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ABSTRACT

PTB-associated splicing factor (PSF) has been implicated in both early and late steps of pre-mRNA splicing, but its
exact role in this process remains unclear. Here we show that PSF interacts with p54 nrb , a highly related protein first
identified based on cross-reactivity to antibodies against the yeast second-step splicing factor Prp18. We performed
RNA-binding experiments to determine the preferred RNA-binding sequences for PSF and p54 nrb , both individually
and in combination. In all cases, iterative selection assays identified a purine-rich sequence located on the 3 9 side of
U5 snRNA stem 1b. Filter-binding assays and RNA affinity selection experiments demonstrated that PSF and p54 nrb

bind U5 snRNA with both the sequence and structure of stem 1b contributing to binding specificity. Sedimentation
analyses show that both proteins associate with spliceosomes and with U4/U6.U5 tri-snPNP.
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INTRODUCTION

Most eukaryotic genes are transcribed into pre-mRNAs
containing coding sequences (exons) disrupted by inter-
vening sequences (introns)+ Prior to translation, the in-
trons must be efficiently and accurately removed and
the exons joined together in a process known as pre-
mRNA splicing (Burge et al+, 1999; Hastings & Krainer,
2001)+ Splicing is carried out within the spliceosome, a
large complex composed of small nuclear ribonucleo-
proteins (U1, U2, U4/U6, and U5 snRNPs; Lührmann,
1988) and other non-snRNP protein factors+ The join-
ing of exons requires two transesterification reactions,
the first of which involves cleavage of the 59 exon and
generation of a lariat intron-39 exon intermediate+ The
second step ligates the exons together and releases
the intron+ SnRNPs play important roles in both splice-
osome assembly and the two catalytic steps of splic-
ing+ Dynamic base-pairing interactions between the
snRNAs and the pre-mRNA and between the snRNAs
themselves are crucial for accurate definition of the

exon/intron boundaries (Nilsen, 1998)+ U1 base pairs
with the 59 splice site whereas U2 pairs with a region
upstream of the 39 splice site referred to as the branch-
point+ Upon association with U4/U6+U5, a series of re-
arrangements occur, including dissociation of U1 from
the 59 splice site and dissociation of U4 from U6, al-
lowing different regions of U6 to pair with both the 59
splice site and with U2 snRNA+ During these changes,
U5 appears to play an important role in tethering the
two exons to juxtapose them for catalysis (Newman,
1997; O’Keefe & Newman, 1998; Alvi et al+, 2001; Mc-
Connell & Steitz, 2001)+

To ensure the accuracy of splicing, these RNA re-
arrangements take place in a highly ordered and
well-regulated manner (Reed, 2000)+Although the mech-
anism of this is not completely understood, two groups
of protein factors are thought to be involved+ One con-
tains members of a superfamily of ATPases, including
the DEAD and DEAH box families+ These ATPases are
proposed to facilitate RNA rearrangements by unwind-
ing RNA duplexes or by disrupting RNA–protein inter-
actions (Staley & Guthrie, 1998)+ The second group of
factors are members of a family of RNA-binding pro-
teins containing RNA recognition motifs (RRMs; Burd &
Dreyfuss, 1994; Swanson, 1995)+ The RRMs of these
proteins are thought to mediate binding to single-
stranded RNA, but RRMs also participate in protein–
protein interactions, allowing this group of factors to
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play distinct roles in annealing critical RNA pairs, sta-
bilizing single-stranded RNAs, and facilitating exon/
intron definition (Fu, 1995; Ghetti et al+, 1995; Valcárcel
et al+, 1996)+

Most of the splicing factors that have been identified
are involved in spliceosome assembly, whereas a
smaller number have been proposed to function in the
second step of splicing (Gozani et al+, 1994; Horowitz
& Krainer, 1997; Lindsey & Garcia-Blanco, 1998; Zhou
& Reed, 1998; Chua & Reed, 1999)+ Human PTB-
associated splicing factor (PSF; Patton et al+, 1993) is
one of these proteins+ PSF is a 100-kDa protein that
colocalizes with splicing factors in nuclear speckles (Dye
& Patton, 2001), and is comprised of an N-terminal
glycine-rich domain, a proline/glutamine- (P/Q) rich do-
main, two RRMs, and a C-terminal region with two nu-
clear localization signals+ It was first identified because
of its association with polypyrimidine-tract binding pro-
tein (PTB; Patton et al+, 1991), but it appears that only
a fraction of PTB colocalizes with PSF (Meissner et al+,
2000), and the functional relevance of this interaction
has not been demonstrated+ Immunodepletion of PSF
from nuclear extract first suggested that PSF might
play a role in early spliceosome formation (Patton et al+,
1993), and subsequent depletion/repletion experiments
suggested that PSF might be rate-limiting for the sec-
ond step (Gozani et al+, 1994)+ PSF copurifies with U4/
U6+U5 tri-snRNP (Teigelkamp et al+, 1997), and, in
addition, several studies using different purification strat-
egies have detected PSF in both early (H, A, B) and
late (C) spliceosomal complexes (Bennett et al+, 1992;
Gozani et al+, 1994; Jurica et al+, 2002)+ Overall, the
data are consistent with a role for PSF in both early and
late steps of splicing, but exactly how it functions is
unknown+ That PSF could play multiple roles in splicing
is perhaps not surprising, as it has also been impli-
cated in transcription, topoisomerase activity, nuclear
RNA retention, and DNA recombination (Straub et al+,
1998, 2000; Akhmedov & Lopez, 2000; Urban et al+,
2000; Mathur et al+, 2001; Zhang & Carmichael, 2001;
Sewer et al+, 2002)+ Given the fact that many nuclear
events are coupled (Maniatis & Reed, 2002), under-
standing the multifunctional roles of PSF could provide
insight into overall nuclear function+

Here, we performed yeast two-hybrid screens and
identified p54nrb as a PSF-interacting factor+ This inter-
action was confirmed both by coimmunoprecipitation
from HeLa nuclear extract, and by the association of
recombinant proteins in vitro+ We also used iterative
selection techniques [systematic evolution of ligands
by exponential enrichment (SELEX); Tuerk & Gold,
1990; Szostak, 1992] to identify the optimal RNA-
binding sites for PSF and p54nrb+ These experiments
resulted in the selection of RNAs matching a sequence
found in the 39 side of a conserved stem in U5 snRNA+
Both filter-binding assays and RNA affinity experiments
using biotinylated U5 snRNAs demonstrated that the

two proteins bind U5 snRNA with both the sequence
and structure of stem 1b contributing to binding spec-
ificity+ Sedimentation analyses confirmed their associ-
ation with spliceosomes and with U4/U6+U5 tri-snPNP+

RESULTS

PSF interacts with p54 nrb

To further define the functional role of PSF, yeast two-
hybrid protein–protein interaction screens (Fields &
Song, 1989) were performed to identify factors that
interact with PSF+ A cDNA clone encoding PSF was
fused to the LexA DNA-binding domain and used to
screen a mouse 7-day embryo cDNA two-hybrid library
fused to the VP16 transactivation domain+ Sixty-three
positive clones were sequenced and 29 were found to
encode the mouse protein NonO (Yang et al+, 1993)+
NonO is the mouse homolog of human p54nrb (also
referred to as nmt 55; Dong et al+, 1993; Traish et al+,
1997), which is very similar in sequence to PSF
(Fig+ 1A)+ For the rest of the clones, only the mouse
RING Finger protein 4 (RNF4,Accession No+AF169300)
and an as yet unidentified protein were identified five
and six times, respectively, whereas none of the re-
maining clones were detected more than twice+ Inter-
estingly, separate two-hybrid screens have shown that
zinc finger proteins, such as RNF4, can interact with
the second RRM in PSF and may be involved in nu-
clear localization of PSF (Dye & Patton, 2001)+

The interaction between PSF and NonO/p54nrb is
especially interesting because the two proteins are so
similar+ Originally identified as a protein that cross-
reacts with an antibody raised against the yeast U5
snRNP-associated second-step splicing factor Prp18,
p54nrb is 71% identical to PSF over a region of 320
amino acids that encompasses their RRMs (Fig+ 1A;
Dong et al+, 1993)+ Other homologs of PSF and p54nrb

include NonA/BJ6 from Drosophila, which has been
shown to be important in Drosophila visual acuity and
male courtship song (Besser et al+, 1990; Jones & Rubin,
1990), hrp65 from Chironomus tentans, a component
of nuclear fibers associated with specific pre-mRNPs
(Wurtz et al+, 1996; Miralles et al+, 2000), and PSP1
from humans, a paraspeckle protein of unknown func-
tion (Andersen et al+, 2002; Fox et al+, 2002)+

To verify that p54nrb interacts with PSF and to identify
the regions of p54nrb that are required for binding, co-
immunoprecipitation experiments and in vitro inter-
action assays were performed+ As shown in Figure 1B,
polyclonal anti-PSF antibodies were capable of coim-
munoprecipitating p54nrb from HeLa nuclear extract,
whereas p54nrb was not precipitated in control reac-
tions using nonimmune serum or protein G beads alone+
The converse experiment using antibodies against
p54nrb also resulted in coimmunoprecipitation (data not
shown)+ To identify which sequences of p54nrb are re-

PSF and p54 bind U5 snRNA 1335



quired for binding PSF, a series of glutathione-S-
transferase-p54nrb fusion proteins (GST-p54nrb) were
assayed for their ability to precipitate PSF using
glutathione-agarose pull-down assays (Fig+ 1C)+ Full-
length GST-p54nrb and two deletion mutants (GST-
p54nrbD17–220 and GST-p54nrbD71–220), both of which

contain the putative helix-turn-helix motif and basic/
acidic region (Yang et al+, 1993), were capable of bind-
ing PSF+ In contrast, GST fusions that lack either or
both of these regions (GST-p54nrbD226–464, GST-
p54nrbD71–464, and GST-p54nrbD17–369) could not
precipitate PSF+ Thus, it appears that the C-terminus of
p54nrb is required for its interaction with PSF+ These
results were corroborated by yeast two-hybrid assays,
which showed that both p54nrbD17–220 and p54nrbD71–
220 interacted with PSF in the two-hybrid system,
whereas p54nrbD226–464, p54nrbD71–464, and
p54nrbD17–369, did not (data not shown)+ When the
same mapping experiments were performed with a se-
ries of PSF deletion constructs, only full-length PSF
was capable of interacting with p54nrb (data not shown)+
It appears that multiple contacts, or a precise tertiary
structure, are needed for PSF to interact with p54nrb+

Determination of the optimal RNA-binding
sites of PSF and p54 nrb

Iterative selection assays (Tuerk & Gold, 1990; Szostak,
1992) were used to determine the optimal RNA bind-
ing sequence for PSF and p54nrb+ A pool of in vitro-
transcribed RNAs representing over 1012 different
sequences was incubated with recombinant, hexahisti-
dine-tagged (his-tagged) proteins, and bound RNAs
were recovered by copurification over Ni-NTA agarose+
Sequencing of 20 independent clones from the initial
pool showed that the randomized region contained
roughly equal amounts of each nucleotide (data not
shown)+ Prior to incubation with recombinant proteins,
each RNA pool was preincubated with Ni-NTA agarose
to prevent enrichment of nonspecific RNAs+ Following
selection and amplification for eight sequential rounds,
individual clones were sequenced+ For PSF, simple cal-
culation of the purine and pyrimidine content of the
selected sequences showed enrichment for purines,
from roughly 50% to 67% (data not shown)+ When the
selected sequences were compared using multiple align-
ment algorithms, a consensus sequence was identified
consisting of 59-UGGAGAGGAAC-39 (Fig+ 2A)+ Geno-
mic database searches with this sequence were not
particularly useful because its length is less than the
number of bases needed to represent a unique se-
quence in the human genome+ However, because PSF
had been shown to copurify with U4/U6+U5 tri-snRNP,
we compared the consensus sequence to these
snRNAs+ Strikingly, the selected sequence is identical
to a region of U5 snRNA referred to as stem 1b
(Fig+ 2D,E)+

All U5 snRNAs have two stem-loop structures
(Fig+ 2E)+ The overall secondary structure and partic-
ularly the 59 loop sequence are highly conserved among
all eukaryotes, whereas the rest of the primary se-
quence is less conserved (Branlant et al+, 1983; Guth-
rie & Patterson, 1988)+ The sequence of stem 1b,

FIGURE 1. PSF-p54nrb interaction+ A: Human PSF, p54nrb, mouse
NonO, and Drosophila NonA are highly homologous over a 320-
amino-acid region referred to as the Drosophila behavior, human
splicing domain (DBHS; shaded box; Dong et al+, 1993)+ This region
includes the two RNA recognition motifs (RRM1 and RRM2, diago-
nally hatched boxes), a helix-turn-helix motif (HtH, horizontally hatched
boxes), and a basic/acidic region (1/2, cross-hatched boxes)+ Ad-
ditional similarity exists in regions rich in proline (P) and glutamine
(Q) residues (black boxes)+ B: Immunoprecipitation of HeLa nuclear
extract (NE) was performed with either an anti-PSF antibody (a-
PSF), nonimmune serum (a-NI), or protein G beads alone (Resin)+
Precipitated proteins were analyzed by western blot analysis with an
anti-p54nrb antibody+ C: In vitro-translated, 35S-labeled PSF was in-
cubated with the indicated GST-p54nrb constructs in the presence of
glutathione-agarose beads+After washing, bound proteins were eluted
and resolved by SDS-PAGE+ Deleted regions in the GST-p54nrb mu-
tants are represented by a thin line, with the numbers indicating the
amino acid positions of the deleted residues+ Domains of interest are
represented as in A+
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including the PSF consensus sequence, is remarkably
conserved from flies to humans, suggesting functional
importance (Fig+ 2D,E)+ Interestingly, this sequence is
not found in the corresponding region of yeast U5
snRNA, correlating with the absence of any identified
PSF homologs in Saccharomyces cerevisiae and thus
far, Schizosaccharomyces pombe+

Given the high degree of homology between the
RRMs of PSF and p54nrb, the coimmunoprecipitation
data shown in Figure 1, and previous biochemical data
suggesting that these proteins exist as a heterodimer
(Zhang et al+, 1993; Straub et al+, 1998), it was of inter-
est to determine the optimal RNA-binding sites for p54nrb

and mixtures of PSF-p54nrb+As with PSF, selection with

FIGURE 2. Identification of optimal RNA binding sites for PSF and p54nrb+ Iterative selection assays were performed using
a pool of RNAs containing 20 randomized nucleotides and either recombinant, his-tagged PSF (A), recombinant, his-tagged
p54nrb (B), or a 1:1 mixture of PSF-p54nrb (C)+ Eight rounds of transcription, selection, and amplification were performed
before individual clones were isolated and sequenced+ Alignments of the selected sequences (numbered) and the derived
consensus sequences are as shown+ Aligned nucleotides are displayed as capital letters on a black background, and other
nucleotides that form additional alignments with the consensus sequence are in capital letters and underlined+ D: Alignment
of PSF and p54nrb consensus sequences to U5 stem 1b+ The PSF and p54nrb consensus sequences are shown aligned with
the 39 strand of U5 snRNA stem 1b sequences from human, rat (Rattus norvegicus), mouse (Mus musculus), chicken
(Gallus gallus), frog (Xenopus laevis), fly (Drosophila melanogaster ), and yeast (Saccharomyces cerevisiae and Schizo-
saccharomyces pombe; Guthrie & Patterson, 1988)+ E: The secondary structure of human U5 snRNA is depicted with the
PSF RNA-binding consensus sequence boxed (adapted from Ségault et al+, 1999)+
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p54nrb or mixtures of PSF-p54nrb yielded sequences
that also aligned well with the 39 side of U5 snRNA
stem 1b (Fig+ 2B,C,D)+ This suggests that the optimal
RNA-binding sites for PSF and p54nrb, and/or mixtures
thereof, are extremely similar, if not identical (Fig+ 2C,D)+

PSF and p54 nrb form a complex
with U5 snRNA in vitro

It is possible that the RNA sequences selected by mix-
tures of PSF-p54nrb (Fig+ 2C) were derived by inter-
action with individual proteins, or by interaction with
PSF-p54nrb complexes+ We therefore examined bind-
ing of these proteins to U5 snRNA using gel-shift
assays+ In vitro-transcribed, uniformly 32P-labeled,wild-
type U5 RNA was incubated with his-tagged PSF and
his-tagged p54nrb (either individually or in combina-
tion), in the presence of excess yeast tRNA as non-
specific competitor, and subjected to 5% native gel
electrophoresis+ Upon incubation of recombinant PSF
with wild-type U5, a low mobility complex was ob-
served (Fig+ 3, lane 1)+ This complex could be com-
peted away by unlabeled wild-type U5 snRNA, but not
yeast tRNA (data not shown), suggesting specific inter-
action between PSF and U5+When recombinant p54nrb

was incubated with U5 by itself, no complex was de-
tected (Fig+ 3, lane 2)+ In contrast, incubation of 1:1
mixture of recombinant PSF and p54nrb with wild-type
U5 resulted in a complete shift of the PSF/U5 complex
to a lower mobility complex (Fig+ 3, lane 3), indicating

that the two proteins form a complex with U5 snRNA
simultaneously+

Binding of PSF and p54 nrb to U5 snRNA is
dependent on both the sequence and
structure of stem 1b

Proteins with RRM domains, such as PSF and p54nrb,
are thought to primarily bind single-stranded RNA+ The
fact that PSF and p54nrb selected single-stranded se-
quences that match the 39 side of U5 stem 1b, and that
they form a complex with U5 in vitro, raised the ques-
tion as to whether such interaction requires melting of
stem 1b or whether the stem remains paired+ To ana-
lyze their interaction with U5 snRNA, filter-binding
assays were used+ In vitro-synthesized, uniformly 32P-
labeled, wild-type U5 snRNA was incubated with re-
combinant, his-tagged PSF or p54nrb in the presence
or absence of competitor RNAs+ Protein–RNA com-
plexes were then separated from free RNA by filtration
through nitrocellulose, and the level of retained U5 was
quantitated+ Competitor RNAs consisted of wild-type
U5, U5 snRNAs containing mutations in stem 1b, or
yeast tRNA as a nonspecific control+ The different U5
snRNA mutants included a 59 mutant, in which the se-
quence of the 59 strand of stem 1b was changed to
disrupt the base pairing of stem 1b without altering the
optimal PSF-p54nrb-binding site, a 39 mutant in which
the sequence of the 39 strand of stem 1b was changed
so that both the base pairing and the PSF-p54nrb-
binding site were disrupted, and a 59-39 double mutant
in which compensatory changes recreated stem 1b but
with altered sequence on both strands (Fig+ 4D)+

Incubation of recombinant PSF with labeled wild-
type U5 led to retention of U5 snRNA on the nitrocel-
lulose filters, whereas only small amounts of U5 were
retained in the absence of protein (about 2% of total
input)+ To ensure specificity, unlabeled wild-type U5
snRNA was included and found to effectively compete
with labeled wild-type U5, reducing the binding to 30%
of maximum at a fivefold molar excess of competitor
RNA (Fig+ 4A)+ In contrast, yeast tRNA showed little
competition+ Thus, it appears that the filter-binding as-
say monitors specific interaction between PSF and U5+
To test whether stem 1b is required for interaction with
PSF, competition binding experiments were performed
with the 59, 39, and 59-39 U5 snRNA mutants+ Com-
pared to wild-type U5, the 59 mutant could compete for
binding but was not as effective a competitor as wild-
type U5+ The 39 mutant showed some specificity for
PSF binding but was consistently the poorest compet-
itor at all concentrations+ Surprising results were ob-
tained with the 59-39 mutant+ We predicted that this
RNA would not compete, as the PSF binding site was
completely changed, but competition assays showed
that it displayed a competitive efficiency similar to the
59 mutant+ Folding algorithms suggest that the com-

FIGURE 3. PSF and p54nrb form a complex with U5 snRNA in vitro+
In vitro-transcribed wild-type U5 RNA was incubated with his-tagged
PSF (lane 1), his-tagged p54nrb (lane 2), or 1:1 mixture of his-tagged
PSF-p54nrb (lane 3) in the presence of excess yeast tRNA+ The
reactions were incubated at 30 8C for 15 min, and complex formation
was analyzed by 5% native gel electrophoresis+ Free RNAand protein–
RNA complexes are indicated by arrows+
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pensatory mutations recreate stem 1b, implying that
the ability of this RNA to compete for PSF binding is
due to the overall structure of the RNA rather than the
sequence of the 39 strand of stem 1b+ This may explain
why the 59 mutant competed less efficiently than wild-
type U5+ Combined, the three mutant RNAs suggest
that optimal binding of PSF to U5 requires both the
sequence and structure of stem 1b+

For p54nrb, yeast tRNA was able to partially compete
with labeled wild-type U5 snRNA (Fig+ 4B)+ Also, the 59
mutant and the 59-39 mutant RNAs exhibited similar
competitive abilities as wild-type U5 snRNA, whereas
the 39 mutant was no more effective than yeast tRNA+
These results suggest that, in the absence of the orig-
inal stem 1b structure (compare the 59 mutant with the
39 mutant), the wild-type sequence on the 39 side of the
stem 1b is required for specific binding of p54nrb to U5

snRNA+ However, in the presence of the original stem
structure, the stem sequence is apparently less impor-
tant for binding specificity (compare the 59-39 mutant
with wild-type U5)+ Together, the binding experiments
suggest that p54nrb, like PSF, binds to U5 stem 1b, and
that both the sequence and structure of stem 1b con-
tribute to binding specificity+

Filter-binding assays were also performed with the
combination of PSF and p54nrb at approximately a 1:1
ratio (Fig+ 4C)+ Like PSF, yeast tRNA was unable to
out-compete binding between the PSF-p54nrb complex
and wild-type U5 snRNA+ The 59-39 and the 59 mutant
RNAs were both effective competitor RNAs, though not
as efficient as wild-type U5+ With the 39 mutant, there
was a noticeable difference in competitive efficiency
using the PSF-p54nrb complex as opposed to the indi-
vidual proteins+ For the combination, the 39 mutant com-

FIGURE 4. PSF and p54nrb bind U5 snRNA with both the sequence and structure of stem 1b contributing to binding
specificity+ Filter-binding experiments were performed with radiolabeled U5 snRNA in the presence of either his-tagged PSF
(A), his-tagged p54nrb (B), or a mixture of his-tagged PSF-p54nrb (C)+ Increasing amounts of unlabeled competitor RNAs
were included and the decrease in binding is shown with the indicated standard deviation (n 5 3)+ Competitor RNAs: C, wild
type (wt U5); d, the 59 mutant (59 mut);l, the 39 mutant (39 mut); n, the 59-39 mutant (59-39 mut); ▫ , yeast tRNA (ytRNA)+
D: U5 snRNA mutants used in filter-binding experiments and RNA affinity assays+ Mutated nucleotides (circled) were
changed to the bases indicated by the arrows+ Only the region surrounding stem 1b is shown, and no additional mutations
were made outside of this region+ The predicted PSF-p54nrb binding site is boxed+
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peted only slightly better than did yeast tRNA+ This
suggests that the PSF-p54nrb complex, compared to
each individual protein, binds U5 most efficiently when
the sequence of the 39 side of stem 1b is wild type+
However, because the 59-39 mutant also competes, the
structure of stem 1b is also important for binding+

PSF and p54 nrb bind U5 snRNA
in nuclear extract

The gel-shift assays and filter-binding assays described
above were performed using relatively simple in vitro
systems+ In contrast, assembly of nuclear U5 snRNA
into U5 snRNP and U4/U6+U5 tri-snRNP requires that
multiple proteins interact with the RNA+ To determine
whether PSF and p54nrb contact U5 snRNA in the pres-
ence of snRNP proteins and other factors, RNA affinity
selection assays were performed using biotinylated wild-
type and mutant U5 snRNAs+ Following incubation of
biotinylated U5 snRNAs in HeLa nuclear extract under
splicing conditions, associated proteins were captured
by passage over streptavidin-agarose and subjected to
western blot analysis+

As shown in Figure 5, Sm proteins B/B9 assembled
onto the different biotinylated U5 snRNAs with similar
efficiency+U5 snRNP-specific proteins (U5-200 kDa and

U5-116 kDa) also associated with all U5 snRNAs with
only slightly variable efficiencies between the different
U5 snRNAs+ Thus, both wild-type and mutant U5
snRNAs were assembled into snRNPs under these con-
ditions+ For PSF and p54nrb, both proteins associated
with U5 snRNA in nuclear extract (Fig+ 5)+ PSF bound
wild-type U5 snRNA most efficiently with slightly less
association with the 59 mutant, lesser association with
the 59-39 mutant, and the least association with the 39
mutant+ These results mirror the filter-binding results
shown in Figure 4+ Likewise, the association of p54nrb

with the different U5 snRNAs exhibited a similar pat-
tern: wild type . the 59 mutant . the 59-39 mutant .
the 39 mutant+ As controls, neither U2AF65 (Zamore
et al+, 1992) nor SRrp86 (Barnard & Patton, 2000) as-
sociated with any of the biotinylated U5 snRNAs+ These
data indicate that both PSF and p54nrb can bind to U5
snRNA in the presence of multiple RNA-binding pro-
teins in nuclear extract and that such interaction is de-
pendent on the sequence and structure of stem 1b+

PSF and p54 nrb associate with U4/U6.U5
tri-snRNP and splicing complexes

Because the gel-shift assays suggested that PSF and
p54nrb might bind U5 as a complex, we next analyzed

FIGURE 5. RNA affinity assays+ Wild-type U5 snRNA (U5), the 59 mutant (59), the 39 mutant (39), and the 59-39 double
mutant (59-39; shown in Fig+ 4D) were transcribed in the presence of biotin-14-CTP+ Following incubation with HeLa nuclear
extract (NE), biotinylated RNAs and associated proteins were captured by passage over streptavidin agarose+ After exten-
sive washing, bound proteins were eluted and resolved by SDS-PAGE+ Mock reactions (M) were carried out in an identical
manner without biotinylated RNA+ Western blot analysis was performed using antibodies against the indicated proteins+
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the distribution of PSF and p54nrb during splicing in
HeLa nuclear extract by sucrose gradient sedimenta-
tion+ Splicing reactions using labeled pre-mRNA were
allowed to proceed for 15 min before separation on
10%–30% sucrose gradients+RNAs were extracted from

each fraction and separated on a 15% denaturing gel
to identify the location of both labeled splicing RNAs as
well as snRNAs+ Protein components of each fraction
were assayed by western blot analysis+ As shown in
Figure 6A,B, pre-mRNA, mRNA, and splicing inter-

FIGURE 6. PSF and p54nrb associate with U4/U6+U5 tri-snRNP and splicing complexes+ Two hundred-microliter splicing
reactions using AdML pre-mRNA were separated on 10%–30% sucrose gradients+ RNAs from each fraction (numbered)
were recovered by phenol/CHCl3 extraction and separated on 8 M urea-15% PAGE+ Splicing products and snRNAs were
visualized by phosphorimager analysis (A) and silver staining (B), respectively+ Splicing RNAs and snRNAs are indicated
on the right+ The position of U4/U6+U5 tri-snRNP is shown+ C: Proteins from each fraction above (except fractions 8 and 10)
were analyzed by western blot analysis using different antibodies as indicated+
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mediates accumulated near the bottom of the gradient
along with all five U snRNAs (fractions 17–20)+ Al-
though the different snRNAs sedimented across the
gradient, defined RNA and protein peaks could be de-
tected that consist of free snRNPs and U4/U6+U5 tri-
snRNP (fractions 12–15; Fig+ 6B,C)+ The majority of
PSF and p54nrb sedimented near the top of the gradi-
ent (fractions 2–4; Fig+ 6C)+ However, a portion of PSF
and p54nrb comigrated with U4/U6+U5 tri-snRNP, and
another subfraction cosedimented with splicing com-
plexes (fractions 19 and 20)+ These results confirm that
PSF and p54nrb associate with splicing complexes but
that only a fraction of each protein cosediments with
such complexes+

DISCUSSION

PSF and p54 nrb are multifunctional
interacting splicing factors

We have demonstrated that PSF interacts with p54nrb

and that both of these proteins, individually and in com-
bination, select the same optimal RNA-binding se-
quence from random pools of RNA+ PSF and p54nrb

share 71% identity over a 320-amino-acid region en-
compassing their RRMs (Dong et al+, 1993) and multi-
ple functions have been ascribed to each+PSF copurifies
with U4/U6+U5 tri-snRNP preparations (Teigelkamp
et al+, 1997) and a variety of biochemical experiments
indicate that PSF plays an important role in pre-mRNA
splicing (Patton et al+, 1993; Gozani et al+, 1994)+ In
addition, roles for PSF in transcription, topoisomerase
activity, nuclear RNA retention, and DNA recombina-
tion have also been postulated (Straub et al+, 1998;
Akhmedov & Lopez, 2000; Straub et al+, 2000; Urban
et al+, 2000; Mathur et al+, 2001; Zhang & Carmichael,
2001; Sewer et al+, 2002)+ Similarly, multiple functions
involving both RNA and DNA binding have been pro-
posed for p54nrb (Zhang et al+, 1993; Basu et al+, 1997;
Straub et al+, 1998, 2000; Zhang & Carmichael, 2001;
Sewer et al+, 2002)+ Several lines of evidence indicate
that p54nrb is also involved in splicing+ First, p54nrb was
originally isolated in screens designed to identify pro-
teins that cross-react with antibodies against Prp18, a
yeast second-step splicing factor associated with U4/
U6+U5 tri-snRNP and U5 snRNP (Vijayraghavan & Abel-
son, 1990;Dong et al+, 1993;Horowitz & Abelson, 1993)+
Second, GFP fusions and antibodies raised against
p54nrb have been used to demonstrate localization to
nuclei in a speckled pattern albeit somewhat more dif-
fuse than some splicing factors (not shown)+ Third, over-
expression of Spi-1/PU+1, an Ets-related transcription
factor, blocks p54nrb RNA binding, which correlates with
an effect on in vitro splicing (Hallier et al+, 1996)+ Last,
in this study, PSF and p54nrb were found to cosediment
with splicing complexes (Fig+ 6)+ As to how these two
proteins might function in splicing, early experiments

showed that immunodepletion of PSF from splicing ex-
tracts affected both early spliceosome assembly and
the second catalytic step (Patton et al+, 1993; Gozani
et al+, 1994)+ More recently, PSF and p54nrb have been
found to associate with the 59 splice site (M+ Konarska,
pers+ comm+), consistent with a recent report that U4/
U6+U5 tri-snRNP associates with the 59 splice site (Ma-
roney et al+, 2000)+ It is possible that PSF and p54nrb

interact with the 59 splice site early in spliceosome as-
sembly and that this association is maintained through-
out later stages of splicing, such as when the 59 splice
site is positioned in proximity to U5 snRNP+ Thus, PSF
and p54nrb appear to function in multiple steps of the
splicing pathway, one of which may be rate-limiting for
the second catalytic step+ Given recent experiments
suggesting a link between transcription and splicing
(Monsalve et al+, 2000; Fong & Bentley, 2001; Fong &
Zhou, 2001; Maniatis & Reed, 2002), it is also possible
that the multiple roles proposed for PSF and p54nrb

indicate a potentially exciting link between these im-
portant nuclear functions+

PSF and p54 nrb bind a conserved
stem in U5 snRNA

SELEX experiments using PSF, p54nrb, or the combi-
nation thereof, identified a purine-rich sequence iden-
tical to the 39 side of U5 snRNA stem 1b as their optimal
RNA binding sites (Fig+ 2)+ Previous iterative selection
assays using fewer (five) rounds of selection with p54nrb

also identified a purine-rich sequence, 59-AGGGA-39
(Basu et al+, 1997)+ Although this sequence is some-
what different from our results, closer examination of
the selected sequences from these experiments show
that they align well with U5 stem 1b+ For example, 29
out of 30 clones had one or more similar GGAG or
GGAA motifs, and 10 of the clones contained the
sequence 59-UGG_GAGGAA-39+ Together, the SELEX
experiments suggest that both PSF and p54nrb bind
stem 1b+

Binding of PSF and p54nrb to U5 was first verified by
gel-shift assays, then analyzed by filter-binding assays
and affinity selection experiments (Figs+ 3–5)+ In gel-shift
assays, PSF/U5 complex was completely supershifted
by the addition of p54nrb, resulting in a PSF-p54nrb/U5
complex (Fig+ 3)+ Although we cannot exclude the pos-
sibility that the two proteins have individual binding sites
on U5 snRNA, the fact that they selected the same
sequence (the 39 side of U5 snRNA stem 1b) suggests
they bind to U5 stem 1b as a complex, consistent with
previous reports (Zhang et al+, 1993; Straub et al+, 1998)+
In agreement with this, nuclear PSF and p54nrb showed
similar distribution patterns after sucrose gradient sed-
imentation (Fig+ 6)+ In contrast, no p54nrb/U5 com-
plexes were observed in gel-shift assays but such
interactions were clearly detectable in filter-binding ex-
periments+ Thus, p54nrb by itself may bind U5 snRNA
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weakly, but such interaction might be stabilized by the
presence of PSF+

Binding specificity for both proteins appears to de-
pend on multiple elements, including the predicted bind-
ing sequence on the 39 side of stem 1b+ The importance
of the 39 strand of the stem 1b was first identified in
SELEX assays and confirmed using the 59 and 39 mu-
tant U5 snRNAs+ In both the filter-binding assays and
the biotinylated-RNA selection experiments, PSF and
p54nrb bound to wild-type U5 and the 59 mutant RNA
more efficiently than to the 39 mutant+ However, the
importance of the stem structure was shown using the
59-39 double mutant+ Because the 59-39 mutant lacks
the optimal binding sequence for PSF-p54nrb, it seems
that the structure of stem 1b contributes to binding spec-
ificity as well+Although we have not experimentally ver-
ified whether the 59-39 mutant adopts a structure identical
to wild-type U5, computer folding algorithms predict the
same secondary structure+ Whether other factors also
contribute to binding specificity remains unclear+ Sec-
ondary structure predictions of the 59 and 39 mutants
suggest that these mutations primarily affect the struc-
ture of stem 1b with minor disruption of immediately
adjacent structures (IL1 and IL2)+ The weak but detect-
able binding of PSF and p54nrb to the 39 mutant implies
that regions other than stem 1b might also be involved
in binding+

Association of PSF and p54 nrb with
U5 snRNA during splicing

Double-stranded RNAs adopt the A-form conformation
that precludes base-specific interaction with protein side
chains in the deep major groove (Steitz, 1999)+ There-
fore, the question arises as to how PSF and p54nrb

interact with an A-form helix while apparently maintain-
ing sequence specificity+ One speculative possibility is
that PSF and p54nrb could bind U5 in two ways: to the
intact stem, or to the 39 side of the stem after melting+
At least two ATPases (U5-100 kDa and U5-200 kDa)
and one homolog of EF-2 GTPase (U5-116 kDa) have
been found to associate with U5 snRNP and may func-
tion to mediate unwinding to facilitate the multiple RNA–
RNArearrangements that are central to splicing (Fabrizio
et al+, 1997; Teigelkamp et al+, 1997; Laggerbauer et al+,
1998)+ Interestingly, hPrp8 (U5-220 kDa), which makes
multiple contacts with the pre-mRNA and with U5 (Mac-
Millan et al+, 1994; Reyes et al+, 1996; Chiara et al+,
1997), forms a stable complex with three U5 proteins
(U5-200, U5-116, and U5-40; Achsel et al+, 1998)+ IL2,
the internal loop between stems 1b and 1c, is required
for efficient association of hPrp8 and U5-116 kDa with
U5 (Hinz et al+, 1996; Ségault et al+, 1999)+ Given that
the U5-200 kDa protein is a putative unwindase, it seems
reasonable to propose that stem 1b of U5 might also
undergo a conformational change during spliceosome
assembly or during the two catalytic steps+ Interest-

ingly, two-hybrid screens using fragments of hPrp8 have
detected interaction with PSF (G+Moreau and M+Moore,
pers+ comm+), consistent with association of these two
proteins to U5 in the vicinity of stem 1b+

As to how PSF and p54nrb might function in this pro-
cess, there are at least two possibilities+ First, PSF and
p54nrb may initially bind to double-stranded stem 1b
but then bind more tightly to the 39 side of the stem
upon unwinding+ Such binding could stabilize the un-
paired strands coincident with U4/U6+U5 tri-snRNP con-
tacting the 59 splice site, or perhaps during the second
step of splicing+ Second, given that PSF has been dem-
onstrated to promote the annealing of DNA (Akhmedov
& Lopez, 2000), PSF and p54nrb could facilitate the
reannealing of U5 stem 1b subsequent to melting, me-
diated by one or more unwindases+ Either way, the
interaction could be transient, supported by nonstoichi-
ometric association of PSF with U4/U6+U5 tri-snRNP
(Teigelkamp et al+, 1997), and the fact that only a small
amount of PSF and p54nrb cosedimented with U4/
U6+U5 tri-snRNP and with splicing complexes (Fig+ 6)+

The high degree of conservation of U5 stem 1b in
vertebrates and flies implies that it plays a critical role
in U5 function+ Ségault et al+ (1999) examined the abil-
ity of several human U5 snRNA mutants to function in
splicing by reconstituting U5-depleted nuclear extract
with in vitro transcribed mutant U5 snRNAs+ Although
the rescue of splicing was prevented by deletion of IL2,
a stem 1b mutant (sub-stem 1b) was still partially func-
tional, perhaps suggesting that this region is not im-
portant after all+ However, the sub-stem 1b mutant
maintained a purine-rich sequence of 59-CAGAGA
GAAGU-39 on the 59 side of the stem+ Comparison of
this sequence with the 39 strand of the original stem
(the optimal PSF-p54nrb binding site) showed that all
the changes are transitions, whereas most of our
changes are transversions+ Furthermore, about 50% of
the SELEX sequences we identified contain at least
one AGAG or GAAG motifs (Fig+ 2A,B,C)+ Thus, it is
possible that the sub-stem 1b mutant fortuitously main-
tained a binding site for PSF and p54nrb on the 59 side
of stem 1b+

Unlike higher eukaryotes, the PSF-p54nrb binding site
is not present in the corresponding regions of yeast U5
snRNA (Fig+ 2D)+ This lack of conservation, together
with the apparent absence of PSF and p54nrb homo-
logs in yeast, suggests either that yeast U5 functions
differently from that of higher eukaryotes, or that yeast
contain an as yet unidentified functional homolog of
PSF and p54nrb+ Regardless, the data presented in this
article show that PSF and p54nrb interact with stem 1b
of U5 snRNA, requiring both the sequence and struc-
ture for binding+ Detailed analysis of the effects that
PSF and p54nrb have on U5 snRNA will be required to
determine the exact role these proteins play in early/
late steps of splicing, and any potential links between
transcription and splicing+
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MATERIALS AND METHODS

Recombinant protein expression

Full-length human p54nrb was expressed from the pGex-2T
vector as an N-terminal fusion with GST and from the pET
28A vector (Novagen) as a his-tagged fusion+ The GST-
p54nrb deletions described in Figure 1 (GST-p54nrbD17–220,
GST-p54nrbD71–220, GST-p54nrbD17–369, GST-p54nrbD71–
464, and GST-p54D226–464) were generated by reverse PCR
using pGex-2T-p54nrb as the template (Imai et al+, 1991;
Coolidge & Patton, 1995)+ Detailed cloning strategies and
primer sequences are available upon request+All clones were
verified by sequencing+

GST-p54nrb and deletion mutants were expressed in the
Escherichia coli strain HB101, and pET 28A-p54nrb was ex-
pressed in BL21 (DE3)-pLysS+ Cells were grown in LB media
at 37 8C until an OD600 of 0+5 was attained+ Expression was
induced for 3 h by the addition of IPTG to a final concentra-
tion of 1 mM+ GST-p54nrb fusion proteins were purified by
passage over glutathione agarose (Sigma), eluted with a glu-
tathione gradient, and dialyzed against buffer D (20 mM Tris-
HCl, pH 7+9, 100 mM KCl, 0+2 mM EDTA, 0+5 mM DTT, 5%
glycerol)+ His-tagged p54nrb was purified by passage over
Ni-NTA agarose (Qiagen) and further purified by chromatog-
raphy on a Mono-S column (Pharmacia)+ His-tagged PSF
was prepared as previously described (Patton et al+, 1993)
with additional purification over a Mono-S column+ Average
purity of the proteins was 95%+ Purified proteins were dia-
lyzed into either buffer A (Pérez et al+, 1997) for use in SELEX
assays or into buffer D for other experiments+

Yeast two-hybrid screens

Full-length PSF cDNA was cloned into the pBTM116 vector
as a fusion with the LexA DNA binding domain and used to
screen a 7-day mouse embryo cDNA library cloned into pVP16
and expressed as fusions with the VP16 transcriptional acti-
vation domain+ Bait and prey vectors were cotransformed
into the yeast strain L40 (his3D200, trp-901, leu2-3, 112, ade2,
LYS2::(lexAop)4-HIS3, URA3::(lexAop)8-LacZ, partial geno-
type), allowing selection of positive interactions based on
growth on his2 plates and b-galactosidase activity+ Initial se-
lection for positive clones was performed on his2 plates con-
taining a final concentration of 15 mM 3-amino-triazole+
b-galactosidase assays were performed as previously de-
scribed (Kaiser et al+, 1994)+

Immunoprecipitations

HeLa nuclear extract (approximately 50 mg; Abmayr et al+,
1988) was diluted to a volume of 400 mL with buffer D con-
taining 0+5% NP-40 and incubated with 1+2 mg anti-PSF anti-
body (Patton et al+, 1993) and 15 mL (bead volume) protein
G-Sepharose (Pharmacia) for 2 h at 4 8C+ Following three
washes with buffer D containing 0+5% NP-40, beads were
resuspended in 20 mL 23 Laemmli loading buffer (Laemmli,
1970)+ Following separation on 9% SDS-PAGE gels, immuno-
precipitated proteins were transferred to PVDF, and p54nrb

was detected by western blot analysis using a monoclonal
antibody raised against GST-p54nrb+

PSF-p54nrb interaction assays

In vitro-translated, 35S-labeled PSF was prepared using the
TNTT T7 Coupled Reticulocyte Lysate System (Promega)+
The radiolabeled protein was diluted in PP-300 buffer (20 mM
Tris-HCl, pH 8+0, 300 mM NaCl, 0+5 mM EDTA, 0+2% NP-40,
and 0+5 mM DTT) and mixed with equal amounts of
glutathione-agarose beads to which GST-p54nrb or one of its
deletion mutant derivatives was prebound+ Following incuba-
tion in a total volume of 225 mL at room temperature for 1 h,
the beads and bound proteins were precipitated by brief cen-
trifugation, and the supernatant was discarded+ The beads
were then washed three times with 500 mL of PP-300 and
resuspended in 30 mL of 23 Laemmli loading buffer (Laemmli,
1970)+ Bound proteins were resolved by SDS-PAGE on 9%
gels, and radiolabeled PSF visualized by phosphorimager
analysis+

SELEX

SELEX assays were performed using 7+5 mg of each recom-
binant protein in the binding steps, as described (Tuerk
& Gold, 1990; Pérez et al+, 1997)+ Briefly, a pool of DNA
(59-GCGTCTCGAGAAGCTTCC(N20)AGTCGGGAATTCGG
ATCCCtatagtgagtcgtatta-39) was synthesized containing a
randomized 20-nt sequence (N20) flanked by anchor se-
quences that served as primer annealing sites for PCR and
for T7 RNA polymerase+ The amplified DNA pool was then
transcribed, and resulting RNAs were incubated with his-
tagged PSF and/or his-tagged p54nrb in binding buffer (10 mM
Tris-HCl, pH 7+5, 100 mM KCl, 2+5 mM MgCl2, 0+1% Triton
X-100, 0+1 mg/mL yeast tRNA)+ The proteins and bound RNAs
were recovered with Ni-NTA agarose beads (Qiagen) and
RNAs were recovered by phenol extraction and ethanol pre-
cipitation+ Selected RNAs were then reverse transcribed and
amplified by PCR to produce an enriched pool of DNA+ After
eight rounds of selection, reverse transcription, and amplifi-
cation, the final pool was cloned and sequenced+ Prior to
selection, each pool of RNA was incubated with Ni-NTA aga-
rose to eliminate nonspecific binding to the beads+ Consen-
sus sequences were generated using the GCG DNA analysis
software+

In vitro transcription

The 59, 39, and 59-39 human U5 snRNA mutants described in
Figure 4D were generated by site-directed mutagenesis from
pHU5a2 (wild type; Patton, 1991) as described (Imai et al+,
1991; Coolidge & Patton, 1995)+ All mutants were confirmed
by sequencing, and their secondary structures analyzed by
both Mfold3 (Mathews et al+, 1999; Zuker et al+, 1999; http://
bioinfo+math+rpi+edu/%7Emfold/rna/form1+cgi) and the Vienna
package (Hofacker et al+, 1994; http://www+tbi+univie+ac+at/
cgi-bin/RNAfold+cgi)+Wild type, 32P-CTP-labeled, U5 snRNA,
unlabeled competitor RNAs, and biotinylated RNAs were tran-
scribed from templates (BfaI-linearized pHU5a2) using the SP6
MEGAscriptTM in vitro transcription kit (Ambion)+ Template
DNAs were removed by digestion with RNase-free DNase I+
Biotin was uniformly incorporated by the addition of biotin-14-
CTP (Invitrogen), as described (Dye et al+, 1998)+ An adeno-
virus-derived splicing substrate RNA (AdML) was transcribed
as described (Dye et al+, 1998; Barnard & Patton, 2000)+
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Gel-shift assays

Radiolabeled wild-type U5 snRNA (1+3 pmol) was mixed with
5+8 pmol his-tagged PSF and/or 5+8 pmol his-tagged p54nrb

in reactions containing 1 mM ATP, 2 mM MgCl2, 0+5 mM DTT,
0+4 mg/mL yeast tRNA, and enough buffer D to reach 60 mM
KCl in a total volume of 10 mL+ Reactions were incubated at
30 8C for 15 min, and then stored on ice for additional 5 min+
Samples were separated on 5% nondenaturing polyacryl-
amide gels (50 mM Tris, 50 mM glycine; Konarska & Sharp,
1987)+ Gels were dried and protein–RNA complexes visual-
ized by phosphorimager analysis+

Nitrocellulose filter-binding assays

Filter-binding assays were performed as described (Lynch &
Maniatis, 1995)+ Radiolabeled wild-type U5 snRNA (5 pmol)
was incubated with 2 pmol his-tagged PSF and/or 2 pmol
his-tagged p54nrb in reactions containing 1 mM ATP, 2 mM
MgCl2, 0+5 mM DTT, 0+4 mg/mL yeast tRNA, enough buffer D
to reach 60 mM KCl, and the indicated amount of unlabeled
competitor RNA in a total volume of 10 mL+ The amount of
labeled RNA bound to filters was monitored by control reac-
tions in which Buffer D was substituted for proteins+ Reac-
tions were incubated at 30 8C for 15 min, and then stored on
ice for additional 5 min+ Samples were diluted with 90 mL
wash buffer (12 mM Tris-HCl, pH 7+9, 60 mM KCl, 0+12 mM
EDTA), and immediately filtered through a 0+45 mm pore
nitrocellulose sandwiched in a Hybri-SlotTM manifold (Gibco-
BRL)+ Filters were washed once with 200 mL wash buffer,
air-dried, and the amount of retained, labeled U5 was
quantitated+

RNA affinity assays

HeLa nuclear extract (15 mL, approximately 75 mg) was in-
cubated with 1 mg biotinylated RNA in each 50 mL reaction
containing 0+5 mM ATP, 20 mM phosphocreatine, 2 mM MgCl2,
0+5 mM DTT, 15 mL buffer D, and 0+3 mg/mL yeast tRNA+
Reactions were incubated for 15 min at 30 8C, chilled on ice
for 5 min, and then mixed with 20 mL streptavidin-agarose
beads (Sigma), preequilibrated in 130 mL wash buffer (see
above) containing 1 mM PMSF, 50 mg/mL yeast tRNA, 0+01%
NP-40+ All samples were placed in 50 mL tubes packed with
ice, and rocked on a tilt board at 4 8C for 30 min+ Beads were
then washed twice with 200 mL ice-cold wash buffer contain-
ing 0+005% NP-40 and resuspended in 23 Laemmli loading
buffer (Laemmli, 1970)+ Following SDS-PAGE on 10% gels
(or 5% gels for U5-200 kDa and U5-116 kDa), proteins were
transferred to nitrocellulose, and western blots were per-
formed using either anti-PSF (Patton et al+, 1993), anti-
p54nrb, anti-U5-116 kDa (Fabrizio et al+, 1997), anti-U5-200
kDa (Lauber et al+, 1996), anti-snRNP (from human patients),
anti-SRrp86 (Barnard & Patton, 2000), or polyclonal anti-
U2AF65 antibodies+

Sucrose gradient sedimentation of
snRNPs and splicing complexes

In vitro splicing reactions using AdML pre-mRNA were carried
out as previously described (Barnard & Patton, 2000)+ For

sedimentation analyses, 200 mL splicing reactions were in-
cubated at 30 8C for 15 min, and then layered onto 10%–30%
sucrose gradients containing 2 mM MgCl2, 0+5 mM DTT, 60%
buffer D, 1 mM PMSF, 5 mM NaF, and 0+01% NP-40+ After
centrifugation in a Beckman SW-60 rotor at 25,000 rpm for
14 h at 4 8C, fractions from the gradients were collected+
RNAs were recovered from each fraction by phenol/CHCl3
extraction and separated on 8 M urea-15% PAGE+ Splicing
products and snRNAs were visualized by phosphorimager
analysis and silver staining, respectively+ Proteins from each
fraction were analyzed by western blot analysis using differ-
ent antibodies as described above+
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