESEARCH PAPER

Synergistic roles for human U1 snRNA stem-loops in pre-mRNA splicing
William Martellya,b, Bernice Fellowsa, Paul Kangc, Ajay Vashishtd, James A. Wohlschlegeld, and Shalini Sharma a

aDepartment of Basic Medical Sciences, College of Medicine-Phoenix, University of Arizona, Phoenix, AZ, USA; bSchool of Life Sciences, Arizona State 
University, Tempe, AZ, USA; cDepartment of Epidemiology and Biostatistics, Mel and Enid Zuckerman College of Public Health-Phoenix, University 
of Arizona, Phoenix, AZ, USA; dDepartment of Biological Chemistry, University of California, Los Angeles, Los Angeles, CA, USA

ABSTRACT
During spliceosome assembly, interactions that bring the 5′ and 3′ ends of an intron in proximity are 
critical for the production of mature mRNA. Here, we report synergistic roles for the stem-loops 3 (SL3) 
and 4 (SL4) of the human U1 small nuclear RNA (snRNA) in maintaining the optimal U1 snRNP function, 
and formation of cross-intron contact with the U2 snRNP. We find that SL3 and SL4 bind distinct 
spliceosomal proteins and combining a U1 snRNA activity assay with siRNA-mediated knockdown, we 
demonstrate that SL3 and SL4 act through the RNA helicase UAP56 and the U2 protein SF3A1, 
respectively. In vitro analysis using UV crosslinking and splicing assays indicated that SL3 likely promotes 
the SL4-SF3A1 interaction leading to enhancement of A complex formation and pre-mRNA splicing. 
Overall, these results highlight the vital role of the distinct contacts of SL3 and SL4 in bridging the pre- 
mRNA bound U1 and U2 snRNPs during the early steps of human spliceosome assembly.
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Introduction

The spliceosome assembles from sequential binding of five 
small nuclear RNPs (snRNPs: U1, U2, U4, U5, and U6) and 
many auxiliary proteins [1]. First, binding of the U1 snRNP to 
the 5′ splice site (5′-ss), splicing factor 1 (SF1) to the branch- 
point sequence, and the U2 auxiliary factor (U2AF) 65/35 
dimer to the polypyrimidine tract and the 3′ splice site (3′- 
ss), respectively, forms the early (E) complex. The U2 snRNP 
loosely associates with the E complex by a U2AF65-SF3B1 
contact [2,3]. Following this, RNA helicases UAP56 and Prp5 
facilitate conversion of the E to A complex, which involves 
stable binding of U2 to the pre-mRNA by basepairing of the 
U2 snRNA to the branchpoint sequence [4–6]. The U4/U6.U5 
tri-snRNP is then recruited to form the pre-B complex, and 
the U1 and U4 snRNPs are released by the actions of helicases 
Prp28 and Brr2, respectively [7–11]. In subsequent steps, 
complexes containing the U2/U6/U5 snRNPs perform spli
cing catalysis [12–15]. Recent cryo-EM studies of the budding 
yeast and human spliceosomal complexes have revealed the 
nature of molecular contacts and transitions in the later 
complexes. However, information on early interactions that 
lead to the formation of a stable A complex is lacking, espe
cially for the human spliceosome.

The human and budding yeast U1 snRNPs differ signifi
cantly in their composition. Human U1 small nuclear RNA 
(snRNA) is 164 nucleotides (nts) long and folds into 
a structure consisting of four stem-loops. It interacts with 
the seven-member (B/B′, D1, D2, D3, E, F, and G) Sm-ring 
and three U1-specific proteins (U1-70k, U1C, and U1A). In 
the mature U1 particle, the first three stem-loops are sepa
rated from the terminal stem-loop 4 (SL4) by the Sm-ring 

[16,17] (Fig. 1A). The yeast U1 snRNA is much longer (568 
nts) than its human paralog and lacks a structure analogous to 
SL4 downstream of the Sm ring [18–20]. The yeast stem-loop 
3 (SL3) region is 15 times the size of SL3 in human U1 and 
folds into seven stem-loops. Yeast U1 contains seven addi
tional particle-specific proteins, namely Prp39, Prp40 (human 
Prp40), Prp42, Nam8 (human TIA-1), Snu56, LUC7 (human 
LUC7L), and Snu71 (human RBM25). In humans, Prp40, 
TIA-1, LUC7L, and RBM25 act independently as alternative 
splicing factors and orthologs for the other proteins have not 
been identified [21–23].

Cryo-EM structures of the human E and A complexes are 
not available, but structures of the yeast complexes provide 
some insight into early spliceosomal interactions. In the 
yeast E complex, Prp40 bridges the 5′- and 3′-ss complexes 
via interactions with U1-70k and SF1 (yeast MSL5) [24]. 
Other biochemical studies have also reported the occurrence 
of this contact [25]. The yeast A complex structure identifies 
two regions of contact between the pre-mRNA bound U1 
and U2 snRNPs [26]. The first interface forms from a stable 
interaction between the U1 protein Prp39 and the core U2 
protein U2A′ (yeast Lea1). The second interface involves 
interactions of SL3 of the U1 snRNA with the U2 proteins 
SF3B3 (yeast Rse1) and SF3A3 (yeast Prp9). The Prp39-U2A′ 
contact was found to be preserved in the yeast pre-B com
plex [27]. Interestingly, proteins SF1, U2AF65 (yeast 
MUD2), and the RNA helicases UAP56 (yeast SUB2) and 
Prp5 were not found in the yeast A complex; Prp5 was 
detected at sub-stoichiometric levels, but not observed in 
the structure. Thus, the associations of these proteins (and 
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possibly other early factors) with the pre-mRNA are likely 
transient and precede formation of the stable interfaces 
observed in the A complex. The dynamic nature of these 
interactions may present challenges in the structural analysis 
of the very early spliceosomal complexes. Additionally, dif
ferences in compositions of yeast and human U1 snRNPs 

suggest that the contacts made by human U1 during spliceo
some assembly may be different from those observed in 
yeast.

Previously, we reported a human spliceosome-specific con
tact between pre-mRNA bound U1 and U2 snRNPs that is 
crucial for splicing. We found that SL4 of the 5′-ss bound U1 

Figure 1. Stem-loop 3 of the U1 snRNA is important for U1 function. (A) Schematic diagram of the U1 snRNP. Secondary structure and sequence of wildtype SL3 
and mutations introduced into the U1 snRNA are depicted; nucleotide changes are shown in red. (B) Dup51p pre-mRNA carries a 5′-ss mutation (indicated by the red 
asterisk) in intron 2 that causes skipping of exon 2 in the mature transcript. (C) Primer extension analysis to monitor splicing of the minigene reporter Dup51p after 
cotransfections with control (pcDNA) or U1-5a plasmids expressing wildtype or mutant U1 snRNAs. The full-length and exon 2 skipped Dup51p mRNA products are 
depicted. The percentage of the full-length product (± s.d., n = 3) is represented in the graph below and statistical significance was determined by comparisons to 
the wildtype control (lane 2) (n = 3; * = p < 0.05, ** = p < 0.01). (D) RT-qPCR analysis of U1 snRNA expression in HeLa cells cotransfected with Dup51p and U1-5a 
variants carrying wildtype SL3 or mutations. Fold change in U1 snRNA expression was calculated relative to the pcDNA control after normalization to U2; fold change 
(± s.d.; n = 3) in U1 is graphed. Expression of the Dup51p reporter pre-mRNA upon cotransfection with U1-5a/SL3 mutants M1e, M1f, and M1g (lanes 7–9) appears to 
be reduced in this experiment. This apparent diminution, however, is not a consistent observation, as the transcript level is not reduced in Fig. 2B, lane 4.
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Figure 2. Combined SL3 and SL4 mutations have synergistic effects on U1 function. (A) Schematic of the SL4 secondary structures from wildtype and mutant 
U1 snRNAs used to create U1-SL3/SL4 double mutants. (B) Primer extension analysis to monitor splicing of the minigene reporter Dup51p after cotransfections with 
control or U1-5a plasmids for expression of wildtype and mutant U1 snRNA. The full-length and exon 2 skipped Dup51p mRNA products are depicted. The 
percentage of the full-length product (± s.d., n = 3) is graphed below and statistical significance was determined by comparisons to the wildtype control (lane 2) 
(n = 3; * = p < 0.05, ** = p < 0.01, *** = p < 0.001). The analysis for synergistic effects is shown in Table 1. (C) RT-qPCR analysis of U1 snRNA expression in HeLa cells 
cotransfected with Dup51p reporter and U1-5a variant plasmids. Fold change in U1 snRNA expression was calculated relative to the pcDNA control after 
normalization to U2; fold increase in U1 is graphed (± s.d., n = 3). (D) Primer extension analysis with oligonucleotide 32P-U17-26R (Supplementary Data File Table 
S5), showing expression of the endogenous U1 and mutant U1-5a snRNAs.
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snRNA interacts with the 793 amino acids (aa) long protein 
SF3A1 of the 3′-ss bound U2 snRNP during the E to 
A complex transition [28] and identified the C-terminal 
Ubiquitin-like (UBL) domain of SF3A1 (aa residues 
703–793) as the SL4 binding region [29]. The 280 aa long 
yeast ortholog of SF3A1 (Prp21) lacks a UBL domain and the 
yeast U1 snRNA lacks a SL4-like structure, thereby explaining 
the absence of this U1-U2 contact in yeast spliceosomal com
plexes [26,27,30,31]. Here, we demonstrate that SL3 of the U1 
snRNA is also important for U1 function and that optimal U1 
activity in humans requires synergistic actions of SL3 and SL4 
of the U1 snRNA. We identify the RNA helicase UAP56 as 
a SL3 interacting spliceosomal protein, and show that spliceo
somal interactions of SL3 and SL4 are distinct. UAP56 binds 
to SL3 but not to SL4 and conversely, SF3A1-UBL binds to 
SL4 but not to SL3. Additionally, the impact of siRNA- 
mediated knockdown on U1 activity indicates that the effects 
of UAP56 and SF3A1 depletion phenocopy SL3 and SL4 
mutations, respectively. Finally, analyses using in vitro UV 
crosslinking and pre-mRNA splicing assays suggest a role 
for SL3 in promoting the SL4-SF3A1 interaction, thereby 
enhancing the E to A complex transition and pre-mRNA 
splicing.

Materials and methods

Plasmid constructs and transfections

The three-exon/two-intron reporter pDUP51p and the U1 
snRNA expression plasmid pNS6U1 have been described pre
viously [28]. The constructs expressing U1-5a snRNAs carry
ing SL3 mutations, SL3/SL4 double mutations, and SL3/SL4 
tandem and swap mutations were generated by PCR muta
genesis using oligonucleotides and were verified by DNA 
sequencing. The sequences of all oligonucleotides used for 
U1-5a mutagenesis performed in this study are provided in 
Supplementary Data File Table S6.

HeLa cells, originally purchased from ATCC, were a gift 
from Kurt Gustin (University of Arizona, College of 
Medicine-Phoenix). They were cultured in DMEM containing 
10% FBS and antibiotics (100 U/mL penicillin, 100 μg/mL 
streptomycin). Culture supernatants were tested for myco
plasma by PCR using a pool of six mycoplasma-specific pri
mers, and found to be negative [32]. For transfection, 
0.5 × 105 cells per well of a six-well plate were transfected 
with 0.4 μg of Dup51p reporter plasmid and 3.6 μg of control 
plasmid (pcDNA3.1) or U1 expression plasmid (pNS6U1) 
using Lipofectamine 2000 according to the manufacturer’s 
instructions (Thermo Fisher Scientific). Cells were harvested 
48 hours post-transfection and total RNA was extracted using 
TRIzol reagent or prepared using the Direct-zol RNA kit 
(Zymo Research). For siRNA and reporter double transfection 
experiments, 0.24 × 105 cells per well of a six-well plate were 
transfected with 50 nM synthetic siRNA using lipofectamine 
RNAiMAX transfection reagent (Thermo Fisher Scientific). 
After 24 hours, cells were transfected with Dup51p reporter 
and U1 plasmids as described above. After incubation for 
another 24 hours, cells were harvested, and total RNA was 
extracted also as described above. siRNAs targeting SF3A1, 

UAP56, URH49, and PTBP1 have been described previously 
[33–36]. All siRNAs, including the non-targeting control 
(siNT; siGENOME Non-Targeting Pool #1) were purchased 
from Horizon Discovery; sequences are provided in the 
Supplementary Data File Table S5. For SL3/SL4 tandem and 
swap mutants, transfections were performed in a 12-well plate 
format with a pNS6U1-5a to Dup51p ratio of 7.5:1 (1.5 μg 
pNS6U1-5a and 0.2 μg Dup51p) with the addition of 
pNS6U1-WT (0.3 μg) to maintain the total levels of U1 
expression plasmid the same as in previous experiments 
(final ratio of pNS6U1:Dup51p = 9:1). 2.0 × 105 cells per 
well of a 12-well plate were transfected using Lipofectamine 
2000 reagent as before and total RNA was harvested by TRIzol 
extraction 48 hours post-transfection prior to primer exten
sion analysis of Dup51p reporter transcripts.

Nucleo-cytoplasmic fractionation

Sub-cellular fractionation of HeLa cells was performed using 
the protocol by Gagnom et al., with some modifications [37]. 
Briefly, 300 μl of ice-cold IGEPAL hypotonic lysis buffer 
(IHLB; 10 mM Tris-HCl (pH 7.5), 10 mM NaCl, 3 mM 
MgCl2, 0.3% IGEPAL CA-630) was added to each well of 
a 6-well plate. Cells were lifted by scraping and the lysates 
were kept on ice for 10 min., vortexed and centrifuged at 
5,000 x g at 4°C for 10 min. Supernatants containing the 
cytoplasmic fractions were treated with SDS/Proteinase 
K and total cytoplasmic RNA was extracted using phenol: 
chloroform. For cytoplasmic protein, the fractions were trea
ted with 500 U Nuclease A for 15 min. at room temperature 
(RT) after addition of SDS-PAGE sample buffer. The nuclear 
pellets were washed by re-suspension in 50 μl ice-cold IHLB 
for 10 min. and centrifuged as above. From the nuclear pellet, 
total RNA was extracted using TRIzol. For nuclear protein, 
the pellet was re-suspended in 300 μl of PBS and treated with 
500 U Nuclease A for 15 min. at RT after addition of SDS- 
PAGE sample buffer.

Antibodies, Western blotting, and immunoprecipitation

For protein analysis, samples were boiled in SDS-PAGE sam
ple buffer, separated on 10% SDS-PAGE gels and analysed by 
Western blotting using PVDF membrane. Antibodies against 
SF3A1, SF3A3, SF3B1, and U1-70k have been described pre
viously [28]. The anti-UAP56 rabbit polyclonal antibody was 
a gift from Robin Reed (Harvard Medical School). This anti
body was raised against GST-UAP56 and cross-reacts with 
URH49 [38]. Commercial antibodies used in this study 
included anti-α-Tubulin mouse monoclonal antibody (EMD 
Millipore; CP06-DM1A), and anti-Prp19 rabbit polyclonal 
antibody (Bethyl Laboratories; A300-102A). Secondary anti- 
mouse and anti-rabbit antibodies conjugated to Cy3 and Cy5 
fluorophores were purchased from Thermo Fisher Scientific. 
Proteins were quantified by densitometric scanning of 
Western blots using ImageQuant.

For U1-70k immunoprecipitation (IP), HeLa cells transi
ently expressing mutant U1 snRNA from two wells of a 6-well 
plate were pooled after trypsinization and pelleted by centri
fugation at 600 x g for 5 min. at RT. HeLa cell nuclei were 
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Figure 3. SL3 and SL4 bind to distinct spliceosomal proteins. (A) UV crosslinking analysis for U1-SL3 interacting protein(s). HeLa nuclear extracts were incubated 
with 20, 40, and 80 nM 32P-U1-SL3 RNA in the presence or absence of ATP and ATP-γ-S. (B) Western analysis of proteins in wildtype and mutant U1-SL3 complexes. 
HeLa nuclear extracts were preincubated with 0, 0.25, 0.5, and 1.0 M NaCl prior to RNA affinity purification using biotinylated U1-SL3-WT and U1-SL3-M1g RNAs. (C) 
EMSAs monitoring binding of Cy5-labelled U1-SL3 (lanes 1–7) or U1-SL4 (lanes 8–14) RNAs (10 nM) in the absence and presence of GST-UAP56 (0.0625, 0.125 0.25, 0.5, 
1.0, and 2.0 μM). (D) EMSAs monitoring binding of Cy5-labelled U1-SL3 (lanes 1–7) or U1-SL4 (lanes 8–14) RNAs (10 nM) to GST-SF3A1-UBL (0.03125, 0.0625, 0.125 0.25, 
0.5, 1.0 μM). Displayed dose-response curves were generated by plotting the average percent of bound U1-SL3 and U1-SL4 RNA (± s.d., n = 3) versus GST-UAP56 or 
GST-SF3A1-UBL protein concentration and the apparent affinity constant values (KD) are reported. (E) Western analysis of proteins present in input (I) and U1 affinity 
purified (AP) complexes in the absence and presence of ATP-γ-S, and ATP. The intensity of the UAP56 band was normalized to that of U1-70k in the U1 and U2 
complexes, and then fold change was calculated relative to the plus ATP condition (± s.d., n = 3, * = p < 0.05). (F) Western analysis of proteins present in input (I) and 
U2 AP complexes in the absence and presence of ATP-γ-S, and ATP. Because the signal for SF3A3 was better than SF3A1, the intensity of UAP56 band was normalized 
to that of SF3A3 protein in the U2 complexes, respectively, and then change was calculated relative to the plus ATP condition (± s.d., n = 3, * = p < 0.05).

2580 W. MARTELLY ET AL.



then purified as described in the fractionation protocol above. 
After washing in IHLB, the nuclei were resuspended in 250 μl 
of Buffer C (20 mM HEPES-KOH pH 7.9, 1.5 mM MgCl2, 
0.42 M NaCl, 0.2 mM EDTA, 1 mM DTT, 0.1 mM PMSF, and 
20% glycerol). To extract nuclear components, the Buffer 
C nuclear suspension was incubated with rotation at 4°C for 
30 min. and then centrifuged at 5,000 x g for 10 min. at 4°C. 
The supernatant was added to 20 μl packed-volume of 
GammaBind Sepharose beads (Cytiva) that were pre-bound 
with 5 μg of anti-U1-70k antibody and incubated for 1 hour at 
RT with rotation. Beads were washed four times in 1x PBS. 
Bound proteins were extracted by boiling in SDS-PAGE sam
ple buffer and bound RNA was extracted using TRIzol.

Primer extension, RT-qPCR, and Northern blotting

Primer extensions to monitor splicing of the Dup51p repor
ter and for determining U1-5a snRNA expression were 
performed using 32P-Dup3r and U17-26R oligonucleotides, 
respectively, as described previously [28]. Oligonucleotide 
sequences are provided in the Supplementary Data File 
Table S5. Spliced products were quantified by densitometric 
scanning of urea-PAGE images using ImageQuant and per
centage of exon 2 inclusion calculated using data obtained 
from three independent experiments is presented. For RT- 
qPCRs, reverse transcription was performed using 
SuperScript III Reverse Transcriptase kit and 1 ng of result
ing cDNA was used as a template for qPCR amplification 
using SYBR Green reagent and StepOnePlus Real-Time 
PCR Machine; all according to manufacturer specifications 
(Thermo Fisher Scientific). Primer pairs used for amplifica
tion of U1 and U2 snRNA are reported in the 
Supplementary Data File Table S5. U1 expression across 
all samples was normalized to U2 snRNA and fold- 
increase in expression was calculated relative to the 
pcDNA control using data obtained from three indepen
dent experiments.

For Northern blotting, RNA samples were separated on 
10% urea-PAGE gels and transferred onto Amersham 
Hybond nylon membrane (Cytiva) for 1 hour at 15 V, 
400 mA using the Trans-blot Turbo semi-dry transfer 
system (Bio-Rad). Transferred RNA was UV crosslinked 
to nylon membranes for 10 min. and pre-hybridized in 
15 ml of ULTRAhyb hybridization buffer. The membranes 
were probed with 32P-labelled oligo probes (1.0 x 106 cpm/ 
ml) in hybridization buffer overnight at 42°C. Membranes 
were washed at the temperature of hybridization once with 
2X saline-sodium citrate buffer (2X SSC; 300 mM NaCl, 
and 30 mM sodium citrate) containing 0.1% SDS for 
10 min. and twice with 2X SSC for 10 min. For locked- 
nucleic acid (LNA)-modified oligonucleotide probes 
(Exiqon), membranes were incubated at 37°C overnight 
and washed at RT once with 2X SSC containing 0.1% 
SDS and twice with 2X SSC alone. Northern blots were 
visualized using the Typhoon FLA 9500 imager and RNA 
bands were quantified by densitometric scanning using 
ImageQuant.

UV crosslinking and pre-mRNA splicing

Nuclear extract from HeLa S3 cells was prepared as described 
previously [39,40]. The 32P-labelled U1-SL3 and U1-SL4 
RNAs were in vitro transcribed from annealed DNA tem
plates, gel purified, and ethanol precipitated. The RNAs 
were incubated at a final concentration of 20 nM in a splicing 
reaction containing 2.2 mM MgCl2, 0.4 mM ATP, 20 mM 
creatine phosphate, 10 U RNaseOUT, and 60% nuclear extract 
in buffer DG (20 mM HEPES pH 7.9, 80 mM K-glutamate, 
0.1 mM EDTA, 1 mM DTT, 20% glycerol). In Fig. 5A and S7, 
the reactions were preincubated with cold 5′-biotinylated U1- 
SL3-WT, U1-SL4-WT, U1-SL3-M1g or U1-SL4-M10 RNAs 
(Integrated DNA Technologies) at the indicated concentra
tions for 20 min. on ice. After preincubation, 32P-U1-SL4 was 
added and incubation was continued at 30°C for 30 min. UV 
crosslinking was performed in a GS Gene Linker (Bio-Rad 
Laboratories) for a total energy of 1800 mJ. Next, reactions 
were treated with 100 U of RNase T1 at RT for 5 min. and 
crosslinked proteins were separated on 10% SDS-PAGE gels 
and visualized using the Typhoon FLA 9500 imager.

For in vitro splicing, uniformly 32P-labelled pre-mRNA 
substrate was transcribed from the pSPAd plasmid and gel 
purified and added to splicing reactions containing HeLa 
nuclear extract and all other components as described above. 
To examine effects of stem-loop RNAs on AdML splicing, 
reactions were preincubated with cold wildtype U1-SL3 or 
U1-SL4 at the indicated concentrations for 20 minutes at RT 
prior to addition of the pre-mRNA substrate and further 
incubation at 30°C for 1 hour. Analysis of spliceosomal com
plexes was performed using native agarose gels as described 
previously [41]. For analysis of the ATP-independent 
E complex, native agarose gel electrophoresis was performed 
at 4°C [42].

RNA affinity purification and MS analysis

For RNA affinity purification (RAP), biotinylated wildtype 
and mutant U1-SL3 RNAs were custom-synthesized 
(Integrated DNA Technologies). HeLa nuclear extracts were 
preincubated in the absence or presence of NaCl at 4°C for 
20–30 min. in splicing conditions described above. The reac
tion mix was then added to 20 μl of Neutravidin beads that 
were pre-bound with 2 nmoles of biotinylated wildtype or 
mutant SL3 RNA and incubation was continued for 30 min. 
at RT. Beads were washed four times with 200 μL of buffer 
DG. Total RNA was extracted from the bound complexes 
using phenol:chloroform (5:1; pH 4.8), precipitated with etha
nol, separated on 8% urea-PAGE gels, and visualized by 
ethidium bromide staining. For protein analysis, the bound 
complexes were eluted by treatment with RNase A/T1 cocktail 
(Life Technology) in 10 mM Tris-HCl (pH 7.2), 1 mM MgCl2, 
and 40 mM NaCl. In Fig. 3B, nuclear extracts were preincu
bated with 0, 250, 500, and 1000 mM NaCl prior to addition 
of biotinylated RNAs. The eluted proteins were analysed 
either by Mass Spectrometry (MS) or separated on 10% SDS- 
PAGE gels and analysed by Western blotting.
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For MS, protein samples were reduced, alkylated, and 
digested using Lys-C and trypsin proteases as previously 
described [43]. Peptide mixtures were fractionated online 
using reversed-phase chromatography and then analysed by 
tandem MS on a Q-Exactive mass spectrometer (Thermo 
Fisher Scientific) [44]. Data analysis was performed using 
the IP2 platform (Integrated Proteomics Applications) using 
the ProLuCID and DTASelect algorithms and filtered at 5% 
false discovery rate for peptide spectrum matches as calcu
lated using a decoy database approach [45–47]. NSAF values 
were calculated from the total number of spectrum-matching 
peptides from the protein (spectrum counts) that were then 
normalized for protein length [48].

For affinity purification of the U1 and U2 snRNPs, 100 μl 
splicing reactions containing HeLa S3 nuclear extract and 
10 μM U1 or U2 hybridizing, 3′ biotinylated, 2′-O-methyl 
anti-sense oligonucleotides, U11-13 and U21-21 (Integrated 
DNA Technologies; Supplementary Data File Table S5) were 
prepared as described above. These reactions, either lacking 
ATP or containing 0.5 mM ATP or ATP-γ-S, were incubated 
at 30°C for 30 min. and then added to 20 μl pre-blocked 
NeutrAvidin beads and kept at 4°C for one hour with end- 
over-end rotation [49]. Beads were washed four times with 
200 μl of buffer DG and protein was eluted by boiling beads in 
1X SDS-PAGE sample buffer. For analysis of RNA in ASO AP 
complexes, RNA was eluted and purified by standard TRIzol 
extraction.

GST-UAP56 purification and electrophoretic mobility shift 
assays

GST-UAP56 construct in the plasmid pGEX-5x was a gift 
from Robin Reed (Harvard Medical School) and the GST- 
UBL fusion construct was created by cloning cDNA of 
SF3A1-UBL domain (SF3A1 aa 704–793) into BamHI and 
XhoI restriction sites of pGEX-5x. GST, GST-UAP56, and 
GST-SF3A1-UBL proteins were expressed in Escherichia coli 
(BL21-DE3) by overnight induction with 0.2 mM IPTG at 18° 

C. Induced proteins were purified from bacterial lysates using 
glutathione agarose beads (Thermo Fisher Scientific) accord
ing to manufacturer’s protocol, dialysed against two litres of 
buffer DG, and stored at −20°C. EMSAs were performed as 
described previously [29]. Briefly, binding reactions contained 
10–50 nM 5′-Cy5-labelled U1-SL3 or U1-SL4 RNAs 
(Integrated DNA Technologies; see Supplementary Data File 
Table S5 for sequences), 2.2 mM MgCl2, 60% buffer DG, and 
varying concentrations of purified GST, GST-SF3A1-UBL, 
and GST-UAP56 protein. ATP-γ-S and other NTPs were 
added at a final concentration of 0.5 mM. After incubation 
for 30 min. at RT, binding reactions were loaded onto hor
izontal 6% native-PAGE gels run at 100 V for 45 minutes at 4° 
C [50,51]. Native gels were visualized using the Typhoon FLA 
9500 Imager.

Statistical analysis

All statistical comparisons were performed using the two- 
tailed Student t-test in Microsoft Excel. For Figs. 1 and Figs. 
2, data obtained from three independent experiments was 
used for analysis and a difference in exon 2 inclusion of 
≥10% with p < 0.05 was considered statistically significant. 
The analyses for synergy in U1 activity (A; fraction of exon 2 
inclusion in the Dup51p reporter mRNA) were performed by 
STATA version 14 using the linear mixed model and data 
obtained from three independent experiments. For U1 snRNA 
mutations, these analyses compared the predicted activity for 
a particular combination of single SL3 or SL4 mutations 
(Apred = ASL3*ASL4) to the observed activity (Aobs) of U1 
snRNAs carrying double mutations (Table 1). The effects of 
double mutations were considered synergistic if Aobs<Apred 
with a difference of ≥ 0.1 and p ≤ 0.01. For combinations of 
protein knockdown and U1 snRNA mutations, the predicted 
U1 activity for a combination of siRNA treatment and 
a particular stem-loop mutation (Apred = AsiRNA*ASL3/SL4) 
was compared with the observed U1 activity (Aobs) when 
stem-loop mutations were expressed after siRNA treatment 

Table 1. Synergy analysis of the impacts of stem-loop 3 and 4 double mutations on the activity of U1 snRNAs.

Combination 
(SL3 and SL4 mutation) Exp # Apred Aobs Coefficient* 95% Conf. Interval P-value Synergy

SL3-M1d/SL4-M10e 1 0.867 0.793 0.113 0.074, 0.152 <0.001 Yes
2 0.869 0.716
3 0.888 0.776

SL3-M1g/SL4-M10e 1 0.589 0.727 −0.064 −0.124, −0.003 0.04 No
2 0.591 0.646
3 0.682 0.679

SL3-M1d/SL4-M10r 1 0.439 0.322 0.196 0.146, 0.247 <0.001 Yes
2 0.507 0.244
3 0.514 0.304

SL3-M1g/SL4-M10ra 1 0.298 0.281 0.049 −0.008, 0.108 0.090 No
2 0.344 0.349
3 0.395 0.258

SL3-M1d/SL4-M10 1 0.668 0.448 0.186 0.111, 0.262 <0.001 Yes
2 0.523 0.324
3 0.545 0.405

SL3-M1g/SL4-M10a 1 0.454 0.368 0.082 0.005, 0.160 0.037 No
2 0.356 0.247
3 0.419 0.365

*Average values calculated from three independent experiments were considered synergistic if Aobs < Apred with a difference of ≥ 0.1 and p < 0.01. A positive 
coefficient value indicates synergy. 

aThis combination of stem-loop mutations has a positive coefficient indicating synergy, but does not meet the stringent criteria. 
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(Table 2). All measurements approximated a normal distribu
tion following a log transformation.

Results

Stem-loop 3 of the U1 snRNA is important for U1 function

We have developed a genetic complementation assay that uses 
a 3-exon/2-intron minigene reporter (Dup51p) to examine the 
role of U1 snRNA in pre-mRNA splicing (Figures. 1B) [28]. 
When expressed in HeLa cells, 5′-ss mutations in the second 
intron of Dup51p cause skipping of exon 2 in the mature 
transcript (Fig. 1C, lane 1). These 5′-ss mutations can be com
plemented with a compensatory U→A mutation at the 5th posi
tion in the U1 snRNA 5′ region that basepairs with the pre- 
mRNA. In cotransfection assays, the expression of the U1-5a 
snRNA rescues exon 2 inclusion in the Dup51p transcript (Fig. 
1C lane 2). Using this assay, we examined the role of SL3 of the 
U1 snRNA in pre-mRNA splicing. SL3 consists of a nine base
pairs long stem with a single cytidine bulge and a seven nts long 
terminal loop (Fig. 1A). To evaluate the role of SL3, we created 
16 variants of the U1-5a construct carrying SL3 mutations (Fig. 
1A). In M1a, the cytidine bulge was deleted. In M1b, M1c, and 
M1d, G to A changes disrupted basepairing in the stem. 
Additionally, in M1e, M1f, and M1g, A to U changes were 
introduced. The strands of the stem were swapped in M1h and 
in M1i, which also had deletion of the cytidine bulge. The 
G-C and A-U basepairs were altered partly in M1j and M1k, 

and completely in M1l. The number of nucleotides in the term
inal loop was reduced in M2a, M2b, M2c, and M2d.

The U1-5a variants carrying SL3 mutations were cotrans
fected with the Dup51p reporter and tested for their ability to 
rescue exon 2 inclusion (Fig. 1C). The analysis revealed that 
disruption of three or more basepairs in the upper region of 
the stem significantly (≥10% reduction in exon 2 inclusion 
and p < 0.05) affected the rescue of full-length Dup51p spli
cing (M1e, M1f, and M1g; Fig. 1C lanes 7–9). Disruption of 
1–2 basepairs in M1c and M1d had a smaller effect (lanes 5 
and 6). Changes that did not exert any effect included deletion 
of the cytidine bulge (M1a; lane 3), swapping of the two 
strands of the stem by itself or in combination with deletion 
of the cytidine bulge (M1h and M1i; lanes 10 and 11) and 
reducing the size of the terminal loop from six to three 
nucleotides in M2a, M2b, M2c, and M2d (lanes 15–18). 
Changing the basepairs in the stem from A-U to G-C and 
vice versa also did not significantly reduce exon 2 inclusion in 
M1h, M1i, M1j, M1k, and M1l (lanes 10–14), thereby indicat
ing that the sequence did not matter, as long as the base
pairing was maintained. The loss of basepairing in M1e, M1f 
and M1g displayed the maximum effect and significantly 
reduced exon 2 inclusion from ~96% to ~60-70% (lanes 
7–9). Thus, SL3 of the U1 snRNA plays an important role in 
U1 function. RT-qPCR quantification showed that expression 
of variants carrying SL3 mutations was ~4-fold more than the 
endogenous U1 snRNA (Fig. 1D), thereby indicating abun
dant expression of U1-5a variants and that loss U1 activity is 

Table 2. Synergy analysis of the impacts of SF3A1 or UAP56/URH49 knockdown on the activity of U1 snRNAs carrying WT or single stem-loop 3 or 4 mutations.

Combination 
(SL3 or SL4 mutation and siRNA treatment) Exp # Apred Aobs Coefficient* 95% Conf. Interval P-value Synergy

WT/siSF3A1 1 0.529 0.557 −0.027 −0.078, 0.024 0.297 No
2 0.531 0.567
3 0.681 0.698

SL3-M1d/siSF3A1 1 0.447 0.380 0.120 0.051, 0.189 0.001 Yes
2 0.450 0.380
3 0.629 0.407

SL4-M10r/siSF3A1a 1 0.308 0.323 0.036 −0.054, 0.127 0.432 No
2 0.321 0.385
3 0.417 0.229

WT/siUAP56 1 0.862 0.935 −0.051 −0.064, −0.039 <0.001 No
2 0.880 0.926
3 0.900 0.936

SL3-M1d/siUAP56 1 0.781 0.823 −0.053 −0.066, −0.039 <0.001 No
2 0.742 0.819
3 0.735 0.775

SL4-M10/siUAP56 1 0.540 0.392 0.137 0.087, 0.187 <0.001 Yes
2 0.431 0.314
3 0.481 0.335

WT/siURH49 1 0.802 0.956 −0.063 −0.118, −0.007 0.028 No
2 0.939 0.954
3 0.944 0.964

SL3-M1d/siURH49a 1 0.858 0.832 0.041 0.005, 0.078 0.027 No
2 0.822 0.775
3 0.871 0.821

SL4-M10/siURH49 1 0.683 0.389 0.229 0.173, 0.286 <0.001 Yes
2 0.701 0.438
3 0.650 0.518

*Average values calculated from three independent experiments were considered synergistic if Aobs < Apred with a difference of ≥ 0.1 and p < 0.01. A positive 
coefficient value indicates synergy. 

aThis combination of siRNA treatment and stem-loop mutation has a positive coefficient indicating synergy, but does not meet the stringent criteria. 
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not due to inefficient expression of the snRNA variants but to 
a loss of U1 snRNP function induced by the mutations in SL3.

Stem-loops 3 and 4 have synergistic roles in U1 function

In the U1 complementation assays, sequence changes to SL3 
caused a decrease in U1 activity to ~60%; however, they did 
not reduce it to the baseline observed for the pcDNA control 
(Fig. 1C compare lanes 7–9 with lane 1), thereby indicating 
that U1 activity was not completely abolished. This observa
tion was similar to our previous analysis of mutations in SL4 
of the U1 snRNA, where SL4 mutations were found to com
promise, but not completely abrogate U1 activity [28]. We 
next examined if combining mutations of SL3 and SL4 within 
the same U1-5a snRNA has larger effects than those observed 
for a single mutation (Fig. 2). As reported earlier, single SL4 
mutants U1-5a/SL4-M10r and U1-5a/SL4-M10 reduced exon 
2 inclusion, whereas U1-5a/SL4-M10e did not have 
a significant effect (Fig. 2A, B lanes 5, 8, and 11) [28]. 
Relative to U1-5a carrying SL4-wildtype (WT) (lane 2), SL4- 
M10r and SL4-M10 reduced exon 2 inclusion by ~45% (lane 
8; from ~97% to ~52%) and ~33% (lane 11; from ~97% to 
~64%), respectively. A double mutant that carries both, SL3- 
M1d and SL4-M10r, mutations reduced exon 2 inclusion by 
~64% (lane 9; from ~97% to ~33%). Thus, the reduction of 
exon 2 inclusion by the double mutant (~64%) is much larger 
than the effects seen with the single mutants SL3-M1d (~8%) 
and SL4-M10r (~45%). Similarly, the double mutant U1-5a/ 
SL3-M1d/SL4-M10 (lane 12) has a much greater influence on 
exon 2 inclusion (reduced by ~58%) than the effects seen with 
the single mutants SL3-M1d (~8%) and SL4-M10 (~33%), 
thereby suggesting that the effects of double mutations may 
be synergistic.

To examine if the synergistic effects of combining SL3 and 
SL4 mutations on U1 activity were statistically significant, we 
applied the linear mixed model. For this, U1 activity (A) was 
defined as the fraction of exon 2 inclusion, and the predicted 
activity for a particular combination of single SL3 and SL4 
mutations (Apred = ASL3*ASL4) was compared with the 
observed activity (Aobs) of the U1 snRNAs carrying double 
mutations (Table 1). The effects of double mutations were 
considered synergistic if Aobs < Apred and the difference was 
≥0.1 with p ≤ 0.01. In these assays, the magnitude of the effect 
is limited by the exon 2 inclusion baseline, which is ~35% 
(lane 1). As a result, the synergistic effects on U1 activity are 
more apparent for the double mutants carrying the milder 
SL3-M1d mutation – U1-5a/SL3-M1d/SL4-M10r, U1-5a/SL3- 
M1d/SL4-M10, and U1-5a/SL3-M1d/SL4-M10e. Notably, the 
differences between Aobs and Apred for double mutants har
bouring the more severe mutation, SL3-M1g, suggested that 
the effects may be synergistic, but did not meet the stringent 
statistical criteria (Table 1). Although the U1-5a variant car
rying the single SL4-M10e mutation did not affect exon 2 
inclusion, the effect of the double mutant U1-5a/SL3-M1d 
/SL4-M10e was significantly synergistic. Overall, the results 
demonstrated that combined mutations of SL3 and SL4 exert 
synergistic effects, indicating that the roles of the two stem- 
loops are likely interconnected.

RT-qPCR quantification showed that U1-5a variant 
expression was ~2 to 4-fold higher than the endogenous U1 
snRNA (Fig. 2C). Primer extension with U17-26 
R oligonucleotide confirmed the presence of all mutant U1- 
5a snRNAs in these samples (Fig. 2D) and thus, the loss of U1 
activity is not due to inefficient expression of the snRNA 
variants but to a loss of U1 snRNP function induced by the 
mutations in SL3 and/or SL4.

Mutant U1 snRNAs exhibit nuclear localization and 
normal processing

The current model for biogenesis of the U1 snRNP posits 
existence of a 213 nt precursor snRNA that transiently traffics 
from the nucleus to the cytoplasm where 3′-end processing 
forms the 164 nt snRNA and assembly of the Sm core takes 
place [52,53]. Subsequent maturation occurs after import of 
the snRNP intermediate back into the nucleus and involves 
loading of the U1-specific proteins. To confirm the processing 
of the U1 snRNA variants to mature length, we carried out 
Northern blotting using an oligonucleotide complementary to 
nts 27–46 of the U1 snRNA (U127-46R) to detect both endo
genous U1 and U1-5a snRNAs. The results demonstrated that 
in cells expressing single and double mutants, the U1-5a 
snRNAs were processed to a length identical to the endogen
ous U1 snRNA (Fig. S1).

To determine subcellular localization, we performed 
nuclear-cytoplasmic fractionation of HeLa cells expressing 
U1-5a variants. Efficiency of the applied protocol was assessed 
by RNA and protein analysis of the nuclear and cytoplasmic 
fractions obtained from untransfected cells. Northern blotting 
confirmed enrichment of the U1 and U2 snRNAs in the 
nuclear fraction and also demonstrated predominantly cyto
plasmic localization of the 5S rRNA (Fig. S2A). Western 
analysis demonstrated the presence of α-Tubulin only in the 
cytoplasmic fraction, and predominantly nuclear localization 
of the U1 protein U1-70k, and the U2 proteins SF3A1 and 
SF3B1 (Fig. S2B). To specifically detect the SL4-M10r muta
tion, we designed a locked nucleic acid (LNA) containing 
oligonucleotide (U1-M10r-LNA) (Supplementary Data File, 
Table S5). Northern blotting of fractions obtained from trans
fected cells revealed nuclear localization of the U1 and U2 
snRNAs in cells expressing U1-5a variants carrying wildtype 
stem-loops (Fig. S2C lanes 4–6), single SL4-M10r mutation 
(lanes 7–9), and double mutations SL3-M1d/SL4-M10r (lanes 
10–12) and SL3-M1g/SL4-M10r (lanes 13–15). Probing with 
U1-M10r-LNA indicated predominantly nuclear localization 
of the mutant U1 snRNAs (lanes 7–15). In fractions from cells 
expressing U1 variants, Western analysis confirmed nuclear 
and cytoplasmic localization of SF3A1 and α-Tubulin, respec
tively (Fig. S2D).

To assess maturation of the U1-5a variant particles, we 
used an anti-U1-70k antibody that efficiently immunopreci
pitates (IPs) the U1 snRNP (Fig. S3A). Northern blotting of IP 
complexes from cells expressing U1-5a/SL4-M10r, U1-5a/ 
SL3-M1d/SL4-M10r, and U1-5a/SL3-M1g/SL4-M10r demon
strated the presence of U1 but not U2 snRNA (Fig. S3B 
compare lanes 3, 6 and 9 with 12, 15, and 18). Probing with 
the U1-M10r confirmed the presence of U1-5a variants 
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carrying single and double mutations in the IP complexes 
(lanes 21, 24 and 27).

Overall, the results demonstrated that the U1-5a snRNA 
variants were expressed efficiently and did not affect integrity 
of the endogenous U1 snRNA. Although others have reported 
aberrant cleavage of U1 snRNAs carrying the SL4-M10 muta
tion [54], we found that variants carrying single and double 
mutations were the same length as the endogenous U1 
snRNA. Therefore, the variant snRNAs were processed to 
mature length, localized within the nucleus and associated 
with U1-70K, indicating that they were likely exported to 
the cytoplasm and then imported back into the nucleus for 
maturation.

U1-SL3 and U1-SL4 bind distinct spliceosomal proteins

To identify U1-SL3 interacting spliceosomal proteins, we first 
performed UV crosslinking using uniformly 32P-labelled U1- 
SL3 RNA and found that in HeLa nuclear extracts, SL3 cross
links only to a ~50 kDa protein (Fig. 3A). The efficiency of 
crosslinking was similar in the presence of ATP and ATP-γ-S 
(Fig. 3A lanes 1–3 and 7–9), but much weaker in the absence 
of ATP (lanes 4–6). Crosslinking of the mutant U1-SL3-M1g 
RNA was weaker compared to that of U1-SL3-WT and easily 
disrupted upon preincubation of the nuclear extract with 
NaCl (Fig. S4A lane 5–8). In the case of U1-SL3-WT, signifi
cant amounts of the ~50 kDa crosslinked product formed 
even at higher NaCl concentrations (Fig. S4A lanes 2 and 3). 
These results indicate that wildtype U1-SL3 specifically inter
acts with a ~50 kDa protein and mutations in the upper 
region of the stem disrupt this interaction.

We isolated the U1-SL3 complex by RNA affinity purifica
tion (RAP) and analysed it for snRNA and protein composi
tion. The snRNA analysis showed that none of the 
spliceosomal snRNAs were present in either the U1-SL3-WT 
or the U1-SL3-M1g complexes (Fig. S4B lanes 3 and 4). As 
reported previously, the U2 snRNA was present in the U1-SL4 
-WT complex (lane 2) [28]. To analyse protein composition, 
U1-SL3-WT and U1-SL3-M1g bound proteins were subjected 
to mass spectrometry (MS). Proteins enriched in either the 
wildtype or the mutant SL3 complexes and proteins present in 
both complexes were identified by comparing the normalized 
spectral abundance factor (NSAF) for each protein [48]. This 
identified several core spliceosomal proteins in the wildtype 
and mutant U1-SL3 complexes (Supplementary Data File, 
Tables S1 and S2). Since U1-SL3 crosslinked to a ~50 kDa 
protein, we focused on validating proteins in this molecular 
weight range, including the RNA helicase UAP56 (DDX39B) 
and Prp19. Lists of peptides for U1-SL3-WT and U1-SL3-M1g 
complexes are provided in Supplementary Data File Tables S3 
and S4, respectively.

Immunoblot analysis confirmed the presence of UAP56 in 
the U1-SL3-WT complex. In comparison to mutant U1-SL3- 
M1g, binding of UAP56 to U1-SL3-WT was found to be 
stronger (Fig. 3B, compare lanes 2 and 6). Similar to UV 
crosslinking analysis, preincubation with up to 250 mM 
NaCl did not compete out UAP56 from the U1-SL3-WT 
complex indicating strong binding (Fig. 3B, lane 3). Prp19 
was not found in either the wildtype or the mutant U1-SL3 

complexes. U1 and U2 proteins, U1-70k and SF3A1, respec
tively, were also not detected in either complex.

Previously, we demonstrated that SL4 of the U1 snRNA 
binds to SF3A1 via the C-terminal UBL domain [29]. To 
test if SL3 and SL4 can directly interact with UAP56 
in vitro, we expressed and isolated glutathione 
S-transferase-UAP56 fusion protein (GST-UAP56), GST- 
SF3A1-UBL, and GST alone from Escherichia coli (Fig. 
S5A) and performed electrophoretic mobility shift assays 
(EMSAs). Purified GST-UAP56 was incubated with Cy5 
labelled U1-SL3 and U1-SL4 RNAs (10 nM) in the presence 
of ATP. GST-UAP56–bound U1-SL3 with a KD of 
~269 ± 43 nM (Fig. 3C, lanes 2–7) but did not bind to U1- 
SL4 (Fig. 3C, lanes 9–14). An interaction between UAP56 
and U1-SL4 was not detected even when a higher concen
tration of RNA (50 nM) was used in presence of either 
ATP or ATP-γ-S (Fig. S5B) or at the highest GST-UAP56 
concentration (8 μM) used in this study (Fig. S5C, lane 14). 
The U1-SL3 binding affinity of UAP56 in the presence of 
ATP-γ-S (KD = ~1,728 ± 243 nM; Fig. S5C) was 6-fold 
lower than that in the presence of ATP (KD of 
~269 ± 43 nM). At the higher U1-SL3 concentration 
(50 nM), a smear pattern was observed in the presence of 
ATP, which is likely due to binding and subsequent dis
sociation of UAP56 from the RNA substrate (Fig. S5D and 
S5E). Binding reactions in the presence of other NTPs 
confirmed the ATP specificity of the UAP56-U1-SL3 inter
action. Neither UTP, GTP, nor CTP supported formation 
of the GST-UAP56/U1-SL3 complex (Fig. S5E lanes 5, 6, 
and 7), thereby indicating that the characteristics of this 
interaction are consistent with those of an ATP-dependent 
DEAD box helicase. GST by itself did not bind to either 
U1-SL3 or U1-SL4 (Fig. S5B, lanes 3 and 6 and Fig. S5D, 
lanes 6 and 12). Finally, compared to GST-UAP56, GST- 
SF3A1-UBL demonstrated lack of significant binding to 
U1-SL3 (Fig. 3D, lanes 2–7), but bound U1-SL4 with 
a KD of 124 ± 16 nM, as previously reported [29]. 
Overall, these results demonstrate that distinct spliceosomal 
proteins interact with SL3 and SL4. UAP56 interacts with 
U1-SL3 but not with U1-SL4, while SF3A1 interacts with 
U1-SL4 but not with U1-SL3.

UAP56 association with the U1 snRNP requires ATP

To examine if UAP56 associates with U1 and U2 snRNPs, we 
performed affinity purification (AP) using 3′-biotinylated, 2′- 
O-methyl antisense-oligonucleotides (ASO). Nuclear extracts 
were incubated with the U1-13-ASO or U21-21-ASO in the 
absence of ATP or in the presence of ATP or ATP-γ-S. 
RNA and protein analysis of the AP complexes showed the 
presence of the U1 snRNA and the U1 protein U1-70k in U1 
complexes (Fig. S5F and 3E, lanes 3–5) and of the U2 snRNA 
and the U2 protein SF3A3 in U2 complexes (Fig. S5G and 3 F, 
lanes 3–5) in all three conditions. Association of UAP56 with 
U1 and U2 was ATP-dependent. UAP56 was observed in U2 
complexes in the presence of both ATP-γ-S and ATP (Fig. 3F, 
lane 4 and 5), but in the case of U1, UAP56 was present in 
complexes assembled in the presence of ATP-γ-S but not ATP 
(Fig. 3E, lane 4 and 5). Thus, UAP56 has the capacity to 
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Figure 4. UAP56 and SF3A1 knockdowns phenocopy SL3 and SL4 mutations, respectively. (A) Western analysis of HeLa cell lysates after treatment with non- 
targeting control (siNT), UAP56 targeting (siUAP56), and URH49 targeting (siURH49) siRNAs. (B) Primer extension analysis of Dup51p reporter transcripts after 
complementation with U1-5a variants and treatment with control siNT or siUAP56. (C) Primer extension analysis of Dup51p reporter transcripts after complementa
tion with U1-5a variants and treatment with control siNT or siURH49. (D) Western analysis of HeLa cell lysates after treatment with control siNT or SF3A1 targeting 
(siSF3A1) siRNAs. (E) Primer extension analysis of Dup51p reporter transcripts after complementation with U1-5a variants and treatment with control siNT or siSF3A1. 
(F) Western analysis of HeLa cell lysates after treatment with control siNT or PTBP1 targeting (siPTBP1) siRNA. (G) Primer extension analysis of Dup51p reporter 
transcripts after complementation with U1-5a variants and treatment with control siNT or siPTBP1. Average protein expression (± s.d., n = 3) normalized to α-Tubulin 
is shown. Primer extension products for the full-length and exon 2 skipped Dup51p mRNA are depicted. The average percentage of the full-length product (± s.d., 
n = 3) is graphed below (n = 3; * = p < 0.05, ** = p < 0.01). Statistical comparisons were performed for each U1-5a snRNA tested under the siNT versus siRNA 
treatment conditions. Analysis for synergistic effects is shown in Table 2.

2586 W. MARTELLY ET AL.



Figure 5. U1-SL3 promotes the U1-SL4-SF3A1 interaction and A complex formation. (A) UV crosslinking of 32P-labelled U1-SL4 RNA in HeLa nuclear extracts in 
the presence of ATP. To determine the effect of free U1-SL3 and U1-SL4, the reactions were preincubated with 0.625, 1.25, 2.5, and 5.0 μM of the indicated cold stem- 
loop RNAs prior to addition of 32P-U1-SL4. (B) In vitro splicing of uniformly 32P-labelled AdML pre-mRNA in the absence of stem-loop RNA or in the presence of 0.625, 
1.25, 2.5, and 5.0 µM wildtype U1-SL4 or U1-SL3. Splicing intermediates and products are depicted. Fold change in splicing activity is the mRNA/pre-mRNA ratio 
calculated relative to the no stem-loop control. Statistical analysis compared activity in the presence of U1-SL3 or U1-SL4 to the no stem-loop control (± s.d., n = 4; 
* = p < 0.05, ** = p < 0.01). (C) Native agarose gel analysis of ATP-dependent spliceosomal complexes assembled on uniformly 32P-labelled AdML pre-mRNA in the 
absence of stem-loop RNA or in the presence of 0.625, 1.25, 2.5, and 5.0 µM wildtype U1-SL4 or U1-SL3. Fold change in A complex formation is the A complex/H 
complex ratio calculated relative to the no stem-loop control (± s.d., n = 3, ** = p < 0.01). (D) Native agarose gel analysis of ATP-independent E complex assembled 
on uniformly 32P-labelled AdML pre-mRNA in the absence or in the presence of 0.625, 1.25, 2.5, and 5.0 µM wildtype U1-SL3. Fold change in E complex formation is 
the E complex/H complex ratio calculated relative to the no stem-loop control (± s.d., n = 3). (E) Primer extension analysis to monitor splicing of Dup51p after co 
transfections with U1-5a plasmids with wildtype U1 or U1 snRNA harbouring tandem SL4 (SL4/SL4), tandem SL3 (SL3/SL3), or swapped SL3 and SL4 (SL4/SL3) 
structures. The full-length and exon 2 skipped Dup51p mRNA products are depicted. The percentage of the full-length product (± s.d., n = 3) is represented in the 
graph below and statistical significance was determined by comparisons to the wildtype control (lane 1) (n = 3; * = p < 0.05, ** = p < 0.01, *** = p < 0.001).
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interact with the U1 and U2 snRNPs. UAP56 has been shown 
interact with U2 snRNP associated protein U2AF65 and also 
recruited to the 3′-ss complexes via this interaction [6,55,56]. 
Our results show that utilizing the energy from ATP hydro
lysis, UAP56 can dissociate from U1 but not U2. Notably, 
ATP requirement is a common feature of U1-SL3 interaction 
with the ~50 kDa protein in HeLa nuclear extracts and pur
ified GST-UAP56, and for the association of UAP56 with the 
U1 snRNP.

U1 snRNA acts through UAP56 and SF3A1

To establish that SL3 of the U1 snRNA acts through 
UAP56, we tested the impact of siRNA mediated UAP56 
knockdown on the activity of the U1-5a variants carrying 
either SL3 or SL4 mutation. Our rationale was that if SL3 
was acting through UAP56, UAP56 knockdown would 
phenocopy SL3 mutations in the U1 complementation 
assay. Mammalian cells also express a UAP56 paralog 
called UAP56-related helicase, 49 kDa (URH49; also 
known as DDX39A). The two proteins are 90% identical, 
and have redundant functions in pre-mRNA splicing and 
nuclear export of mature mRNA [57–59]. Treatment of 
HeLa cells with siUAP56 or siURH49 caused a ~60% 
decrease in the levels of these proteins, but not of SF3A1 
or SF3B1 (Fig. 4A). Simultaneous knockdown of UAP56 
and URH49 drastically reduced cell viability and the yield 
of total RNA from siRNA treated cells. Similar results 
demonstrating a dramatic loss of cell viability upon simul
taneous knockdown of UAP56 and URH49 have been 
reported by others [34]. Therefore, in determining 
whether SL3 action involves UAP56 and URH49, we 
resorted to performing the U1 complementation assay 
after individual knockdowns.

Treatment with non-targeting siRNA (siNT) did not 
have any effect on the rescue of exon 2 inclusion by the 
U1-5a snRNA carrying wildtype SL3 and SL4 (Fig. 4B, 
lane 1). As before, in comparison to U1-5a/WT, mutants 
U1-5a/SL3-M1d and U1-5a/SL4-M10 reduced exon 2 
inclusion (Fig. 4B, C, lanes 2 and 3). In cotransfections 
with U1-5a/SL3-M1d, knockdown of UAP56 or URH49 
did not significantly exacerbate the effects of the M1d 
mutation on exon 2 inclusion (Fig. 4B, C compare lane 5 
to lane 2). However, in the case of co-transfections with 
U1-5a/SL4-M10, knockdown of UAP56 or URH49 elicited 
a much greater decrease in exon 2 inclusion (Fig. 4B, 
C compare lane 6 to lane 3). To examine if the effects of 
the combination of UAP56 or URH49 knockdown and SL3 
or SL4 mutations were synergistic, we compared the pre
dicted U1 activity for a combination of siUAP56/URH49 
treatment and a particular stem-loop mutation (Apred  
= AsiUAP56/URH49*ASL3/SL4) with the observed U1 activity 

(Aobs) when stem-loop mutations were expressed after 
siUAP56/URH49 treatment. This comparison revealed 
that the effects were synergistic (Aobs < Apred; 
a difference in exon 2 inclusion of ≥0.1 with p ≤ 0.01) 
for a combination of UAP56 or URH49 knockdown with 
U1-5a/SL4-M10, but not with U1-5a/SL3-M1d (Table 2).  

Effects for the combination of UAP56 or URH49 knock
down with U1-5a/SL4-M10r mutant were also synergistic, 
but their magnitude (~7%) did not meet our stringent 
criteria (Fig. S6). Overall, the effects of UAP56 or 
URH49 knockdown on U1 activity were synergistic only 
when combined with the U1-SL4 mutation. Therefore, 
UAP56 or URH49 knockdown and U1-SL3 mutation phe
nocopy one another, indicating that SL3 of the U1 snRNA 
likely acts through UAP56 or URH49.

SL4 of the U1 snRNA was previously reported to interact 
with the U2 protein SF3A1 and also with the polypyrimidine 
tract binding protein 1 (PTBP1) [28,60]. So, we also examined 
the impact of knockdown of these two proteins on the activity 
of U1 variants. The siSF3A1 treatment of HeLa cells caused 
a ~75% decrease in levels of SF3A1, without affecting UAP56 
or SF3B1 (Fig. 4D). The SF3A1 knockdown caused a decrease 
in exon 2 inclusion in cotransfections with U1-5a carrying 
wildtype and mutant stem-loops (Fig. 4E, compare lanes 1–3 
to 4–6), thereby indicating that loss of SF3A1 caused a general 
decrease in splicing, which was not observed upon UAP56 or 
URH49 knockdown. This, in our opinion, is due to the 
comparatively lower knockdown efficiencies of UAP56 and 
URH49, and the residual protein levels may be sufficient to 
support the function of U1-5a snRNAs carrying wildtype 
stem-loops. Importantly, upon SF3A1 knockdown, effect on 
exon 2 inclusion in cotransfections with U1-5a/SL3-M1d or 
U1-5a/SL4-M10r was larger than that for U1-5a/WT (Fig. 4E, 
compare lanes 5 and 6 to 4). Comparison of the predicted U1 
activity (Apred = AsiSF3A1*ASL3/SL4) with the observed activity 
(Aobs) revealed that the effects on U1 activity were synergistic 
(Aobs < Apred; a difference in exon 2 inclusion ≥ 0.1 with 
p ≤ 0.01) for a combination of SF3A1 knockdown with U1- 
5a/SL3-M1d, but not with U1-5a/SL4-M10r (Table 2). Thus, 
the effects of SF3A1 knockdown on U1 activity phenocopy 
loss-of-function SL4 mutations in the U1 snRNA. The 
siPTBP1 treatment of HeLa cells caused a ~80% reduction 
in PTBP1 levels; however, it did not exacerbate the effects of 
either SL3 or SL4 mutations, and synergistic effects were not 
observed for a combination of PTBP1 knockdown and SL3 or 
SL4 mutations (Fig. 4F, G; Table 2). These results emphasize 
context dependence and indicate that the capacity to interact 
with the U1 snRNA may not be sufficient, and that pre- 
mRNA binding by PTBP1 is a prerequisite for regulation of 
cassette exon splicing. Previous work has demonstrated that 
the Dup51 pre-mRNA lacks PTBP1 binding sites and its 
splicing is not regulated by this protein [61]. Overall, the 
results show that SF3A1 knockdown phenocopies SL4 muta
tions and UAP56 knockdown phenocopies SL3 mutations. 
The lack of synergy, when SL3 mutations were combined 
with UAP56/URH49 knockdown or when SL4 mutations 
were combined with SF3A1 knockdown, indicated that each 
member of the stem-loop/protein pairs contributes to the 
same phenotype, i.e., an epistatic relationship exists between 
SL3 and UAP56, and between SL4 and SF3A1. This epistatic 
relationship enables the synergistic effects of SL3 and SL4 
double mutations on U1 activity to be replicated by combin
ing SL3 mutations with SF3A1 knockdown or SL4 mutations 
with UAP56 knockdown and indicates that the stem-loop 
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/protein pairs likely act together during constitutive pre- 
mRNA splicing.

U1-SL3 promotes the SL4-SF3A1 interaction and 
A complex assembly
We next examined if free U1-SL3 could directly influence the 
interaction between U1-SL4 and its interacting U2 protein 
SF3A1 [28]. For this, uniformly 32P-labelled U1-SL4-WT 
RNA was incubated in HeLa nuclear extract under splicing 
conditions, UV crosslinked, and then analysed by SDS-PAGE. 
In HeLa nuclear extracts, U1-SL4 crosslinks to two proteins of 
~120 kDa and ~50 kDa (Fig. 5A lanes 1 and 2). In a previous 
work, by a combination of crosslinking and immunoprecipi
tation, the ~120 kDa protein was identified as SF3A1 [28]. To 
test the effect of U1-SL3 on the U1-SL4-SF3A1 interaction, 
the reactions were preincubated with free cold U1-SL3-WT, 
U1-SL4-WT, U1-SL3-M1g or U1-SL4-M10 RNAs (see Figs. 1 
and Fig. 2 for sequences). Preincubation with U1-SL4-WT 
competed out crosslinking of the ~120 kDa SF3A1 band and 
the ~50 kDa protein, indicating the specificity of crosslinking 
(Fig. 5A, lanes 7–10). In contrast, preincubation with U1-SL3- 

WT enhanced U1-SL4-SF3A1 crosslinking but did not affect 
the ~50 kDa band (Fig. 5A, compare lane 2 to lanes 3–6). U1- 
SL3-M1g, which was found to reduce U1 activity in the 
complementation assay, did not have the same effect (lanes 
11–14). The U1-SL4-M10 mutant carries changes to the upper 
and lower stems but retains the CU-rich bulge and loop 
regions (Fig. 2A). We have previously shown that these 
changes lead to loss of SF3A1 binding [28]. Preincubation 
with U1-SL4-M10 competed out the ~50 kDa product but 
did not affect binding to SF3A1 (Fig. 5A, lanes 15–18). U1- 
SL4-M10 slightly enhanced U1-SL4-SF3A1 crosslinking. This 
could be due to depletion of the ~50 kDa protein(s) by the 
excess SL4 mutant, leading to increased availability of the 
32P-U1-SL4 for interaction with SF3A1. Preincubation with 
U1-SL4-M10 also led to crosslinking of 32P-U1-SL4 with two 
additional proteins of ~52 kDa and ~20 kDa that were not 
observed with U1-SL4-WT or U1-SL3-M1g. These crosslinked 
products are likely non-specific, and like the enhanced cross
linking of SF3A1 observed in the presence of U1-SL4-M10, 
and the loss of binding to the ~50 kDa protein(s) allows their 
interaction with 32P-U1-SL4. Previously, analysis by RNA 
affinity purification and immunoblotting indicated that 

Figure 6. Model for the role of the U1 snRNA during early spliceosome formation. (A) During the early steps of spliceosome assembly, SL3 and SL4 of the U1 
snRNA interact with the RNA helicase UAP56 and the U2 snRNP specific protein SF3A1, respectively (double headed black arrows). The SL4-SF3A1 contact bridges the 
5′- and 3′-ss complexes. The SL3-UAP56 complex, directly or indirectly, promotes the SL4-SF3A1 interaction (green plus symbol) in an ATP-dependent manner, 
leading to enhancement of pre-mRNA splicing. (B) Disruption of the SL3-UAP56 contact by either SL3 mutations or UAP56 knockdown prevents stabilization of the 
SL4-SF3A1 interaction, resulting in reduced splicing. (C) Disruption of the SL4-SF3A1 interaction by either SL4 mutations or SF3A1 knockdown reduces but does not 
completely abrogate splicing as the SL3-UAP56 interaction can occur. In the absence of the SL4-SF3A1 contact, interaction of UAP56 with U2AF65 likely bridges the 
5′- and 3′-ss complexes (grey double headed arrow) [6,55,56]. (D) The addition of excess U1-SL4 in trans competes out the interaction of SF3A1 with endogenous U1 
snRNA, reducing A complex formation and inhibiting splicing in vitro [28]. (E) By contrast, addition of excess U1-SL3 in trans enhances pre-mRNA splicing by binding 
to endogenous UAP56. The U1-SL3-UAP56 complex promotes the SL4-SF3A1 interaction in an ATP-dependent manner, enhancing A complex formation and splicing.
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PTBP1 may be the ~50 kDa protein that binds to U1-SL4-WT 
[28]. However, it is likely that other ~50 kDa RNA binding 
proteins are also present in the U1-SL4-WT complex.

Since the U1 snRNA-SF3A1 interaction during spliceo
some assembly was found to be ATP-dependent [28], we 
examined if the enhancement of U1-SL4-SF3A1 interaction 
by U1-SL3 was ATP-dependent. UV crosslinking in the 
absence of ATP or in the presence of ATP-γ-S revealed that 
under both conditions, wildtype U1-SL4 was able to compete 
out crosslinking (Fig. S7A and S7B, lanes 7–10), but wildtype 
U1-SL3 did not enhance U1-SL4-SF3A1 crosslinking (lanes 
3–6), thereby indicating that ATP-hydrolysis is required for 
the U1-SL3 mediated effect. These results suggest that the 
wildtype U1-SL3, but not the M1g mutant, may be promoting 
the interaction between U1-SL4 and SF3A1 in an ATP- 
dependent manner.

Previously, we demonstrated that the addition of free U1- 
SL4 to HeLa nuclear extracts inhibits pre-mRNA splicing by 
blocking the formation of the A complex and not affecting the 
E complex [28]. We rationalized that if SL3 had a role in 
promoting the interaction between SL4 of pre-mRNA–bound 
U1 snRNA and SF3A1, the effect of free U1-SL3 RNA addi
tion would be to enhance in vitro splicing. To test this, HeLa 
nuclear extract was preincubated with increasing concentra
tions of free wildtype U1-SL3 and U1-SL4 RNAs prior to the 
addition of 32P-labelled adenovirus major late (AdML) pre- 
mRNA. Analysis of the spliced product showed that in con
trast to U1-SL4-WT, U1-SL3-WT enhanced splicing by ~1.4 
fold (Fig. 5B compare lanes 7–10 with 3–6; U1-SL4-WT IC50 
= ~2.0 μM). Preincubation with U1-SL3-M1g mutants RNA 
neither enhanced nor inhibited splicing (Fig. S7C). Analysis of 
ATP-dependent spliceosomal complexes demonstrated that in 
contrast with U1-SL4-WT, U1-SL3-WT caused an increase in 
A complex formation (Fig. 5C, compare lanes 5–8 to 1–4). 
The reduction in splicing activity and A complex formation at 
5 μM U1-SL3 was notable and was also observed with U1-SL3 
-M1g (Fig. 5B lane 10, and Fig. 5C lane 4). Although the cause 
of this reduction is not clear and could be non-specific, the 
trend of enhanced splicing activity and A complex formation 
in the presence of lower U1-SL3 concentrations is consistent. 
Analysis of the ATP-independent complexes showed that like 
U1-SL4 [28], U1-SL3 did not affect E complex formation (Fig. 
5D), thereby suggesting that U1-SL3 likely promotes the E to 
A transition. Overall, these results underscore the ATP- 
dependence of U1-SL3 functions. Similar to its ability to 
bind UAP56, the ability of free wildtype U1-SL3 to promote 
the interaction between the U1-SL4 RNA and the U2 protein 
SF3A1 is also ATP-dependent. These observations, along with 
the fact that the association of UAP56 with the U1 snRNP also 
requires ATP, strongly suggest that the ability of U1-SL3 to 
promote the E to A complex transition and enhance pre- 
mRNA splicing may be due to its association with UAP56.

Spatial orientation of SL3 and SL4 is important for U1 
function

In the U1 snRNP, SL3 and SL4 are located diagonally opposite 
to each other and do not interact with any of the U1-specific 
proteins [16,17]. To determine if the relative orientation of 

these stem-loops within the U1 snRNP was important for 
activity, we created U1-5a snRNA constructs carrying tandem 
SL3 (SL3/SL3), tandem SL4 (SL4/SL4), and also swapped the 
positions of the stem-loops (SL4/SL3), and tested their activity 
in the Dup51p reporter assay (Fig. 5E). Primer extension with 
U17-26R oligonucleotide confirmed the expression of U1-5a 
snRNAs carrying tandem and swapped stem-loops in HeLa 
cells (Fig. S7D). U1-5a constructs carrying tandem SL3 or SL4 
decreased exon 2 inclusion to levels observed for single SL3 or 
SL4 mutations (Fig. 5E, lanes 2 and 3). The swap-construct, 
on the other hand, caused a much larger decrease in exon 2 
inclusion (lane 4), suggesting that exchanging the positions of 
SL3 and SL4 leads to complete loss of U1 activity as observed 
for SL3/SL4 double mutants. Thus, the inability of the swap- 
construct to support U1 activity suggests that the three- 
dimensional orientation of the stem-loops relative to other 
U1 components may be important for their recognition by 
spliceosomal proteins and critical for optimal U1 activity.

Discussion

Our studies demonstrate that in addition to recognizing the 
5′-ss, the human U1 snRNA has the key functional role of 
bringing intron ends in proximity during pre-mRNA splicing. 
This U1 function is enabled by the stem-loops 3 and 4 of the 
U1 snRNA that are not bound by any of the U1-specific 
proteins, and are available to interact with other factors dur
ing the early steps of spliceosome assembly. Previously, we 
reported that an interaction between SL4 of the U1 snRNA 
and SF3A1 of the U2 snRNP occurred during the transition of 
the E to A complex [28]. In this study, mutation analysis by 
the U1 complementation assay revealed that SL3 mutations 
affect pre-mRNA splicing and that combining mutations of 
SL3 and SL4 synergistically compromises U1 snRNP activity, 
indicating that the roles of SL3 and SL4 are partially redun
dant. Binding analysis demonstrated selective interactions of 
SL3 with UAP56 and SL4 with SF3A1. Additionally, U1 com
plementation assays in combination with siRNA-mediated 
knockdown confirmed that SL3 and SL4 of the U1 snRNA 
act through UAP56 and SF3A1, respectively. Finally, the addi
tion of free U1-SL3 to nuclear extracts was found to promote 
the U1-SL4-SF3A1 interaction in an ATP-dependent manner, 
and enhance pre-mRNA splicing in vitro by promoting the 
E to A complex transition. Based on these observations, we 
propose that interactions of SL3 and SL4 of the pre-mRNA 
bound U1 with UAP56 and SF3A1 of the pre-mRNA bound 
U2, respectively, bridge the 5′- and 3′-ss complexes during the 
early steps of spliceosome assembly (Fig. 6A). The SL3- 
UAP56 complex stabilizes the interaction between SL4 and 
SF3A1 in an ATP-dependent manner, thereby enhancing pre- 
mRNA splicing. In the absence of the U1 snRNA-UAP56 
contact, due to SL3 mutations or UAP56 knockdown, the 
SL4-SF3A1 interaction occurs, but is weaker or less efficient, 
overall leading to reduced splicing (Fig. 6B). Similarly, in the 
absence of the U1 snRNA-SF3A1 contact, due to SL4 muta
tions or SF3A1 knockdown, splicing is reduced (Fig. 6C). In 
this scenario, the 5′- and 3′-ss complexes are likely bridged by 
interactions of UAP56 with SL3 of the U1 snRNA and with 
U2AF65. UAP56 was shown to be essential for A complex 
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formation, and interact with U2AF65 in an ATP-dependent 
manner in yeast and humans [6,55,56]. The primary role of 
the SL4-SF3A1 contact in cross-intron bridging is under
scored by the observation that the addition of free U1-SL4 
prevents the E to A complex transition and is sufficient for 
inhibition of pre-mRNA splicing in vitro (Fig. 6D) [28]. The 
addition of free U1-SL3, on the other hand, has the pro
foundly different effect of enhancing splicing. This suggests 
that the SL3-UAP56 complex may be stabilizing the cross- 
intron contact between SL4 of the U1 snRNA and the U2 
protein SF3A1 during A complex formation (Fig. 6E). This 
idea is supported by the observations that the addition of U1- 
SL3 in trans promotes the U1-SL4-SF3A1 contact in an ATP- 
dependent manner and that free U1-SL3 enhances pre-mRNA 
splicing by promoting the E to A complex transition. It is very 
likely that these U1 snRNA contacts occur in addition to the 
other reported contacts between U1 and 3′-ss complex com
ponents including interactions between U1-70k and U2AF65, 
Prp40 and SF1, and an indirect contact between U1A and 
SF3B1 [62–66].

Selective binding of UAP56 to U1-SL3, but not to U1-SL4 
is intriguing. UAP56 belongs to the helicase super-family 2 
and has been shown to exhibit single and double stranded (ss 
and ds) RNA-dependent ATPase activity, and to unwind 
dsRNA, without sequence specificity, in an ATP-dependent 
manner [67,68]. There are a few examples of DEAD-box 
helicases that exhibit selective binding to RNA substrates. 
The E. coli DEAD-box protein A (DbpA) and its Bacillus 
subtilis ortholog (YxiN) are RNA-dependent ATPases with 
an exceptional specificity for a short hairpin (H92) in the 
bacterial 23S rRNA [69,70]. Recently, a human DEAD-box 
helicase DDX55 was shown to interact with domain IV of 28S 
rRNA in nuclear pre-ribosomal complexes with some specifi
city and was also reported to exhibited higher affinity for 
dsRNA than ssRNA [71]. Interestingly, ATPase activity of 
the yeast RNA helicase Prp5, the other helicase required for 
A complex formation, was demonstrated to be stimulated by 
U2 snRNA [72,73]. To understand how UAP56 discriminates 
between free SL3 and SL4 and their orientation in the intact 
U1 snRNP, and the mechanism underlying the action of the 
SL3-UAP56 complex in the context of early spliceosome 
assembly, a systematic analysis of the binding of wildtype 
and mutant SL3 RNAs by UAP56 and their impact on its 
ATPase and helicase activities would be required. It will also 
be important to determine if SL3-bound UAP56 has the 
ability to interact with SF3A1 (or another SF3A subunit).

The U1 snRNP has been reported as a target of hnRNP 
proteins in normal regulation of alternative splicing, and in 
pathogenesis of diseases associated with RNA-binding pro
teins. SL4 of the U1 snRNA is targeted by the PTBP1 protein 
during repression and enhancement of cassette exon inclu
sion. In the Src pre-mRNA, PTBP1 bound to the intronic 
sequence upstream and downstream of exon N1 interacts 
with SL4 of the pre-mRNA associated U1 snRNP [41,60,74]. 
This precludes U1 snRNA interactions with U2 snRNP com
ponents present in the downstream 3′-ss complex, thereby 
blocking the formation of an active spliceosome. Studies on 
the enhancement of exon inclusion by binding of PTBP1 to 
sites that are present only in the intron downstream of the 

regulated exon also imply a role for the pre-mRNA bound U1 
snRNA [75]. Repression of exon 4 of CD45 pre-mRNA by the 
combined actions of hnRNPs L and A1 induces extended 
basepairing of 5′-ss bound U1 snRNA [76], thereby stabilizing 
the U1/pre-mRNA association, which prevents the displace
ment of U1 by U6 and subsequent spliceosome assembly. It is 
likely that the non-canonical basepairing of U1 with exon 4 of 
the CD45 pre-mRNA, and the interaction between pre-mRNA 
bound U1 snRNA and PTBP1 in the Src pre-mRNA sterically 
prevent the optimal orientation of the U1 snRNA for an 
interaction with UAP56 and/or SF3A1. Recently, SL3 of the 
U1 snRNA was identified as a contact of the fused in sarcoma 
(FUS) protein [77]. Aberrant cytoplasmic interactions 
between FUS and the U1 snRNA were shown to disrupt U1 
biogenesis and was suggested as an underlying mechanism in 
FUS-induced amyotophic lateral sclerosis. Our work shows 
that the unique contacts made by SL3 and SL4 of the human 
U1 snRNA during the early steps of spliceosome assembly are 
crucial for the formation of a functional spliceosome, and 
their inhibition by competing splicing regulators is 
a potential mechanism in modulation of alternative splicing.
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