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The pairing of 59 and 39 splice sites across an intron is a critical step in spliceosome formation and its regulation.
Interactions that bring the two splice sites together during spliceosome assembly must occur with a high degree of
specificity and fidelity to allow expression of functional mRNAs and make particular alternative splicing choices.
Here, we report a new interaction between stem–loop 4 (SL4) of the U1 snRNA, which recognizes the 59 splice site,
and a component of the U2 small nuclear ribonucleoprotein particle (snRNP) complex, which assembles across the
intron at the 39 splice site. Using a U1 snRNP complementation assay, we found that SL4 is essential for splicing in
vivo. The addition of free U1-SL4 to a splicing reaction in vitro inhibits splicing and blocks complex assembly
prior to formation of the prespliceosomal A complex, indicating a requirement for a SL4 contact in spliceosome
assembly. To characterize the interactions of this RNA structure, we used a combination of stable isotope labeling
by amino acids in cell culture (SILAC), biotin/Neutravidin affinity pull-down, and mass spectrometry. We show
that U1-SL4 interacts with the SF3A1 protein of the U2 snRNP. We found that this interaction between the U1
snRNA and SF3A1 occurs within prespliceosomal complexes assembled on the pre-mRNA. Thus, SL4 of the U1
snRNA is important for splicing, and its interaction with SF3A1 mediates contact between the 59 and 39 splice site
complexes within the assembling spliceosome.
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Intron removal is catalyzed by an ;40S RNP complex
called the spliceosome, which consists of five small nuclear
ribonucleoprotein particles (snRNPs) (U1, U2, U4, U5, and
U6) and ;150 auxiliary proteins (Will et al. 2011). In vitro,
the spliceosome assembles onto an intron through the
sequential binding of the snRNPs (Behzadnia et al. 2006;
Hoskins et al. 2011). The 59 splice site is recognized by the
U1 snRNP through base-pairing between the pre-mRNA
and the snRNA. At the 39 end of the intron, the U2
auxiliary factor (U2AF) and splicing factor 1 (SF1) bind to
the 39 splice site and branch point sequence, respectively.
Initial association of the U2 snRNP can be ATP-indepen-
dent and has been proposed to occur through interactions

with the U2AF65 protein (Gozani et al. 1998; Das et al.
2000). This ATP-independent complex is referred to as
the E complex. However, the stable association of U2
with the pre-mRNA requires ATP hydrolysis and forma-
tion of a base-pairing interaction between U2 snRNA and
the branch point sequence with displacement of SF1. This
pre-mRNP complex containing both the U1 andU2 snRNPs
is called the prespliceosomal A complex. Recruitment of the
U4/U6–U5 tri-snRNP forms the precatalytic B complex. In
another mode of B complex formation, the U4/U6–U5 tri-
snRNP binds with the U2 snRNP to the 39 splice site,
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preceding interactions with the 59 splice site-bound U1
snRNP (Schneider et al. 2010). The B complex formed by
either pathway undergoes extensive remodeling in its
RNA and protein interactions. These rearrangements
include base-pairing of the U6 snRNA with both the U2
snRNA and the 59 splice site, recruitment of the nineteen
complex (NTC), and displacement of the U1 and U4
snRNPs. This forms the activated B (B*) complex in
which the first transesterification step of splicing occurs
to detach the 59 exon and form the intron lariat in-
termediate. Completion of the first step generates the C
complex, which carries out the second catalytic step
involving intron lariat detachment and exon ligation.
The multiple transitions in spliceosome conformation
and assembly are driven by eight evolutionarily con-
served DExD/H-type RNA-dependent ATPases/helicases:
UAP56, Prp5, Prp28, Brr2, Prp2, Prp16, Prp22, and Prp43
(Cordin et al. 2012; Semlow and Staley 2012). These pro-
teins are tightly regulated and thought to provide proof-
reading functions during spliceosome assembly and splicing
catalysis.
The pairing of splice sites is a critical step for accurate

spliceosome assembly and splicing catalysis. Analyses of
the rate of missplicing indicate that pairing occurs with
high fidelity (Fox-Walsh and Hertel 2009). Key questions
for understanding the regulation of alternative splicing
regard when the decision to pair splice sites is made
during assembly and what proofreading mechanisms
maintain the fidelity of this pairing. For a simple single-
intron pre-mRNA studied in vitro in HeLa cell extracts,
spatial proximity between the two intron ends is seen
prior to A complex formation, but commitment to splice
site pairing is thought to occur during the transition to
the A complex (Kent and MacMillan 2002; Lim and
Hertel 2004; Donmez et al. 2007).
Candidate factors for mediating contact between the 59

and 39 splice site complexes include the DEAD-box pro-
teins Prp5 and UAP56 as well as the SR and SR-related
proteins. In Schizosaccharomyces pombe, the Prp5 pro-
tein has been proposed to bridge the splice site complexes
across an intron by forming interactions with an SR-
related protein (Rsd1, associated with the U1A protein)
and the U2 snRNP-specific protein SF3B1 (Shao et al.
2012). In Saccharomyces cerevisiae, Prp5 has been shown
to play an important role in maintaining the fidelity of
the U2 snRNA/branch point interaction (Xu and Query
2007). Associations between the U1 snRNP protein U1
70k and the 39 splice site-bound protein U2AF have also
been reported. This interaction was proposed to be
mediated by the SR protein SC35 in mammals but by
a direct contact in yeast (Wu and Maniatis 1993; Abovich
and Rosbash 1997; Reed 2000; Boukis et al. 2004). In HeLa
cell extracts, the SR-related proteins Srm160 and Srm300
have also been shown to bridge the U1 and U2 snRNPs
(Eldridge et al. 1999; Blencowe et al. 2000). Finally, in
yeast and humans, the UAP56 protein was shown to
facilitate the stable ATP-dependent contact of the U2
snRNP with the branch point sequence, but its role in
cross-intron bridging is not known (Fleckner et al. 1997;
Kistler and Guthrie 2001; Libri et al. 2001; Shen et al.

2008). A recent yeast study reported genetic interactions
between the U1 snRNA and the branch point-binding
complex of Msl5 (branch point-binding protein or SF1 in
humans) and Mud2 (U2AF65 in humans) (Schwer et al.
2013). It is not yet clear whether any of the Prp5-, UAP56-,
Srm160-, or Srm300-mediated contacts or functions are
required and sufficient for splice site pairing or whether
the intron-bridging interactions seen in yeast are common
to all organisms. Tomaintain high accuracy of pairing, it is
likely that multiple contacts are made between the 59 and
39 splice site complexes and that these contacts change
over the splicing cycle.
In previous studies, we analyzed the mechanism of the

Src N1 exon splicing repression by the polypyrimidine
tract-binding protein 1 (PTBP1) (Black 1992; Chou et al.
2000; Sharma et al. 2005, 2008, 2011). We found that the
pre-mRNA-bound PTBP1 does not interfere withU1 snRNP
binding to the N1 exon 59 splice site (Sharma et al. 2005). In
repressing N1 exon splicing, PTBP1 interacts with stem–
loop 4 (SL4) of the U1 snRNA and alters the interaction of
U1with the pre-mRNA to prevent formation of a functional
spliceosome (Sharma et al. 2011). These results implied
that the PTBP1 interaction with SL4 might block U1
snRNP contacts critical for its further assembly into the
spliceosome. In this study, we show that SL4 of U1
snRNA is important for pre-mRNA splicing and identify
the U2 snRNP-specific SF3A1 protein as its interacting
partner. Our analyses show that the interactions of SL4 in
U1 snRNA are required for formation of the prespliceo-
somal A complex.

Results

SL4 of U1 snRNA is required for splicing in vivo

It was previously shown that the loss of splicing caused
by 59 splice site mutations can be suppressed by expres-
sion of mutant U1 snRNAs carrying complementary
nucleotide changes in their 59 ends (Zhuang and Weiner
1986; Roca and Krainer 2009; Roca et al. 2012). This
suppression assay has allowed detailed analyses of 59
splice site recognition by the U1 snRNP. The assay can
also be used to test the function of other regions of the U1
snRNA, such as SL4. By incorporating mutations at
additional sites in a suppressor mutant U1 snRNA that
activates a mutant 59 splice site in a splicing reporter, the
effect of the newmutations can be assessed.We used a three-
exon–two-intron minigene reporter, Dup51, where exon 2 of
the wild-type reporter is included at >90% (Fig. 1A,C, lane 1;
Dominski and Kole 1991). We changed the 59 splice site of
exon 2 fromCAG/GUUGGUAUC toAUG/GUGUGUAUC
(‘‘/’’ is the exon–intron boundary) (Fig. 1B). Thismutant splice
site causes skipping of the protocadherin 15 (PCDH15)
exon 3 in Usher syndrome (Le Guedard-Mereuze et al.
2009). In the Dup51p reporter, themutation reduced exon
2 inclusion to ;20% (Fig. 1A–C, lane 2). Similar to the
suppression seen in protocadherin, the loss of Dup51p exon
2 splicing could be rescued by coexpression of a U1 snRNA
carrying a U>A substitution at the fifth position (U1-5a) but
not by cotransfection with pcDNA or coexpression of the
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wild-type U1 or a U1-5g variant (Fig. 1C, lanes 2–5). Thus,
the U>A mutation in the 59 end of U1 snRNA can
suppress the 59 splice site mutation in the Dup51p
reporter. The coexpression of U1-5a and U1-5g did not
alter the inclusion pattern of the wild-type Dup51 re-
porter (data not shown). The expression of U1 variants in
these assays was confirmed by primer extension analysis
using aU17–26 oligo in the presence of only dATP (Fig. 1D).
This extension reaction yields 22- and 23-nucleotide (nt)
products for the endogenous wild-type U1 snRNA but
terminates at 21 nt for the U1-5a and U1-5g variants.
The U1 snRNA in higher eukaryotes folds into a struc-

ture containing four stem–loops, with SL4 at the 39
terminus downstream from the Sm protein-binding site
(Burge et al. 1999). SL4 consists of two G-C-rich stems
split by a pyrimidine-rich internal loop and capped by
a UUCG tetraloop (Fig. 2A). To examine possible re-
quirements of SL4 in U1 function, we introduced changes
in this region of the U1-5a construct and tested their
effect on the rescue of the 59 splice site mutation in the
Dup51p reporter (Fig. 2A). The pyrimidines in the bulge
and the tetraloop were changed to adenosine in mutant
U1-5aM3. The G-C base pairs were changed to A-U in
either the upper stem (M10b) or the lower stem (M10a)
or both stems (M10). In mutantsM10c,M10d, andM10e,
the strands of the stems were swapped. In M10u, G-C
base pairs were changed to C-G base pairs at alternating
positions in the lower stem. To disrupt base-pairing in
the upper or lower stems or both, G or C residues were
changed to adenosines in M10f, M10g, M10h, M10p,
M10q, M10r, M10k, M10l, and M10m.
The effect of the SL4 mutations on U1 snRNP activity

was assayed by cotransfection of the U1-5a constructs
with the Dup51p reporter. The U1-5a variants carrying

SL4 mutations were compared with U1-5a carrying the
wild-type SL4 for their ability to restore exon 2 splicing
(Fig. 2B, cf. lanes 4–20 and lane 3). SL4 sequence muta-
tions that affect U1 function will compromise the ability
of the U1-5a construct to rescue exon 2 inclusion. Many
changes in SL4 did not affect U1-5a activity in restoring
exon 2 splicing, indicating lack of a significant role for
those SL4 nucleotides. Notably, changing the pyrimidine
residues in the single-stranded bulge regions and tetra-
loop to adenosines did not affect the ability of U1 to
restore exon 2 splicing (Fig. 2A [M3], B [lane 4]). Swapping
the two strands of the upper and/or lower stems (M10c,
M10d, and M10e) (Fig. 2B, lanes 8–10) also did not sub-
stantially affect U1 function. Flipping G-C base pairs at
alternate positions in the lower stem (M10u) (Fig. 2B, lane
11) also had minimal effect.
From the suppressor U1 analysis, we found that U1

function was most affected by mutations that alter the
strength of base-pairing in the lower stem of SL4. Chang-
ing the G-C-rich lower stem to an A-U base-paired stem
(M10 and M10a) (Fig. 2B, lanes 5,6) led to loss of exon 2
splicing. G-C-to-A-U changes in the upper stem alone had
minimal effect (M10b) (Fig. 2B, lane 7). The largest effects
were observed when the majority of base pairs in the
lower stem were disrupted (M10g, M10h, M10q, M10r,
and M10m) (Fig. 2B, lanes 13,14,16,17,20). This analysis
shows that the lower G-C-rich stem of SL4 plays an
important role in U1 snRNP function.
The expression of all mutant U1-5a snRNAs was

confirmed by primer extension (Fig. 2C). Quantification
of the mutant snRNA expression indicated that at the
observed levels, the exogenous U1-5a snRNAs were not
limiting for the splicing of the reporter pre-mRNA (see
the Materials and Methods; Supplemental Fig. S1). The

Figure 1. Suppressor U1 snRNAs can rescue splic-
ing. (A) Schematic representation of three-exon/two-
intron Dup51 and Dup51p reporters. (B) Base-pairing
of the wild-type and mutant 59 splice sites with the
59 end of U1 and U1-5a snRNAs. (C) Primer ex-
tension analysis of the Dup51minigenes after cotrans-
fection with control pcDNA or U1 expression
plasmids. The mRNA products are indicated at the
right and quantified in the graph below. (D) Primer
extension analysis with oligonucleotide U17–26 show-
ing expression of the wild-type U1 and variant U1-5a
and U1-5g snRNAs.
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loss of DUP51p exon splicing most likely reflects
changes in the activity of the snRNAs due to the muta-
tions in the SL4 region, although other effects cannot be
ruled out.

U1-SL4 from other species is functional in human cells

A comparison of U1-SL4 sequences from humans,
Drosophila, Caenorhabditis elegans, and S. pombe
shows significant differences in their sequences and
structures (Supplemental Fig. S2A). Human SL4 shares
68%, 59%, and 19% sequence identity with the Dro-
sophila, C. elegans, and S. pombe RNAs, respectively,
although all of these SL4 sequences can be folded
into stem–loop structures (Supplemental Fig. S2B). In
C. elegans and S. pombe, the stem lacks the pyrimi-
dine-containing internal loop, and in Drosophila, there
is a single bulged adenosine. In S. pombe, the loop is
bigger than the tetraloop found in other organisms, and
the stem is shorter. In all species, the lower portion of
the terminal stem is highly G-C-rich. Note that the

budding yeast S. cerevisiae does not have a clearly
homologous terminal SL4 structure. However, the
S. cerevisiae U1 snRNA is unusually long (568 nt) and
may have an equivalent structure internal to its normal
position.
To further investigate the sequence requirements for

SL4 in U1 function, we made U1-5aM10s and U1-5aM10t
constructs that eliminate the internal loop separating the
upper and lower stems (Supplemental Fig. S1B). We also
made chimeric U1-5a constructs carrying the Drosophila
(Dm), C. elegans (Ce), and S. pombe (Sp) sequences in
place of the human SL4. All of these constructs were
active in the U1 complementation assay (Supplemental
Fig. S2C, lanes 4–8). The activity of the U1-5aSL4Sp
construct showed that the size of the SL4 loop is not
critical for U1 function. The G-C base pairs at the base of
SL4 that were found to be important for the human U1
function are present in all of these constructs. Taken
together, these experiments indicate that the G-C base
pairs in the lower stem of SL4 play an important role in
U1 snRNP function.

Figure 2. SL4 of U1 snRNA is important for
U1 function. (A) Schematic of the secondary
structures of SL4 region of the wild-type and
mutant U1 snRNAs. Structures predicted to
have the lowest DG are shown (Zuker 2003).
(B) Primer extension analysis of the Dup51
minigene transcripts after cotransfection with
control or U1 plasmids. The mRNA products
are indicated at the right and quantified in the
graph below. (C) Primer extension analysis
with oligonucleotide U17–26 showing expres-
sion of the endogenous wild-type U1 and
variant U1-5a snRNAs.
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Free U1-SL4 inhibits pre-mRNA splicing in vitro by
blocking formation of the prespliceosomal A complex

To assess whether the SL4 engaged in interactions essen-
tial for splicing, we examined the effect of free U1-SL4 on
pre-mRNA splicing and spliceosomal complex assembly
in vitro. Short 24-nt RNAs containing just the terminal
U1 hairpin were transcribed in vitro (Fig. 3A). HeLa
nuclear extract active for in vitro splicing was preincu-
bated with increasing concentrations of free wild-type
and mutant SL4 RNAs at 4°C. Uniformly 32P-labeled
adenovirus major late transcription unit (AdML) pre-
mRNA was then added, and incubation was continued
at 30°C. The wild-type SL4 RNA inhibited pre-mRNA
splicing with a half maximal inhibitory concentration
(IC50) of ;3 mM (Fig. 3A [lanes 2–7], B). In contrast, the
mutant SL4 RNA did not have a significant effect on
splicing activity (Fig. 3A [lanes 8–13], B). A similar
analysis of another constitutively spliced pre-mRNA
(BS273 derived from Src) showed inhibition by wild-type
SL4 with an IC50 of ;6 mM and, again, no inhibition by
the mutant RNA (Supplemental Fig. S3A). The SL4M
mutation used in this in vitro analysis was also confirmed
to reduce U1 activity in the U1 suppression assay, with an
expression level comparable with the U1-5a snRNA
(Supplemental Fig. S4A,B). At the IC50 value, the concen-
tration of U1-SL4 in the splicing reaction is ;10-fold
higher than the U1 snRNP concentration, which we
estimated to be ;0.12 mM (data not shown) and has been
reported to be in the range of 0.2–0.3 mM in similar HeLa
nuclear extracts (Hall and Konarska 1992).

Splicing complex analysis on the AdML pre-mRNA
using native agarose gels showed formation of the ATP-
dependent spliceosomal A, B, and C complexes in the
control reactions where no SL4 RNA was added (Fig. 3C,
lanes 1–4). In the presence of the wild-type (Fig. 3C, lanes
5–8) but not the mutant (Fig. 3C, lanes 9–12) SL4 RNA,
there was a dramatic decrease in all spliceosomal com-
plexes. Analyses in the absence of ATP showed equal
formation of the ATP-independent E complex in the
presence of either wild-type or mutant U1-SL4 (Fig. 3D).
Similarly, complex analysis on the BS273 transcript
showed loss of A, B, and C complexes in the presence of
the wild-type SL4 but not the mutant (Supplemental Fig.
S3C, lanes 1–3). Again, no effect on E complex assembly
was seen in the presence of the wild-type or mutant RNA
(Supplemental Fig. S3C, lanes 4–6). These splicing com-
plex analyses indicate that the excess of free U1-SL4
inhibits splicing by interfering with the transition from
the E complex to the A complex.

The human U1-SL4 interacts with the SF3A1 protein

The free U1-SL4 presumably inhibits splicing and spli-
ceosome assembly by competing for interactions of the
endogenous U1 snRNA. To identify U1-SL4-interacting
partners, we used a combination of stable isotope label-
ing by amino acids in cell culture (SILAC), RNA affinity
chromatography, and mass spectrometry (MS). SILAC
coupled with MS is a powerful unbiased quantitative
proteomics approach that was previously applied to the
identification of specific interactions of proteins with

Figure 3. Free U1-SL4 inhibits pre-mRNA splicing
in vitro. (A) In vitro splicing of the AdML transcript
in HeLa nuclear extract in the absence (lane 1) or
presence of 0.5, 1.0, 2.5, 5.0, 7.5, and 10 mM wild-
type (lanes 2–7) and mutant (lanes 8–13) short
U1-SL4 RNA competitors. Prior to addition of the
pre-mRNA, the splicing reactions were preincu-
bated with the SL4 RNAs for 20 min at 4°C. The
RNA splicing products and intermediates are dia-
grammed at the right. (B) Splicing activity is plotted
as a function of SL4 concentration (in micromolar).
Splicing was measured as the percent intensity of
the intron lariat product in the presence of wild-type
(A, lanes 2–7) and mutant (lanes 8–13) SL4 RNAs
relative to the control reaction lacking SL4 (lane 1).
(C) Analysis of ATP-dependent spliceosomal com-
plexes in the presence of the short U1-SL4 RNA
competitors. Transcripts were incubated in HeLa
nuclear extract under splicing conditions with ATP
in the absence (lanes 1–4) or presence of wild-type
(lanes 5–8) or mutant (lanes 9–12) SL4 for the
indicated times and separated by 2% native agarose
gel. (D) Analysis of ATP-independent spliceosomal
complexes in the presence of U1-SL4 RNA compet-
itors. Transcripts were incubated in HeLa nuclear
extract under splicing conditions without ATP in
the absence (lanes 1–4) or presence of wild-type
(lanes 5–8) or mutant (lanes 9–12) SL4 RNA for the
indicated times and separated by 1.5% native aga-
rose gel. Positions of the H, E, A, B, and C complexes
are indicated.
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RNA (Butter et al. 2009; Lee et al. 2012). An advantage of
SILAC is that it can detect specific interactions in the
presence of abundant nonspecific background binding
(Ibarrola et al. 2003; Mann 2006). Therefore, mild in-
cubation and wash buffer conditions can be used to
preserve low-affinity but specific interactions such as
individual contacts that may occur in the spliceosome.
Figure 4A shows a diagram of the SILAC-based RNA

pull-down strategy (Butter et al. 2009). Nuclear extracts
were prepared from cultures of HeLa S3 cells that were
metabolically labeled in medium containing either 13C6

(heavy) or 12C6 (light) arginine and lysine. Wild-type and
mutant biotinylated U1-SL4 RNAs (Fig. 3A) were pre-
bound to Neutravidin beads and then incubated in heavy
and light extracts, respectively. Unbound proteins were
washed away under the same mild buffer conditions
(buffer DG; 80mMK-glutamate). After washing, the beads
containing the wild-type and mutant SL4 complexes were
combined, and the bound proteins were eluted by RNase

A/T1 digestion. Proteins were digested with proteases
(trypsin and lys-C) and subjected toMS analysis usingmulti-
dimensional protein identification technology (MudPIT).
SILAC ratios were calculated from the intensities of the
heavy and light (wild-type:mutant) peptides using Census,
a program for proteomic quantification (Fig. 4B; Supple-
mental Table S1; Park et al. 2008; Park and Yates 2010).
These ratios are close to one for nonspecific proteins that
bound equallywell to the wild-type andmutant RNAs. For
proteins enriched in the wild-type RNA eluate, the SILAC
ratio is >1, whereas proteins that bound more strongly to
the mutant RNA yield a ratio of <1. Normalized spectral
abundance factor (NSAF) values were also calculated for
each peptide as an alternative for identifying proteins
enriched in either thewild-type ormutant RNP complexes
or proteins present in both complexes (Supplemental Table
S2). The NSAF values for each protein are calculated from
the total number of spectrum-matching peptides from the
protein (spectrum counts) that are then normalized for
protein length (Florens et al. 2006).
Multiple U2 snRNP proteins had SILAC ratios >1,

indicating enhanced binding to the wild-type SL4 over
the mutant RNA (Fig. 4B). Strikingly, the NSAF analysis
also showed that all of these U2 snRNP-specific proteins
were detected only in the wild-type eluate and not in the
mutant eluate (Supplemental Table S2). Proteins from the
U1 snRNP and U4/U6–U5 tri-snRNP did not bind to
either SL4 RNA. Other proteins with high SILAC ratios
included certain hnRNP and SR proteins (Supplemental
Table S1). Some of these are known to be U2 snRNP-
associated, which could lead to their enrichment in the
wild-type SL4 complexes. In a previous study, we showed
that PTBP1 binds the internal loop of SL4, which is
present in both wild-type and mutant SL4 RNAs (Sharma
et al. 2011). Consistent with this, PTBP1 bound to both
SL4 RNAs (Supplemental Table S2). Although their
SILAC ratios were high, the NSAF analysis indicated that
many of the hnRNP proteins were present in both wild-
type and mutant SL4 eluates (Supplemental Table S2).
hnRNP and other proteins that interact with SL4 are
interesting for their possible involvement in splicing
regulation. Such proteins may contact SL4 to alter
spliceosome assembly, as seen with PTBP1. However,
in this study, our focus was on the contacts of SL4
during general spliceosome assembly, and thus we were
particularly interested in the SL4 interactions with the
U2 snRNP proteins.
Immunoblot analysis confirmed the presence of the

core U2 protein U2B0, the SF3A complex proteins A1 (also
known as SF3a120) and A3 (also known as SF3a60), and
the SF3B complex protein SF3B1 (also known as SF3b155)
in the wild-type SL4 complexes but not in the mutant
(Supplemental Fig. S5; data not shown). MS and immu-
noblot analyses after high-salt elution also showed bind-
ing of U2 snRNP proteins to the wild-type SL4 but not the
mutant (data not shown). The binding of multiple U2-
specific proteins to the wild-type U1-SL4 complex in-
dicated the binding of the whole U2 snRNP. It was not
clear which U2 protein was making a direct contact with
U1-SL4 during affinity purification.

Figure 4. Identification of U1-SL4-interacting proteins. (A)
Protocol for SILAC, RNA affinity purification, and MS. (B)
Graph of SILAC ratios versus protein. The inset shows the
ratios for U2 snRNP-specific proteins.
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The mature U2 snRNP is a 17S complex that consists
of the core U2 particle and the SF3A and SF3B complexes.
It was reported previously that the association of the
SF3A and SF3B complexes with the core U2 snRNP is
salt-sensitive (Behrens et al. 1993; Brosi et al. 1993b).
Incubation with ;250 mM NaCl dissociates the SF3A
complex from the core U2 snRNP. The SF3B complex is
released from the core snRNP at 500 mM (Fig. 5A). To
determine which U2 snRNP-specific protein might di-
rectly interact with U1-SL4, we took advantage of the
salt-sensitive property of the U2 snRNP. Extracts were
preincubated with increasing concentrations of NaCl and
then used for RNA affinity purification using biotinylated
wild-type and mutant U1-SL4 RNAs (Fig. 3A). The bound
complexes were analyzed for snRNAs and U2 snRNP-
specific proteins. The snRNA analysis showed binding of
the U2 snRNA to the wild-type U1-SL4 in extract in
standard splicing conditions (Fig. 5B, lane 2). Preincuba-
tion of the extract with 250 mM or higher salt concen-
trations led to loss of U2 snRNA binding (Fig. 5B, lanes 3–
5). The U2 snRNA did not bind to the mutant SL4
complex in any condition (Fig. 5B, lanes 6–9).
As seen previously, immunoblot analysis of proteins

bound to wild-type U1-SL4 in splicing conditions con-
firmed the binding of U2 snRNP proteins SF3A1, SF3A2,
SF3A3, SF3B1, and U2B0 (Fig. 5C, lane 2). In contrast, the
U1 snRNP-specific protein U1C did not bind to SL4. After
preincubation of the extract with NaCl, binding of SF3A2
(66 kDa), SF3B1 and the core U2 protein U2B0 were lost
(Fig. 5C, lanes 3–5). Interestingly, although the amounts

of SF3A1 (120 kDa) and SF3A3 (60 kDa) proteins bound to
the wild-type U1-SL4 decreased after salt preincubation
(Fig. 5C, lanes 2–5), the interaction of these proteins was
more resistant to NaCl, and substantial amounts of each
of these proteins remained bound at higher salt concen-
trations. The mutant SL4 did not bind SF3B1, U2B0,
SF3A1, and SF3A2 (Fig. 5C, lanes 6–9). The SF3A3 protein
did bind to the mutant SL4 but at lower levels than to
wild-type. These analyses indicate that the U2 snRNP
associates with the wild-type U1-SL4. Upon high-salt
preincubation, although the SF3A complex dissociates
from the core U2 snRNP, the SF3A1 and SF3A3 proteins
can still bind to SL4, indicating that one of these proteins
is likely to directly interact with U1-SL4.
To identify the SF3A complex protein that directly

contacts U1-SL4, we raised antibodies to SF3A1 and
SF3A3 that were used in UV cross-linking and immuno-
precipitation experiments. Uniformly 32P-labeled wild-
type and mutant U1-SL4 RNAs were incubated in HeLa
nuclear extract. After incubation, the reactions were UV
cross-linked, denatured by treatment with 0.15% SDS,
and then immunoprecipitated using antibodies against
U1 70k, SF3A3, and SF3A1 proteins as described (Will
et al. 2001). SDS-PAGE analysis showed cross-linking of
an ;120-kDa and an ;55-kDa protein to the wild-type
SL4 (Fig. 6A, lane 1). The ;55-kDa protein cross-links to
both the wild-type and mutant SL4 RNAs and is pre-
sumably PTBP1 (see below). The 120-kDa protein did not
cross-link efficiently to the mutant SL4 RNA (Fig. 6A,
lanes 5–8). Most interestingly, the anti-SF3A1 antibody
(Fig. 6A, lane 3), but not the U1 70k (Fig. 6A, lane 2) or
SF3A3 (Fig. 6A, lane 4) antibody, significantly enriched
the;120-kDa protein. Thus, the binding of U2 snRNP to
the wild-type U1-SL4 likely occurs through direct contact
with the SF3A1 protein.

The interaction between U1 snRNA and SF3A1 occurs
in prespliceosomal complexes

We next examined whether the interaction between
SF3A1 protein and U1 snRNA occurred in spliceosomal
complexes. For this, uniformly 32P-labeled AdML pre-
mRNA was incubated in HeLa nuclear extract in the
presence of ATP. The reactions were fractionated on
glycerol density gradients, and the pre-mRNA in each
fraction was measured by scintillation counting (Supple-
mental Fig. S6A). Total RNA in peak 1 (21S; fractions 13
and 14), peak 2 (30S; fractions 18 and 19), and peak 3 (40S;
fractions 23 and 24) was extracted and analyzed for the
presence of pre-mRNA and spliceosomal snRNAs, and
the ratio of each snRNA to the pre-mRNAwas calculated
from the fluorescent band intensities as described in the
Materials and Methods (Supplemental Fig. S6B). In peaks
1 and 2, the ratio of the U1 and U2 snRNAs to the pre-
mRNA was $1, and that of the tri-snRNP snRNAs was
low. In peak 3 fractions, the amount of the U5 and U6
snRNAs was substantially increased, while the U1
snRNA was lower than in peaks 1 and 2. U4 snRNA was
also higher in peak 3 but not as abundant as the U2, U5,
and U6 snRNAs that comprise the active spliceosome.

Figure 5. SF3A complex proteins interact with the wild-type
U1-SL4. (A) Salt-dependent disassembly of the U2 snRNP. (B)
snRNA analysis of the complexes that bind to the biotinylated
wild-type and mutant U1-SL4 RNAs after preincubation of
HeLa nuclear extract with 0, 250, 500, and 1000 mM NaCl.
Positions of the spliceosomal snRNAs are indicated at the left.
(C) Western analyses of the proteins present in the wild-type and
mutant U1-SL4 RNA complexes.
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Under these centrifugation conditions, the free U1 and
U2 snRNPs peak in fractions 7 and 10, respectively
(data not shown). Peak 1 and peak 2 contain both the U1

and U2 snRNPs and are the expected sizes of the
prespliceosomal E and A complexes. Peak 3 is expected
to be comprised of the higher-order spliceosomal B, B*,
and C complexes, in keeping with the presence of the
U2, U5, and U6 snRNPs.
Since free U1-SL4 blocked assembly prior to the A

complex, we looked for an interaction between SF3A1
and U1 snRNA in the prespliceosomal complexes. For
this, fractions from peak 1 and peak 2 were pooled
separately, UV cross-linked, and immunoprecipitated
using an anti-SF3A1 antibody that was prebound to
g-bind beads. The bound complexes were digested with
SDS/proteinase K, and the total RNA was extracted,
labeled with 32P-pCp, and analyzed for the presence of
pre-mRNA and snRNAs (Fig. 6B). Equivalent gradient
fractions from control reactions lacking pre-mRNA (Fig.
6B, lanes 2–4) were treated identically to the fractions
from pre-mRNA-containing reactions (Fig. 6B, lanes 5–7).
We found that after cross-linking, U1 snRNA was

immunoprecipitated with anti-SF3A1 antibody from peak
1 (Fig. 6B, lane 7) but not from peak 2 (data not shown)
fractions. An anti-His tag antibody did not immunopre-
cipitate any of the spliceosomal snRNAs (Fig. 6B, lanes
3,6). Importantly, the anti-SF3A1 immunoprecipitate from
corresponding fractions of the control reaction lacking
pre-mRNAyielded fourfold less U1 snRNA relative to U2
(Fig. 6B, cf. lanes 7 and 4). The identity of the cross-linked
snRNAs was confirmed by RNase H digestion in the
presence of snRNA complementary oligonucleotides (Fig.
6B, lanes 9,10). In addition to U1 snRNA, we found that
U4 snRNA weakly cross-linked and was immunoprecip-
itated with the anti-SF3A1 antibody (Fig. 6B, cf. lanes
8 and 10). These results confirm that the U1 snRNA
within the snRNP and not just the free SL4 interacts with
SF3A1 and that this interaction occurs on the pre-mRNA
but not between the free snRNPs.
We did not observe substantial cross-linking of the pre-

mRNA to SF3A1 as was reported previously (Gozani et al.
1996). In the earlier study, the pre-mRNAwas specifically
labeled in the region upstream of the branch point, and
the cross-links were detected by label transfer to the
protein in the prespliceosomal A complex. Gozani et al.
(1996) found that the cross-linking of SF3A1 to the pre-
mRNA was much weaker than that seen for other SF3A
and SF3B proteins. Our different observation may result
from different sensitivities of the assays and the fact that
we are analyzing early complexes prior to the binding of
U2 to the branch point.We also did not observe substantial
cross-linking between the SF3A1 protein and the U2
snRNA. This is in agreement with a previous report in
which the U2 snRNA was shown to interact with the
SF3A3 but not the A1 andA2 proteins (Dybkov et al. 2006).

The SL4 mutations that affect U1 function also affect
SF3A1 protein binding

We next wanted to examine the effect of SL4 mutations
that decrease U1 snRNP activity in the complementation
assay on the binding of the SF3A1 protein. We measured
binding of proteins to wild-type and mutant SL4 RNAs

Figure 6. Interaction between SF3A1 and U1 snRNA occurs in
prespliceosomal complexes. UV cross-linking and immunopre-
cipitation identified a direct contact between the wild-type SL4
RNA and SF3A1 protein. (A) 32P-labeled wild-type and mutant
SL4 RNAs were incubated in HeLa nuclear extracts in splicing
conditions. After incubation, the reactions were UV cross-linked
and immunoprecipitated with antibodies against U1 70k (lanes
2,6), SF3A1 (lanes 3,7), and SF3A3 (lanes 4,8) proteins, followed by
analysis by SDS-PAGE. (B) Splicing reactions containing ATP in
the presence (lanes 5–7) or absence (lanes 2–4) of AdML pre-
mRNA were fractionated on glycerol density gradients (see
Supplemental Fig. S6). Gradient fractions from the 21S peak
containing the pre-mRNA and U1 and U2 snRNA were pooled,
UV cross-linked, and immunoprecipitated with anti-SF3A1 (lanes
7–10) or anti-His (lane 6) antibodies. Equivalent fractions from
gradients lacking pre-mRNAwere also immunoprecipitated with
anti-SF3A1 (lane 4) or anti-His (lane 3) antibodies. Total RNA
from the fractions (shown in lanes 2,5) and the immunoprecip-
itated complexes was extracted and analyzed. (Lanes 8–10) The
identity of the U1 and U4 snRNAs was confirmed by RNase H
cleavage in the presence of U1 oligos (U11–15 and U164–75) and U4
oligos (U42–16 and U466–85). (Lane 1) Total RNA from nuclear
extract was used as a marker for the U snRNAs. The positions of
the U snRNAs and pre-mRNA are indicated.
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using RNA affinity chromatography and immunoblot
analysis. Synthetic biotinylated SL4 RNAs—including
the wild-type, the M10 and M10h mutants, and the
Drosophila SL4 (Fig. 2; Supplemental Fig. S2)—were
incubated under splicing conditions in HeLa nuclear ex-
tract, and the bound proteins were isolated on Neutravidin
beads as described above. The binding of SF3A1 and
PTBP1 was assessed by immunoblot (Fig. 7A). The ratio
of protein bound to each SL4 variant to that bound to the
wild-type human SL4 was determined. Interestingly, the
SF3A1 protein showed substantially lower binding to
the mutant M10 and M10h RNAs but bound at higher
levels to the Drosophila SL4 (Fig. 7B, cf. lanes 3,4 and
lane 5). Thus, the binding of SF3A1 correlated with the
presence of the G-C-rich stem structures and not the
presence of the bulged nucleotides, as was seen for U1
activity in the in vivo assays. In contrast, PTBP1 bound
well to both the wild-type and M10 mutant RNAs
(Fig. 7B, lanes 2,3). Both of these RNAs contain the
bulged pyrimidines that were shown previously to bind
PTBP1 (Sharma et al. 2011). The M10h mutant, which
contains these nucleotides but not in a bulged structure,
showed moderate binding to PTBP1 (Fig. 7B, lane 4). In
contrast, PTBP1 bound very poorly to the SL4-Dm RNA
that lacks the pyrimidine bulge (Fig. 7B, lane 5). Thus,
these two proteins recognize different determinants on

the SL4. The U1 70K protein did not bind to any of the
SL4 RNAs (Fig. 7A). The loss of function of the mutant
U1-5a snRNAs in vivo correlates well with the loss of
SF3A1 binding in vitro.

Discussion

SL4 of the U1 snRNA is a conserved structural feature
whose function in splicing has not previously been exam-
ined. SL4 is not required for 39 end formation of the U1
snRNA or for SMN complex binding during snRNP bio-
genesis and is not bound by any of the U1-specific proteins
(Hernandez 1985; Ach and Weiner 1987; Pellizzoni et al.
2002; Yong et al. 2002; Chen and Wagner 2010). Crystal
and cryoelectron microscopy (cryo-EM) structures of puri-
fied or in vitro assembled U1 snRNPs show that SL4 is
well separated from the first three stem–loops of U1
snRNA by the Sm ring (Stark et al. 2001; Pomeranz
Krummel et al. 2009; Weber et al. 2010). These as well as
biochemical studies indicate that in the free snRNP, SL4
contacts the B and D2 subunits of the Sm core (McConnell
et al. 2003; Weber et al. 2010).
We identified a role for SL4 in pre-mRNA splicing and

found that the G-C-rich lower stem is critical for U1
snRNP activity in vivo. In vitro, free U1-SL4 inhibits
pre-mRNA splicing by blocking formation of the pre-
spliceosomal A complex on the pre-mRNA. In these
extracts, we identified the U2 snRNP protein SF3A1 as
an interacting partner of U1-SL4. We found that this
interaction takes place on the pre-mRNA and does not
occur between the free snRNPs. The lack of interaction
between the free snRNPs may indicate that a change in
U1 conformation occurs upon binding the pre-mRNA
that increases the accessibility of SL4. The contacts
between SL4 and the Sm proteins B and D2 (McConnell
et al. 2003; Weber et al. 2010) may prevent di-snRNP
formation and then be altered upon U1 snRNP binding
to the pre-mRNA. It will be interesting to examine the
accessibility of these U1 nucleotides in different states
of U1 snRNP assembly into the spliceosome.
We propose that the interaction between SL4 in the U1

snRNA and the SF3A1 is one of the molecular bridges
that help to pair the 59 and 39 splice sites during early
spliceosome assembly (Fig. 8). For the simple, single-
intron pre-mRNA studied here, the U1 snRNP and the
U2 snRNP form their initial contacts with the pre-mRNA
at opposite ends of the intron. The 59 and 39 splice
sites are thought to be brought into proximity (10–20 Å)
early in mammalian spliceosome assembly (Kent and
MacMillan 2002; Donmez et al. 2007). Recent fluores-
cence resonance energy transfer (FRET) studies in yeast
indicate that the 59 splice site and branch point are
brought into proximity only after A complex formation
and coincident with the exit of U1 from the complex
(Crawford et al. 2013). This interaction within themature
spliceosome presumably reflects the assembly of the
active site and an even closer juxtaposition than occurs
in the prespliceosome. It is not clear how closely the 59
splice site and branch point approach each other in forming
the U1/SF3A contact, but the U1/SF3A interaction must

Figure 7. SL4 mutations that affect function also affect binding
of the SF3A1 protein. (A) Immunoblot of the SF3A1, PTBP1, and
U1 70k proteins bound to immobilized SL4 RNAs after in-
cubation in HeLa nuclear extract under splicing conditions. SL4
variants included the wild-type human sequence, the M10 and
M10h mutants, and the Drosophila SL4 (Dm). The input lane
contains 1.5% of the total reaction. Lanes 2–5 contain 20% of
the protein eluted from each RNA. (B) Quantification of the
amount of bound SF3A1 and PTBP1 proteins expressed as the
ratio of bound protein to that bound by the wild-type SL4.
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be transient, as the contact will be disrupted during the
release of U1 snRNP from the mature spliceosome.
We observed SF3A1–U1 snRNA cross-linking in early

prespliceosomes but cannot yet define when the interac-
tion is lost. Peak 2 in our gradients, which is the size of
complex A, did not show cross-linking. However, the yield
of this complexmay be too low to detect the interaction. It
will be interesting in the future to characterize the early
assembly steps defined by the presence of the SF3A1–U1
interaction. In the E complex, the U1 snRNP is bound to
the 59 splice, and the U2 snRNP has been shown to be
loosely associated via interactions with the U2AF65 pro-
tein (Das et al. 2000). In the A complex, U2 becomes stably
bound to the branch point sequence by base-pairing in-
teractions. This does not appear to occur in the presence of
excess U1-SL4. It will be interesting to purify complexes
assembled in the presence of ATP but arrested with excess
SL4 to assess the presence of the U1 snRNP and factors
that might be important for the E-to-A transition.
A variety of protein–protein interactions have been sug-

gested to bridge the 59 and 39 splice sites in cross-intron
complexes, including contactsmediated by the Prp5 protein,
SR and SR-like proteins, and other factors (Blencowe et al.
2000; Boukis et al. 2004; Shao et al. 2012). Sincemutations in
SL4 do not completely abolish U1 function in vivo, addi-
tional interactions likely contribute to splice site pairing in
vivo, but the precise roles of the other identified bridging
contacts in early spliceosome assembly are not yet clear. In
contrast to the in vivo case of partial splicing inhibition by
the SL4 mutations within the suppressor U1 snRNA, the
striking inhibition of the in vitro splicing reaction by the SL4
competitor may indicate blockage of additional contacts
between the U1 and U2 snRNPs. The inhibition of in vitro
splicing and prespliceosomal A complex formation by excess
U1-SL4 supports a major role for this contact in splicing.
The pairing of splice sites across the intron and the

formation of the A complex are appealing steps for the
regulation of alternative pre-mRNA splicing. We pre-

viously found that the regulator PTBP1 contacts SL4
within an exon complex repressed for splicing (Sharma
et al. 2011). Interestingly, the PTBP1-interacting sites on
SL4 and the regions required for splicing are nonoverlapping.
PTBP1 binds to the internal loop, whereas the lower stem is
required for splicing function. PTBP1 binding to SL4 could
block the SF3A1 interaction to prevent further spliceosome
assembly. Interestingly, we found that several other hnRNP
proteins interact with the wild-type U1-SL4. Investigations
of these proteins may show that SL4 in the U1 snRNA is
a common contact point for regulators of alternative splicing.
The evolutionarily conserved heterotrimeric SF3A

complex is essential for the assembly of a functional U2
snRNP and for pre-mRNA splicing (Behrens et al. 1993;
Brosi et al. 1993a; Nesic and Kramer 2001; Tanackovic
and Kramer 2005). In yeast and humans, a trimer is
formed from binding of SF3A3 and SF3A2 proteins to
SF3A1, but the two smaller subunits do not interact with
each other (Brosi et al. 1993b; Chiara et al. 1994; Nesic
and Kramer 2001). In yeast, an SF3A3/A1 dimer interacts
with the U2 snRNA SL2 (U2-SL2), which toggles between
SL2a and SL2c conformations during the splicing cycle
(Hilliker et al. 2007; Perriman andAres 2007). This SF3A3/
A1 dimer binds to SL2a but not SL2c through the first zinc
finger domain of the yeast SF3A3 (Lin and Xu 2012). The
lack of SL2c binding has been postulated to be the
mechanism for the release of SF3A from the spliceosome
before the first catalytic step of splicing in yeast (Lardelli
et al. 2010; Lin and Xu 2012). Interestingly, the SL2a-
interacting ZnF domain is not conserved in human SF3A3,
although the overall structure and charge distribution of
the protein appear to be similar in the two species. In
addition, recent chemical probing of RNA structure in
human spliceosomes did not detect the mutually exclu-
sive U2 snRNA conformations (Anokhina et al. 2013).
This indicates that some differences likely exist in the
molecular interactions and dynamics of yeast and human
spliceosome assembly. Future studies will focus on de-
fining more of these molecular contacts between the 59
and 39 splice site complexes during splice site pairing,
commitment to splicing, and the transition to active
spliceosomal complexes in metazoans.

Materials and methods

Plasmid constructs and antibodies

The three-exon and two-intron reporter plasmid pDUP51 has
been described previously (Dominski and Kole 1991; Modafferi
and Black 1997). In the Dup51p reporter, the wild-type 59 splice
site of exon2was changed fromCAG/GUUGGUAUCto amutant
59 splice site, AUG/GUGUGUAUC (‘‘/’’ is the exon–intron
boundary), which had been shown to cause skipping of PCDH15

exon 3 in Usher syndrome (Le Guedard-Mereuze et al. 2009). The
U1 snRNA expression plasmid pNS6U1, originally developed in
the laboratory of Nouria Hernandez (University of Lausanne), was
a gift from Adrian Krainer (Cold Spring Harbor Laboratory). The
constructs expressing mutant U1 snRNAs were generated using
PCR mutagenesis and oligonucleotides carrying mutations. The
sequences of all oligonucleotides used for mutagenesis are
available on request. All mutations were verified by DNA

Figure 8. Model for the role of SL4 of U1 snRNA in splicing
assembly. Interaction of the SL4 with the U2 snRNP-specific
SF3A1 protein occurs during pairing of splice sites prior to the
formation of the prespliceosomal A complex. The presence of
free U1-SL4 blocks this interaction and subsequent A complex
formation. U2 is shown engaged at the branch point, as seen in
the prespliceosomal A complex.
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sequencing. The constitutively spliced AdML and BS273 pre-
mRNAs were transcribed from linearized plasmids pSPAd and
pBS273, respectively. pSPAd contained the first three exons of
the AdML with shortened introns (Solnick 1985). After cleavage
within the second intron and SP6 transcription, the resulting pre-
mRNA contained exon 1, intron 1, exon 2, and a short fragment
of intron 2 from the AdML transcription unit. BS273 was similar
to BS27 and BS713 as described in Chou et al. (2000). It contained
exons 3, N1, and 4 from the Src gene. Exons 3 andN1were joined
to delete intron 3 and PTBP1-binding elements essential to splicing
repression. The remaining shortened intron between exons N1 and
4 carried point mutations that improved the 59 and 39 splice sites.
As a result, this transcript was not regulated by PTBP1 and spliced
efficiently in HeLa nuclear extract (Markovtsov et al. 2000).

For Figures 6 and 7, anti-SF3A1, SF3A3, U1C, and U1-70K
antibodies were raised in rabbits against haptenized peptides
from each protein (Thermo Scientific). Peptides included SF3A1
(4654; CGAVIHLALKERGGRKK), SF3A3 (4658; CKKTYEDLKR
QGLL), U1C (U1C-CT; PMMVPTRPGMTRPDRC), and U1 70K
(U1 70K-CT; YLAPENGYLMEAAPEC). These antibodies were
affinity-purified, and their specificity was confirmed by immuno-
precipitation and immunoblotting . In Figure 5C and Supplemental
Figure S5, the antibodies against SF3A1, SF3A2, and SF3A3 were
gifts from Angela Kr€amer (University of Geneva). The antibody
against SF3B1 was a gift from Robin Reed (Harvard Medical
School). The anti-U2B0was fromAbcam, and the anti-His antibody
was from Santa Cruz Biotechnology.

Cell culture, transfection, and primer extension

HeLa cells were cultured in DMEM containing 10% FBS and
antibiotics (100 U/mL penicillin, 100 mg/mL streptomycin). For
transfection, 1 3 105 cells per well of a six-well plate were
transfected with 0.4 mg of Dup51 or Dup51p reporter and 3.6 mg
of control (pcDNA3.1) or U1 plasmid using Lipofectamine 2000
according to the manufacturer’s protocol. Cells were harvested
after 48 h, and RNAwas extracted using Trizol or prepared using
the RNAeasy kit (Invitrogen). Primer extension was carried out
using 1 mg of RNA and SuperScript II reverse transcriptase. For
analyses of the Dup51 and Dup51p transcripts, oligonucleotide
Dup3r (59-AACAGCATCAGGAGTGGACAGATCCC-39) was used.

For determining U1-5a snRNA expression, primer extention
was carried out with oligonucleotide U17–26 (59-TGGTATCTCC
CCTGCCAGGT-39) in the presence of only dATP. To assess the
mutant U1 snRNA expression, the ratio of the exogenous
mutant U1-5a snRNA to the endogenous wild-type U1 snRNA
was calculated from the band intensities (Supplemental Fig. S1).
With the exception of M10f andM10p, this ratio ranged between
0.1 and 0.26 for the U1-5a variants. Endogenous U1 is estimated
to be present at 106 copies per cell in HeLa cells (Steitz et al.
1988). Thus, the lowest expression of the exogenous U1 was
;105 copies per cell,;100-fold higher than an abundant mRNA.
The expression of U1-5aM10f and U1-5aM10p snRNAs was
higher and more variable, with the ratios ranging from ;0.6 to
1.2 for different experiments (Supplemental Fig. S1). These high
accumulation levels did not apparently result in increased
activity, as the level of exon 2 inclusion with coexpression of
M10f (;82%) (Fig. 2B, lane 12) and M10p (;72%) (Fig. 2B, lane
15) was still lower than that observed for U1-5a (;94%) (Fig. 2B,
lane 3). Some other U1 mutants (such as M3, M10d, and M10e)
that have expression ratios in the lower range (0.11–0.17) had
exon 2 inclusion levels of $90%. These data indicate that at the
observed snRNA expression levels, the exogenous U1-5a snRNAs
were not limiting for the splicing of the reporter pre-mRNAs.
Changes in the reporter splicingmost likely reflect changes in the
activity of the snRNAs due to mutations in the SL4 region.

For SILAC experiments, minimum essential medium Eagle
(similar to M8028, Sigma) without sodium bicarbonate, glutamate,
arginine, and lysine was ordered from AthenaES. 13C-arginine (R6)
(catalog no. CLM-2265) and 13C-lysine (K6) (catalog no. CLM-2247)
were purchased fromCambridge Isotope Laboratories. The complete
medium was reconstituted with 2 mg/mL sodium bicarbonate,
4 mM glutamate, 13 nonessential amino acids (Life Technol-
ogy), 5% PBS-dialyzed newborn calf serum (Omega Scientific),
13 penicillin–streptomycin (Life Technology), and either ‘‘light’’
(R0K0) or ‘‘heavy’’ (R6K6) arginine and lysine at 12.6 g/L and 7.25 g/L,
respectively. HeLa S3 cells were grown in medium containing
either R0K0 or R6K6 for five to six doubling cycles to obtain high
labeling efficiency (>99%). The cells were harvested in log phase,
processed for nuclear extraction, and stored at �80°C as de-
scribed (Dignam 1990; Black 1992).

RNA affinity chromatography

Biotinylated wild-type (Bi-GGGGACUGCGUUCGCGCUUUCC
CC) and mutant (Bi-GGAUACUUAUUUCGAUAUUUAUCC)
U1-SL4 RNA were custom-synthesized by Thermo Scientific
(Fig. 3A). Biotinylated U1-SL4M10 (Bi-AUAUACUUAUUUCGA
UAUUUAUAU), U1-SL4M10h (Bi-GGGGACUUAUUUCGAAAU
UAAAAA), and SL4-Dm (Bi-CGGGAAUGGCGGUUCGCGCCG
UCCCG) were custom-synthesized by Integrated DNA Technol-
ogies. One-thousand picomoles of RNA were bound to 20-mL of
Neutravidin agarose beads (Thermo Scientific) in buffer DG
(20 mM HEPES at pH 7.9, 80 mM K-glutamate, 0.1 mM EDTA,
1 mM DTT, 20% glycerol) for 2 h at 4°C. Unbound RNAs were
removed by washing the beads with 600 mL of buffer DG four
times. Splicing reactions of 600 mL containing 0.4 mM ATP,
2.2 mM MgCl2, 20 mM creatine phosphate, and 50% of either
heavy (for wild type) or light (for mutant) HeLa S3 nuclear extract
were mixed with the beads. The reactions were incubated for
90 min at 30°C on a rotating shaker. After the incubation, the
supernatant was removed; the beads were washed four times
with 600 mL of buffer D containing 2.2 mM MgCl2. The washed
beads from the wild-type and mutant reactions were then com-
bined. The bound RNP complexes were eluted by incubating for 30
min at 37°C in 60 mL of RNase solution containing 3 mL of RNase
A/T1 cocktail (Life Technology), 10 mM Tris-HCl (pH 7.2), 1 mM
MgCl2, and 40mMNaCl. For salt elution, the combined beadswere
successively eluted with buffer D-NaCl (using NaCl rather than
KCl) containing NaCl at concentrations of 250 mM and 500 mM.
All supernatants were recovered and subjected to MS analysis.

Salt-mediated dissociation of the U2 snRNP was carried out by
preincubating 300 mL of nuclear extract with 0, 250, 500, and 1000
mM NaCl for 20–30 min at 4°C in the presence of 0.4 mM ATP,
2.2 mMMgCl2, and 20mM creatine phosphate. The reaction mix
was then added to 10 mL of NetrAvidin beads that were prebound
with 500 nmol of biotinylated wild-type and mutant SL4 RNAs,
and incubation was continued for 30 min at room temperature.
Beads were washed four times with 300 mL of buffer DG. Total
RNA was extracted from the bound complexes using phenol:
chloroform (5:1; pH 4.8), precipitated using ethanol, separated on
8% urea-PAGE gels, and visualized using ethidium bromide
staining. For protein analysis, the bound complexes were eluted
by boiling the beads in 13 SDS-PAGE sample buffer, separated on
10% SDS-PAGE gels, and analyzed by Western blotting.

MS analysis

Protein mixtures were reduced, alkylated, and digested by the
sequential addition of lys-C and trypsin proteases as previously
described (Kaiser and Wohlschlegel 2005). The digested peptide
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mixture was fractionated online using strong cation exchange
and reverse-phase chromatography and eluted directly into a
LTQ-Orbitrap mass spectrometer (Thermofisher) (Kaiser and
Wohlschlegel 2005; Wohlschlegel 2009). Tandem MS (MS/MS)
spectra were collected and subsequently analyzed using the
ProLuCID and DTASelect algorithms (Tabb et al. 2002; Xu
et al. 2006). Database searches were performed considering
both the light and heavy versions of each peptide. Protein and
peptide identifications were further filtered with a false posi-
tive rate of <5% as estimated by a decoy database strategy
(Elias and Gygi 2010). NSAF values were calculated as de-
scribed (Florens et al. 2006). SILAC ratios for each peptide pair
were determined using the Census algorithm (Park et al. 2008;
Park and Yates 2010).

In vitro splicing and spliceosome assembly

Nuclear extract from HeLa cells was prepared as described
previously (Dignam 1990; Chan and Black 1995). Pre-mRNAs
were transcribed in vitro from plasmid pSPAd and pBS273, and
splicing was carried out as described (Sharma et al. 2005). The
spliceosomal complexes were assembled, separated, and visual-
ized using native agarose gels (Das et al. 1999; Sharma et al.
2005).

UV cross-linking and immunoprecipitation

The 32P-labeled wild-type and mutant U1-SL4 RNAs were in
vitro transcribed from DNA templates that were prepared by
annealing DNA oligonucleotides. RNAs were gel-purified and
ethanol-precipitated. The SL4 RNAs were incubated at a final
concentration of 300 nM in a reaction containing 2.2mMMgCl2,
0.4 mMATP, 20 mM creatine phosphate, 10 U of RNAOUT, and
60% nuclear extract in buffer DG. The reactions were incubated
for 30 min at 30°C and UV cross-linked for total energy of 1800
mJ in a Stratalinker. For immunoprecipitation, the cross-linked
reactions were treated with 0.15% SDS for 2min at 95°C, diluted
10-fold with 13 PBS, and immunoprecipitated using antibodies
against U1 70k, SF3A3, and SF3A1 as described (Will et al. 2001).
The beads were washed four times with 13 PBS. The samples
were eluted in SDS-PAGE loading buffer, separated on 8% gel,
visualized by PhosphorImager.

For UV cross-linking in spliceosomal complexes, 10 nM
uniformly labeled 32P-AdML pre-mRNA was added to a 400-
mL splicing reaction and incubated for 20 min at 30°C. The
reaction mix was then layered on a 15%–45% glycerol gradient
prepared in buffer DG (except that K-glutamate was substituted
by K-acetate) and centrifuged at 37,000 rpm for 16 h at 4°C in
a SW41 rotor. The gradients were aliquoted into 25 fractions,
and the radioactivity was determined by scintillation counting.
The positions of the spliceosomal complexes were determined
by analyzing the pre-mRNA and snRNAs in the fractions. Total
RNA from fractions 13, 14, 18, 19, 23, and 24 was extracted and
separated on urea-PAGE gels that were stained with SYBR Gold
nucleic acid stain (Life Technologies), which has a lower limit
for RNA detection of ;480 pg (Tuma et al. 1999). Band in-
tensities measured by PhosphorImager and normalized by RNA
length were used to calculate ratios of the snRNA bands to the
pre-mRNA shown in Supplemental Figure S6B. The peak
fractions were pooled, UV cross-linked, and immunoprecipi-
tated with anti-SF3A1 antibody as described above. After
washing, the beads were treated with SDS-proteinase K for 20
min at 37°C, and total RNA was extracted, precipitated with
ethanol, and labeled with 32P-pCp overnight at 4°C. The
samples were separated on 8% urea-PAGE gel and visualized
by PhosphorImager.
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