AMCB

Journals.ASM.org

A U1-U2 snRNP Interaction Network during Intron Definition
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The assembly of prespliceosomes is responsible for selection of intron sites for splicing. U1 and U2 snRNPs recognize 5’ splice
sites and branch sites, respectively; although there is information regarding the composition of these complexes, little is known
about interaction among the components or between the two snRNPs. Here we describe the protein network of interactions link-
ing U1 and U2 snRNPs with the ATPase Prp5, important for branch site recognition and fidelity during the first steps of the reac-
tion, using fission yeast Schizosaccharomyces pombe. The U1 snRNP core protein U1A binds to a novel SR-like protein, Rsd1,
which has homologs implicated in transcription. Rsd1 also contacts S. pombe Prp5 (SpPrp5), mediated by SR-like domains in
both proteins. SpPrp5 then contacts U2 snRNP through SF3b, mediated by a conserved DPLD motif in Prp5. We show that mu-
tations in this motif have consequences not only in vitro (defects in prespliceosome formation) but also in vivo, yielding intron
retention and exon skipping defects in fission yeast and altered intron recognition in budding yeast Saccharomyces cerevisiae,
indicating that the U1-U2 network provides critical, evolutionarily conserved contacts during intron definition.

ntron removal from new transcripts by pre-mRNA splicing is a

fundamental feature of all eukaryotes. Such splicing is catalyzed
by the spliceosome, a dynamic RNA-protein complex containing
>150 proteins and five snRNAs. The assembly of the spliceosome
is considered to be a dynamic process with a large number of
RNA-RNA and RNA-protein rearrangements (31, 35). In the ca-
nonical pathway, Ul snRNP recognizes the pre-mRNA at the 5’
splice site (5'SS); then, U2 snRNP stably binds the branch site (BS)
region to form a prespliceosome. U4/5/6 tri-snRNP then joins,
after rearrangements, Ul and U4 snRNPs are released, and the
remaining U2/5/6 core forms the catalytic spliceosome. Both the
early recognition of pre-mRNA and the rearrangements of snRNP
structures to form an active conformation are facilitated by
DExD/H ATPases, which couple ATP binding/hydrolysis with
structural alterations (33, 35).

Two modes for early exon and intron specification have been
described: exon definition for short exons flanked by long introns,
which mostly appear in vertebrates, and intron definition for
short introns, which are often present in lower eukaryotes (5).
Interactions between Ul and U2 snRNPs are critical to both exon-
and intron-defined phases of spliceosome assembly. In the forma-
tion of commitment complexes in budding yeast Saccharomyces
cerevisiae, or E complexes in mammals, cross-intron bridging in-
teractions are proposed to connect from Prp40 in U1 snRNP at the
5SS to SF1/BBP at the branch site or to U2AF at the polypyrimi-
dine tract (PPT), respectively (1,24). However, in prespliceosome
formation, the first ATP-dependent transition, the BS-SF1/BBP
interaction (or the PPT-U2AF interaction) is disrupted and re-
placed by BS-U2 snRNP interactions (28, 33). This exchange of
interactions is facilitated by the ATPase Prp5, which has been pro-
posed to unwind the branchpoint-interacting stem-loop (BSL) of
U2 snRNA and allow for U2-BS pairing (21). At this stage, there is
little information as to how the 5'SS-BS connection is maintained.
We previously reported that Schizosaccharomyces pombe Prp5 (Sp-
Prp5) is part of a physical bridge between U1l and U2 snRNPs (42),
which are multicomponent complexes, each with one snRNA and
>10 proteins (14); we have now identified components of this
bridge and studied their interactions.

SR and SR-related proteins contribute to multiple steps of pre-
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mRNA splicing, functioning as activators/repressors in splicing
regulation, affecting splice site recognition, spliccosome assembly,
and catalysis (18). SR proteins usually consist of an RS domain,
enriched in Arg-Ser dipeptides, and an RNA-binding motif or
other functional domain. The RS domain mediates protein-
protein interactions or contacts the pre-mRNA and can also be a
signal for nuclear import/export and subcellular localization (6,
34). SpPrp5 contains an RS-like domain and a U2 snRNP-binding
domain within its N terminus and a conserved ATPase/helicase
domain within its C terminus (Fig. 1A) (42). Therefore, as a cen-
tral protein in the bridge between U1 and U2 snRNPs, the RS-like
and U2-binding domains in SpPrp5 could provide binding sites
for Ul and U2 components.

Here, we purified and characterized SpPrp5-containing com-
plexes and investigated protein-protein interactions between the
components. We identify the SR-related protein Rsd1 as a medi-
ator of the interaction between SpPrp5 and Ul snRNP and the
SF3b complex as the binding target of SpPrp5 in U2 snRNP. We
also describe a phylogenetically conserved DPLD motif in Prp5,
mutation of which disrupts SpPrp5-SF3b and SpPrp5-U2 snRNP
interactions and the formation of prespliceosomes in vitro, yield-
ing intron definition defects in vivo. These findings elucidate a
network of interactions between U1 and U2 snRNPs that contrib-
utes to intron definition.

MATERIALS AND METHODS

Yeast strains and extracts. Yeast strains are described in Table 1. Schizo-
saccharomyces pombe strain 972 h~ was used for C-terminal tagging of
each protein of interest by PCR-based gene targeting (2, 23); tagged
strains were selected by G418 resistance and confirmed by Western and

Received 3 September 2011 Returned for modification 11 October 2011
Accepted 24 October 2011

Published ahead of print 7 November 2011

Address correspondence to Yong-Zhen Xu, yzxu@sibs.ac.cn, or Charles C. Query,
charles.query@einstein.yu.edu.

Copyright © 2012, American Society for Microbiology. All Rights Reserved.
doi:10.1128/MCB.06234-11

0270-7306/12/$12.00 Molecular and Cellular Biology p. 470-478

a3aiN 40 1702 NIFLSNIZ 14397V Aq 102 ‘82 AInC uo /Blo"wse gowy/:dny wolj papeojumoq


http://dx.doi.org/10.1128/MCB.06234-11
http://mcb.asm.org
http://mcb.asm.org/

A SpPrp5
y 1014
[Rs | ol 1 Hia o] ir | i VI v v
U1 u2 R
interaction interaction ATPasedomain
o
B SpPrp5-TAP extract C o ,‘E
VATP incubation g g
Extract 2
CBP-T-ProtA —_—
RNaseA + + graice
150K - /SF3b130
o . . ‘Prp5-CBP
100K - i
) . — Snu71
VRNasedlgestlon s S [de1
‘ , ‘ :i SF3b145
Prp5 . !
g +tE@ 50K 0 9, «
Y iGattinityselection a7k- | - SF3ba9
Calmodulinselection "
\/ 25K—. o -UA
CBP s (
Prp5 ;‘H. il
Il
X o 15K- I
. SF3b14a

10K - [

FIG 1 Identification of SpPrp5-associated proteins. (A) Schematic of S.
pombe Prp5 protein, indicating regions previously shown to be sufficient
for interaction with Ul and U2 snRNPs (42). (B) Strategy for identification
of protein interaction partners of SpPrp5. ProtA, protein A. (C) Silver-
stained gel to visualize proteins that copurified with SpPrp5. An untagged
extract was used as a negative control. The two large bands in each lane
indicated by an asterisk to the right of the gel are the heavy and light chains
of IgG, derived from the resin. The positions of molecular weight markers
(in thousands) are indicated to the left of the gel.

PCR analyses. Intact and tagged-protein-depleted extracts from S. pombe
strains were prepared as described previously (42). Strains containing
mutations of the DPLD motif within the endogenous SpPrp5 gene were
generated using targeted homologous recombination in SP286 (h*/h*)
diploid strain, followed by switching the mating type to h*/h™ using
plasmid pON177 that contains the S. pombe MAT1-1 M locus, and then
by dissection of the sporulated tetrads. PCR products for targeting DPLD
mutations contained the KanMX6 cassette, an upstream silent mutation
of a Sacl site (within SpPrp5) and individual DPLD motif mutations;
mutant strains were confirmed by sequencing of the SpPrp5 gene. S.
pombe 972 h— and its derivative tagged strains were cultured in YE me-
dium (0.5% yeast extract, 3.0% glucose); the SpPrp5 DPLD mutant
strains were cultured in YES medium (YE medium plus amino acid sup-
plements). Saccharomyces cerevisiae strains were derived from yYZX02
with ACTI-CUPI reporters (43). The S. cerevisiae prp5-DPLD mutants
were constructed using in vivo gap repair cloning in pRS314 plasmids.
Copurification and mass spectrometry. S. pombe extracts were incu-
bated at 30°C for 30 min to assemble SpPrp5-associated complexes, fol-
lowed by RNase A digestion (40 ng/ul) for 30 min. The mixture was
applied to an IgG-Sepharose column (Amersham Pharmacia) and washed
using IPP100 buffer (10 mM Tris-HCl [pH 8.0], 100 mM NaCl, 0.1%
Nonidet P40). Bound proteins were released by tobacco etch virus (TEV)
protease (Invitrogen) cleavage at 16°C for 4 h and applied to calmodulin
resin (Stratagene) in the presence of 2 mM CaCl,. Copurified proteins
were eluted with buffer containing 2 mM EGTA, separated by SDS-PAGE,
and analyzed using a Dionex capillary/nano-high-performance liquid
chromatography (nano-HPLC) system and tandem mass spectrometry
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(MS-MS) by a Finnigan LCQ mass spectrometer. The MS-MS data set was
searched using Sonar MS-MS and MASCOT for protein identification.

Mutagenesis, recombinant protein expression, and purification. All
mutations in the chromosomal SpPrp5 gene and the constructs for in vitro
protein expression were generated by two- or three-step overlapping PCR
and confirmed by sequencing. We used pGEX-4T-1 vector for glutathione
S-transferase (GST) tag cloning and pET-33b for His, tag cloning. Re-
combinant proteins were purified by either glutathione-Sepharose or Ni-
agarose (Qiagen) chromatography under standard conditions, except that
the lysis and binding buffers contained 500 mM NaCl. The purified re-
combinant proteins were dialyzed against buffer D (20 mM HEPES-KOH
[pH 7.9], 0.2 mM EDTA, 100 mM KClI, 0.5 mM dithiothreitol [DTT], 1
mM phenylmethylsulfonyl fluoride [PMSF], and 20% glycerol) after pu-
rification.

In vitro transcription and translation for [3°S]methionine-labeled
proteins. cDNAs of S. pomnbe genes were generated by Qiagen Sensiscript
reverse transcriptase from total RNA using an oligo(dT) primer, and the
coding sequence of each gene of interest was amplified by PCR adding a
T7 promoter and a Kozak sequence (AGCCACC) for optimal protein
translation. The PCR products were confirmed by sequencing and used
directly as templates for [*>S]methionine incorporated protein synthesis
by TNT T7 quick coupled transcription/translation system (Promega).
Twenty-five microliters of 3>S-labeled protein was used for each protein-
protein interaction assay and visualized by autoradiography.

Western and Northern blots. Antiserum against SF3b155 was gener-
ated by immunizing rabbits with ;;;EKELPAALPTEIPGVC peptide
(Genemed Synthesis Inc.). Western blots were probed using monoclonal
antibody MAb 12CA5 (Roche) and sheep anti-mouse antibody conju-
gated to horseradish peroxidase (HRP) (Amersham) for hemagglutinin
(HA) or using rabbit anti-chicken antibody conjugated to HRP (Pierce) to
detect the protein A component of the tandem affinity purification (TAP)
tag. Northern analyses were performed by transferring RNA from urea
gels to Hybond N membranes (Amersham), followed by probing with
32P-labeled antisense DNA oligonucleotides.

Reverse transcription-PCR (RT-PCR) analysis for in vivo mutants.
Mutant strains were cultured at 30°C to an optical density (OD) of 0.8
measured at 600 nm; cells were harvested, and total RNA was extracted as
described previously (43). Reverse transcription was performed using an
oligo(dT) primer (ReverTra Ace-a; Toyobo), and PCR used the primers
listed in Table 2. PCRs were carried out for 30 cycles using primers listed
in Table 2; products were semiquantified using a Tanon-2500 gel analysis
system.

TABLE 1 Yeast strains used in this study

Yeast strain Relevant genotype or phenotype or description®

S. pombe strains
972 h~
972 h~(Prp5-TAP)
972 h~(Rsd1-TAP)
(
(

h=972

h~ prp5::prp5-TAP-KanMx

h~ rsdl:rsd1-TAP-KanMx

h~ sap145::sap145-TAP-KanMx

h~ sap49::sap49-TAP-KanMx

h~ prp12:KanMx-FLAG-sap49

h*/h* ade6-M210/ade6-M216 ura4-D18/ura4-D18
leul-32/leul-32

prp5:KanMx-prp5-WT

prp5:KanMx-prp5-D303A

prp5:KanMx-prp5-P304A

prp5:KanMx-prp5-L305A

972 h—(SF3b145-TAP)
972 h~(SF3b49-TAP)

972 h~(SF3b130-flag)

SP286 (h*/h*)

SpPrp5-WT

SpPrp5-APLD
SpPrp5-DALD
SpPrp5-DPAD

%2}

. cerevisiae strains

yYZX02 MATa ade2 cuplA::ura3 his3 leu2 lys2 prp5A::loxP
trpl pRS314- PRP5(PRP5 URA3 CEN ARS)
Constructed from yYZX02; Prp5 alleles were in

pRS316-TRP, and the WT allele in pRS314 was

removed using 5-FOA

ScPrp5-DPLD mutants

@ WT, wild type; 5-FOA, 5-fluoroorotic acid.
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TABLE 2 Primers for RT-PCR

Sense primer

Antisense primer

Gene Location  Sequence Location  Sequence
Intron-containing genes
pyp3° Exon 1 5'-CTCGTGTTCGTTTAGATCCAATG Exon 2 5'-GGCGTTCCCTCAATTTGGTAAGC
erfle Exon 2 5'-GGAGATCAGCTGAAGGCTTCTAC Exon 3 5'-TACAAGCAGCATCTACACGGTCC
Exon 1 5'-CCTGAAGAGCCAGAAGATATGTG Exon 5 5'-TGCTGAATATGTAGTCATACAAG
sF3b155 Exon 1 5'-CTTCGCCATCAACATGTCAACTG Exon 3 5'-GGTCATAACTTTCATCAGCGTATTCATT
cdc2 Exon 1 5 -ATGGAGAATTATCAAAAAGTCGAAA Exon 3 5'-CTTCTAGAATGGCAAAAATTTACAC
Exon 2 5'-CTTGAAGATGAATCTGAGGGAGTTC Exon 4 5'-CAGGAGCACGATACCATAAAGTGAC
Exon 3 5'-ACATGGACCGAATTTCAGAAACTG Exon 5 5'-CACTAATGCGATGGGCAGGGTC
nda3 Exon 1 5'-CATAAATTAGTCTAGATGCGTGAG Exon 3 5'-ATTCCAGCTGAATCCAAACCATG
Exon 5 5'-TAAAGCATCACATGCTTCAGCTTC
Exon 6 5'-CTTGGATAGAAGTACTGTTACC
cgs2 Exon 1 5'-GCATGCAGCACTCGAAATCAAAG Exon 3 5'-TCAGAAATCAAATGACTGCTACAG
Exon 4 5'-TGCAGACGACTTTAGCTCTTGAC
Intron-less genes
alple 5 -GTTTCAGCGTTGGCTTCGTCTT 5'-ATTCAAGTTAAGCGGACAGACG
prp5 5'-GACCGCGGTATGCTAGGAAATGAGCAAGC 5 -TTTATTTTTGAGTGATCAACTGTGATTACGTCTTTC
sF3b145 5'-ATGATGCCTTCTTTCGCTACCA 5'-TCATAGCCTGCTCAGACACCAACT

@ Data on primers for these two genes are taken from reference 40.

RESULTS

Identification of Prp5 interaction partners. To characterize the
Prp5-mediated connection between Ul and U2 snRNPs, Ul-
(Prp5-TAP)-U2 complexes from S. pombe extract were assembled
and then digested with RNase A to degrade the snRNAs. Proteins
bound to SpPrp5-TAP were purified by two-step affinity chroma-
tography and identified by mass spectrometry (Fig. 1B and C). A
similar purification without RNase A treatment and a mock puri-
fication from an untagged strain were used as controls.

Three groups of proteins were found associated with SpPrp5
(Fig. 1C and Table 3). The first group contained two Ul snRNP
proteins: UlA and S. pombe Snu71 (SpSnu71). The second
group contained five U2 snRNP SF3b subunits: SF3b155,
SF3b130, SF3b145, SF3b49, and SF3bl4a. A third group,
non-Ul or non-U2 proteins, contained one member: Rsd1, an
SR-like protein (15) whose human homolog, CAPER (also
known as HCC1, CC1.3, RNPC2, and RBM39), was originally
identified as a nuclear autoantigen in hepatocellular carcinoma

TABLE 3 Results of mass spectrometry

(12) and has been reported to coactivate AP1 and ER (estrogen
receptor) transcription factors (9, 13), is overexpressed in
breast cancer (19), and was recently found in purified exon
definition complexes (27, 29). All of the identified proteins
were also found in highly purified S. pombe prespliceosomes
(T. Huang and C. C. Query, unpublished observations) and in
human complex A (4, 14). Several additional proteins (data not
shown) were found with low abundance in the SpPrp5-purified
material and are not further pursued here.

Rsd1 mediates Prp5 interaction with Ul snRNP. To investi-
gate direct protein-protein interactions, we used GST pulldown
assays with a series of GST fusion proteins and [**S]methionine-
labeled in vitro translation products expressed in reticulocyte ly-
sate. GST-SpPrp5 did not copurify U1A or SpSnu71; however, it
did efficiently copurify the non-U1/U2 protein, Rsdl (Fig. 2A).
Furthermore, GST-Rsd1 copurified U1A, but not SpSnu71, and
GST-SpSnu71 copurified U1A, but not Rsd1 (Fig. 2B). These data
suggest that the interaction between SpPrp5 and Ul snRNP in-

S. pombe protein MM¢ (kDa) No. of peptides Human protein S. cerevisiae protein
Ul snRNP
U1A/Usp102/Mudl (SPBC4B4.07¢) 28.3 2 UlA Mudlp
SpSnu71p/Usp107 (SPBC839.10) 81.0 3 Snu71p
U2 snRNP
SF3b155/Sap155/Prp10 (SPAC27F1.09¢) 135.8 16 SF3B1/SF3b155 Hsh155p
SF3b130/Sap130/Prp12 (SPAPJ698.03¢) 135.8 20 SF3B3/SF3b130 Rselp
SE3b145/Sap145 (SPAC22F8.10c¢) 69.4 5 SF3B2/SF3b145 Cuslp
SF3b49/Sap49 (SPAC31G5.01) 36.0 3 SF3B4/SF3b49 Hsh49p
SF3bl4a/Sab14 (SPBC29A3.07¢) 15.7 5 SE3bl4a Ist3p/Snul7p
SR protein
Rsdl (SPAC19G12.07¢) 69.7 4 HCCI1/CAPER

2 MM, molecular mass.
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FIG 2 Rsdl mediates SpPrp5 interaction with Ul snRNP. (A) In vitro protein-protein interactions indicate that SpPrp5 binds directly to Rsd1, but not to core
U1 proteins. GST-tagged proteins were incubated with 33S-labeled in vitro translation products and purified using glutathione-Sepharose. Lanes: In, 1/6 of total
input; Pe, copurifying proteins. (B) GST-Rsd1 binds directly to U1A, but not to SpSnu71 (left); GST-Snu71 binds to U1A, but not to Rsd1 (right). (C) Schematic
of proposed interaction network between SpPrp5 and U1 snRNP mediated by Rsd1. (D) Rsd1 facilitates SpPrp5 interaction with Ul snRNP. SpPrp5 or Rsd1 was
depleted from extract by IgG-Sepharose binding under high-salt conditions (Western blotting), and then the extract was incubated with ATP and GST-SpPrp5
followed by affinity selection. Copurifying snRNAs were analyzed by Northern blotting. The Ul-to-U2 snRNA ratio was normalized to the amount of U1 and U2
snRNAs in each TAP-tagged extract. (E and F) SpPrp5 and Rsd1 interact through their RS and RS-like domains. GST pulldowns were performed as described
above fir panel A. WT-SpPrp5, SpPrp5-AAAA; ., and SpPrp5-RSA (amino acids [aa] 1 to 172 deleted) were expressed as GST-tagged proteins (bait); Rsd1
full-length and truncated proteins, RS domain (aa 1 to 240), RRM123 (aa 235 to 604), RRM12 (aa 235 to 419), RRM3 (aa 413 to 604), and SRp2 were translated

in vitro with 3°S labeling.

volves a mediator, Rsd1, that binds directly to SpPrp5 and U1A
(Fig. 2C).

To confirm that Rsd1 contributes to SpPrp5-U1 interaction,
we depleted Rsd1 from Rsd1-TAP-tagged extracts and reconsti-
tuted it using purified Rsd1-His; protein. When Rsd1-TAP was
depleted, GST-SpPrp5 copurified much less Ul snRNA, indicated
by a reduction in the ratio of Prp5-bound U1 to U2 from 1 to 0.56
(Fig. 2D, cf. lane 4 to 5); the copurification of Ul snRNA was
restored after adding back Rsd1-His, protein, indicated by an in-
creased ratio of SpPrp5-bound U1 to U2 from 0.56 to 1.21(cf. lane
5 to 6). As a control, depleting endogenous SpPrp5-TAP did not
decrease the GST-SpPrp5 affinity selection of U1l snRNA (cf. lane
3 to 2). The remaining level of Ul bound to GST-SpPrp5 after
Rsd1-TAP depletion may be due to the presence of some Rsd1 that
was cleaved from its TAP tag prior to depletion or to additional
contacts between SpPrp5 and Ul snRNP components. Together,
these data suggest that Rsd1 mediates the SpPrp5-Ul snRNP in-
teraction.

Prp5 and Rsd1 interact through their RS domains. To define
domains required for SpPrp5-Rsd1 binding, we constructed mu-
tants of both SpPrp5 and Rsdl for in vitro protein interaction
assays (Fig. 2E). GST-tagged full-length SpPrp5 and SpPrp5-
AAAA,,, which contains a mutation (underlined) in the U2-
binding region and is defective in binding to SF3b (described be-
low), efficiently copurified 3°S-labeled full-length Rsd1; however,
GST-SpPrp5ARS, in which the N-terminal RS-like domain was
deleted, did not copurify Rsd1 (Fig. 2F, lanes 15 to 17), indicating
that the RS-like domain of SpPrp5 is required for binding to Rsd1.
This is consistent with our previous observation that the RS-like
domain of SpPrp5 alone copurified Ul snRNP from S. pombe
extract (42).

To address which domain in Rsdl interacts with SpPrp5, we
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divided Rsdl into its RS domain, RRM123 (all three RRMs),
RRM12 (RRM1 and RRM2), or RRM3 only. None of the RRMs
within Rsd1 copurified with GST-SpPrp5 (Fig. 2F, lanes 4, 6, and
8), whereas the RS domain of Rsd1 alone was sufficient to bind to
GST-SpPrp5 (lane 2). Another S. pormbe SR protein, SRp2, which
is also involved in splicing (40), was tested as a control for RS
domain specificity and showed no detectable binding to GST-
SpPrp5 (lane 12). Thus, SpPrp5 and Rsdl interact primarily
through their RS/RS-like domains.

SF3b mediates Prp5 interaction with U2 snRNP. The U2
components identified by mass spectrometry were five of the SF3b
subunits; the remaining two components of the heptameric SF3b
complex are less than 12 kDa and were likely too small to be
detected. To confirm that SpPrp5 binds to the SF3b complex, we
asked whether recombinant GST-SpPrp5 could affinity select
SE3b. We partially purified SE3b from SF3b145-TAP extract; sub-
sequently, GST-SpPrp5, but not GST alone, affinity selected SF3Db,
indicated by the SF3b155 signal (Fig. 3A). Consistent with the
purification shown in Fig. 1, this SpPrp5-SF3b interaction did not
depend on RNA (Fig. 3B), nor did it require ATP hydrolysis by
SpPrp5 (Fig. 3C, lane 2, and 3E, lane 4), indicated by unaffected
SE3b binding by an ATPase domain motif IIT mutant SAA, which
is defective in ATP hydrolysis and cannot form prespliceosomes
(42). We tested three other SF3b subunits, SF3b49, SF3b130, and
SF3b145 (Fig. 3C), which were also associated. We attempted to
test individual protein-protein interactions using in vitro-
translated SF3b subunits, as we did above for Ul proteins, but
most SF3b proteins were poorly translated or did not interact in
this assay.

A conserved DPLD motif of Prp5 interacts with the U2-SF3b
complex. Previously, we defined a U2-binding domain of SpPrp5
encompassing amino acids 171 to 426, which alone was sufficient
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FIG 3 The DPLD motif and SF3b mediate SpPrp5 association with U2 snRNP.
(A) Recombinant GST-SpPrp5 interacts with the SF3b complex partially pu-
rified from SF3b145-TAP extract. Signal of SF3b155, detected by Western
blotting using anti-SF3b155 antibody, is shown as a representative of the SF3b
complex. Pulling down with GST alone was used as a negative control. (B)
Interaction between SpPrp5 and SF3b is RNA independent. Recombinant
GST-SpPrp5 can pull down the SF3b complex both in the presence (+) and
absence (—) of snRNAs, which were detected by Northern blotting. (C) Ala-
nine mutations in the DPLD motif disrupt SpPrp5 interaction with SF3b49,
SF3b130, and SF3b145, whereas mutation of the SAT motif in the ATPase
domain has no effect on interaction with SE3b proteins. SF3b subunits were
either TAP or Flag tagged as indicated and detected by Western blotting. (D)
Phylogenetic comparison of the conserved DPLD motif in Prp5. Sequences
from Schizosaccharomyces pombe, Homo sapiens, Xenopus laevis, Danio rerio,
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to affinity select U2 snRNP from S. pombe extract (42). However,
an antibody prepared against a human Prp5 (hPrp5) peptide
within this domain, EELDPLDAYMEEYV, did not coimmunopre-
cipitate U2 snRNP from HeLa cells, whereas other anti-hPrp5
antibodies did (42). These two findings suggested this peptide as a
candidate for the Prp5-SF3b interaction site. This region is con-
served from yeasts to human, the consensus (E/D)EXDPLDA(Y
/F)M having a nearly invariant core motif, DPLD (Fig. 3D).

To investigate whether the DPLD motif contributes to Prp5-
SF3b interaction, we tested the effects of single, double, and tetra-
alanine substitutions. In comparison with wild-type SpPrp5 (wt-
SpPrp5), D303A and L305A mutants (but not E301A, P304A, and
D306A mutants) reduced SpPrp5 interaction with the SF3b155
subunit; consistent with this, the amount of copurified U2
snRNA, but not U1 snRNA, was also decreased (Fig. 3E, cf. lanes 5
to 9 to lane 3). Two mutants with double-alanine mutations in the
DPLD motif, AALD and DPAA mutations, exhibited similarly
reduced levels of copurified SF3b155 and U2 snRNA as did the
D303A and L305A mutants. The tetra-alanine mutant exhibited
even stronger defects, consistent with cumulative effects of muta-
tions at positions D303 and L305 (Fig. 3E, lanes 10 to 12). Fur-
thermore, in a depletion/reconstitution system in which endoge-
nous SpPrp5-TAP protein was depleted from extract and
recombinant wt-SpPrp5 or mutants were supplemented, the
SpPrp5 mutants described above assembled prespliceosomes less
efficiently than wt-SpPrp5 did (Fig. 3F, cf. lanes 7, 9, and 11 to 13
to lane 4). In both the pulldown and prespliceosome assembly
assays, the behavior of E301, P304, and D306 mutants was indis-
tinguishable from wt-SpPrp5 (Fig. 3E and F). Other SE3b subunits
were also tested: mutations at position D303 or L305 decreased
SpPrp5 interaction with SF3b49, SF3b130, and SF3b145 (Fig. 3C),
consistent with the DPLD motif being critical for Prp5 interaction
with the intact SF3b particle.

Prp5-DPLD motif mutants yield intron retention and exon
skipping defects. To investigate the effects of the DPLD motif on
splicing in vivo, we generated alanine substitution mutants using
homologous recombination to replace the endogenous SpPrp5
gene in an S. pombe diploid strain. After sporulation and tetrad
dissections, haploids containing the alanine mutation were con-
firmed by DNA sequencing. The strains containing D303A and
L305A single mutations showed growth defects, especially at lower
temperatures. The defects of the tetra-alanine substitution AAAA
were stronger, as the haploid was nonviable, but the P304A mu-
tant had no observed defects (Fig. 4A). These data parallel the
relative effects observed in the in vitro analyses.

We tested the levels of mRNA isoforms by RT-PCR for a num-
ber of genes to ask whether the DPLD mutations affected splicing
activity. For several intron-containing genes, such as pyp3, erfl

Drosophila melanogaster, Arabidopsis thaliana, Dictyostelium discoideum,
Aspergillus fumigatus, Kluyveromyces lactis, and Saccharomyces cerevisiae are
shown. (E) Alanine mutations at D303 and L305 inhibit SpPrp5 interaction
with SF3b155 and U2 snRNP. Recombinant GST-tagged proteins containing
mutations in the DPLD motif of SpPrp5 were incubated with S. pombe extract,
then selected, and assayed for interaction with SF3b proteins (indicated by
Western blotting for SF3b155) and U2 snRNP (indicated by Northern blotting
for snRNAs). (F) Mutations in the DPLD motif inhibit assembly of prespliceo-
somes. Recombinant SpPrp5 proteins and 32P-labeled pre-mRNA substrate
were incubated with S. pombe extract depleted of endogenous SpPrp5; their
abilities to form prespliceosomes (complex A) were analyzed by 4% native gel.
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FIG 4 Prp5-DPLD motif mutants yield intron retention and exon skipping in S. pombe. (A) In vivo, mutations at D303 and L305 in the DPLD motif of SpPrp5
affect the growth of fission yeast. (Top) Strategy; (middle) tetrad dissection and growth on G418 (only Kan™ cells grow; wild-type Kan™ cells leave a faint
background of dead cells; for the AAAA mutant, two of the spots are blank, because this mutant is inviable); (bottom) temperature growth assay. (B) RT-PCR
analysis reveals that D303A and L305A mutants of Prp5 inhibit pre-mRNA splicing of intron-containing genes, yielding intron retention. Expression levels of
intronless genes were not affected. P/P+M, precursor/(precursor + mature), is an estimate of the fraction of unspliced RNA for various transcripts. (C) D303A
and L305A mutants of Prp5 trigger skipping of exon 2 of the cdc2 gene. RT-PCRs were tested by various sets of primers across five exons of cdc2, and the PCR
products were confirmed by sequencing. (D) D303A and L305A (but not P304A) mutants of Prp5 inhibit pre-mRNA splicing of multiple-intron-containing
genes, yielding intron retention, as shown here by increased levels of pre-mRNA and decreased levels of mRNA (most notably for erfl and SF3b155, but decreased
effects for other genes like cgs2 and nda3). D303A and L305A mutants of Prp5 result in skipping of exon 2 of the cdc2 gene (panel C), but no detectable exon

skipping for four other multiple-intron-containing genes. RT-PCRs were performed using primers listed in Table 2.

(characterized for U2AF dependence in reference 39), SF3b155
(prp10), cdc2, nda3, and cgs2, mRNA levels were reduced in the
D303A and L305A mutant strains, with a concomitant increase in
the levels of pre-mRNA or of intron-containing mRNA (intron
retention) relative to the wild-type strain (Fig. 4B, C, and D). In
contrast, for intron-less genes, including alp16 (tubulin), SpPrp5,
and SF3b145, mRNA levels were not detectably different from the
wild-type strain (Fig. 4B). These results are consistent with the
growth defect of mutant strains being due to a widespread inhibi-
tion of pre-mRNA splicing. To detect possible exon skipping, we
tested five multi-intron-containing genes: exon skipping was ob-
served in the D303A and L305A mutant strains for exon 2 of the
cdc2 gene (Fig. 4C, panels i to iii, indicated by the black arrows).
We did not detect exon skipping in DPLD mutant strains for the
other cdc2 exons (Fig. 4C and D), nor for other multiple intron-
containing genes tested (prpl0, erfl, nda3, and cgs2; Fig. 4D),
consistent with the notion that intron/exon specification in fission
yeast is mostly via an intron definition pathway (26). As a caveat,
exon-skipped products may be underrepresented due to degrada-
tion by nonsense-mediated decay. We conclude that Prp5-DPLD
mutations result in defects in intron/exon definition.

Functional contribution of the Prp5-DPLD motif is con-
served in S. cerevisiae. We also tested the effects of DPLD motif
mutations in S. cerevisiae, using characterized strains with intron
mutations in the ACT1-CUPI reporter gene. The APLD, DPAD,
and AAAA mutants strongly improved splicing of branch region
mutants U257C and A258C, which reduced the pairing with U2
snRNA (Fig. 5B, cf. lanes 2, 4, and 6 to lanes 1), but did not
detectably alter splicing of the wt reporter or of 5SS, 3'SS, or
branch nucleophile mutants, whereas DALD and DPLA mutants
did not improve or only slightly improved the splicing of branch
region mutants (Fig. 5B, lanes 3 and 5). This pattern of altered
splicing is identical to that observed with prp5-ATPase domain
mutants (43) (N399D and TAG,,g; Fig. 5B, lanes 7 and 8), sug-
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gesting that the DPLD-SF3b interaction is integrally linked with
Prp5 ATPase activity.

DISCUSSION

U1 and U2 snRNP binding to pre-mRNA are critical steps in spli-
ceosome assembly, specifying the intron-exon structure. Com-
munication between U1 and U2 is necessary for this process, both
in exon and intron definition phases, but little has been known
about direct U1-U2 interaction. Here, we present an interaction
network for Ul and U2 snRNPs, centered on the ATPase Prp5.

Rsd1 bridges Prp5 interaction with U1l snRNP. U1 snRNP is
composed of U1 snRNA and 10 tightly bound proteins, the core of
which has been described structurally (22). Several lines of evi-
dence support a role for Rsdl in the early stage of pre-mRNA
splicing. The results of analysis of mass spectrometry and individ-
ual protein-protein interactions demonstrate that SpPrp5 does
not interact directly with U1 snRNP, but instead binds strongly to
Rsdl, which binds to the U1 core protein UlA. Biochemical de-
pletion of Rsd1 in vitro reduces SpPrp5-U1 snRNP interaction and
adding Rsd1 back restores it. Rsd1 is also found in human com-
plex A (4, 14). These data support a model of Prp5 interaction with
U1 snRNP mediated by Rsdl.

Fission yeast Rsdl is an SR-related protein, containing an
N-terminal RS domain with 30 RS/SR/RD dipeptides, and three
RRMs. Its human homolog, CAPER, has been proposed to couple
transcription with splicing, influencing alternative splicing of the
steroid hormone receptor (9, 13). Because both the presence of a
5SS and the binding of snRNPs have been shown to enhance
transcription (8), the mechanism by which CAPER can stimulate
transcription may be related to its role in U1 binding.

Conventional SR proteins typically have one RS domain and
one to three RNA-binding motifs (RRM or PWTI). The RS domain
is believed to mediate interaction with other proteins; the RNA-
binding motif typically binds to RNA targets, although RRMs can
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FIG 5 Prp5-DPLD motif mutants modulate substrate selectivity of suboptimal branch regions in S. cerevisiae. (A) Schematic of ACTI1-CUPI pre-mRNA,
indicating intron mutations at 5'SS, BS, and 3'SS used in panel B. (B) Analysis of prp5-DPLD mutant alleles that alter splicing of branch region mutants. Graphs
of maximum copper concentration tolerated (top) and growth on selected copper plates (bottom) are shown. Previously described prp5-N399D and -TAG448
alleles (25) were tested for comparison. prp5-DPLD mutants improved the copper tolerance of branch region mutants U257C and A258C that decrease pairing
with U2 snRNA but do not alter splicing and growth on copper of 5'SS, 3'SS, or branch site C or G mutants. The presence of additional base pairs between the
branch region and U2 snRNA (25) abrogates the effects of both DPLD mutants and ATPase mutants on the U257C branch region mutation. max, maximum. (C)
Additional potential base pairs between U2 snRNA and the intron branch region partially suppress the U257C defect; prp5 alleles provide no additional
improvement. (Top) Schematic of base pairing interactions between U2 snRNA and the intron branch region, indicating BS-U257C ACT1-CUPI reporter
mutation, which is improved by prp5 alleles, and (bottom) BS-U257C plus five additional base pairs to U2 snRNA, which is not improved by prp5 alleles, shown

in panel B.

also contribute to protein-protein interactions (e.g., reference 7
and references therein). Here, we demonstrate that the RS domain
of Rsdl1 is sufficient for binding to SpPrp5; likewise, the RS-like
domain of SpPrp5 is required for binding to Rsdl. Because RS
domains are known to be phosphorylated and dephosphorylated,
an intriguing possibility is that this interaction may be modulated
by phosphorylation states. These two domains are conserved from
S. pombe to human, but there is no identifiable Rsd1 homolog in
the budding yeast S. cerevisiae, consistent with the lack of conven-
tional SR proteins (with the possible exception of Npl3 [16]); this
suggests that other Ul-Prp5 or Ul-U2 connections may exist,
which have allowed for the loss of the Rsd1-mediated interaction
in S. cerevisiae.

SF3b bridges Prp5 interaction with U2 snRNP. U2 snRNP is
an approximately 17S particle, composed of U2 snRNA and ~20
proteins. Although U2 snRNP has not been specifically purified
from S. pombe, all of the orthologous proteins are found in the S.
pombe genome. Our data indicate that SpPrp5 binds directly and
stably to the SF3b protein complex, but not to other U2 snRNP
proteins.

We present several lines of evidence that a phylogenetically
conserved DPLD motif in Prp5 is critical for the interaction with
U2-SF3b. Mutations at D303 or L305 (DPLD) disrupt the inter-
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action with SF3b in vitro, the interaction with U2 snRNP, and the
formation of prespliceosomes. In vivo, mutations within the
SpPrp5-DPLD motif yield significant defects: mutants with
the DPLD-to-AAAA mutation were inviable and D303 and L305
mutants showed growth and splicing defects (discussed more be-
low), whereas the P304 mutant was indistinguishable from the
strain with wt-Prp5. This is consistent with the conservation of the
DPLD motif across species, where the first Asp and Leu residues
are invariant, but the Pro and second Asp residues are occasionally
divergent (e.g., DALD in Kluyveromyces lactis and DPLE in Xeno-
pus laevis) (Fig. 3D), suggesting that D303 and L305 residues play
critical roles for Prp5 interaction with SF3b.

Although we have not yet determined which subunit(s) of
SF3b mediates the interaction with Prp5, two lines of evidence
suggest that Prp5 may bind directly to SF3b155. (i) S. cerevisiae
Prp5 can interact with Hsh155, the SF3b155 homolog, in yeast
two-hybrid assays (36). (ii) In a cocrystal structure of chloroplast
signal recognition particle protein cpSRP43 with a light-
harvesting chlorophyll-binding protein (LHCP), a DPLG peptide
in LHCP was bound by a helix-turn-helix motif in cpSRP43 that is
similar to those found in the heat repeats of SF3b155 (32), sug-
gesting that Prp5-DPLD could interact similarly with SE3b155. In
this structure, the D and L residues were engaged in specific con-
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tacts, consistent with the functional importance of these two res-
idues observed in Prp5.

Communication between Ul and U2 snRNPs in the prespli-
ceosome. Prior to a requirement for ATP, cross-exon interactions
bridge from a 3’SS to the next 5’'SS or to downstream exon en-
hancers (5, 27), and cross-intron bridging interactions connect
from Ul snRNP at the 5'SS to SF1/BBP at the branch site in S.
cerevisiae or to U2AF at the PPT in mammals (1, 41). In the first
ATP-dependent transition of spliceosome assembly, the branch
site-SF1/BBP interaction, or the PPT-U2AF interaction, is dis-
rupted and replaced by branch site-U2 snRNP interactions (28).
We have proposed that the 5'SS-branch site connection is main-
tained at this stage by a Prp5-mediated U1-U?2 interaction (42).

Several lines of evidence have long argued for communication
between Ul and U2 snRNPs, including the stimulation of U2-
branch site binding by the presence of a 5'SS (25) and the decrease
in U2 binding upon Ul snRNP depletion (3). Such U1-U2 com-
munication has been proposed to contribute to both intron and
exon definition in spliceosome assembly models (5), and both
snRNPs have been found in purified intron- and exon-defined
complexes (11, 27, 29). Further hints at such an interaction came
from the Ul2-dependent spliceosome, in which Ull and U12
snRNPs (analogs of Ul and U2) were found stably associated as a
di-snRNP (38). However, how Ul and U2 snRNPs might interact
has remained unknown. Here, we show that Prp5 interacts di-
rectly with U2 snRNP SE3b proteins and that Prp5-Rsd1l and
Rsd1-U1A interactions mediate the connection between Prp5 and
U1 snRNP. These findings elucidate a network of interactions be-
tween Ul and U2 snRNPs (Fig. 6A).

Disruption of the Prp5-SF3b interaction by mutation of the
DPLD motif causes splicing defects that result in both intron re-
tention and exon skipping in S. pombe (Fig. 4 and 6B and C). Does
the observed exon skipping imply participation of the network in
an exon definition bridge, or does it represent alternative 3’SS
selection in an intron-defined mode of splicing? A defect in intron
definition would be predicted to yield mostly intron inclusion and
occasionally exon skipping, whereas an exon definition defect
should mostly yield exon skipping. Although S. pornbe does have
genes with multiple introns, and thus might exhibit exon defini-
tion, the behavior of these multi-intron genes suggests that they
are intron defined (26), and our data are consistent with this. The
intron retention observed here is general, in that many intron-
containing genes are affected, whereas the exon skipping defect
was observed for one example (exon 2 of cdc2), and only weakly.
Some introns/exons were more sensitive to inclusion/skipping
than others, and this presumably reflects sequence differences: the
observation of exon skipping only for exon 2 of cdc2 pre-mRNA
correlates with the absence of a strong PPT in the preceding intron
13’SS (UAAUGC) and the presence of a strong PPT in the follow-
ing intron 2 3'SS (CCUUUUUU). Thus, a failure to engage intron
13'SS in prp5-DPLD mutant strains could result in recognition of
the next strong 3'SS and pairing of it with the intron 1 5’SS (Fig.
6C). Thus, all of the effects observed in vivo in S. pombe are con-
sistent with a role of the Prp5-SF3b interaction in intron defini-
tion. This does not exclude the possibility of a role in exon defini-
tion in other organisms with long introns.

One model to explain the mechanism of these effects is that a
weak Prp5-SF3b interaction allows a longer time (stochastically)
for U2 to bind stably to the branch site. A strong PPT allows for
stable U2AF binding and thereby a stable tethering (long dwell
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FIG 6 Protein interaction network for U1-U2 snRNP communication during
intron specification and prespliceosome assembly. (A) During intron defini-
tion, the U1 snRNP core protein U1A binds to an SR-like protein, Rsd1. Rsd1
also contacts SpPrp5, mediated by SR-like domains in both proteins. SpPrp5
then contacts U2 snRNP through SF3b, mediated by a conserved DPLD motif
in Prp5. The ATPase domain of Prp5 is not required for these protein-protein
interactions but instead is required for the remodeling of U2 snRNP for its
stable binding with the branch site. (B) Prp5 contributes to communication
between the 5'SS and branch region, helping to define the intron (left). Loss of
Prp5-SE3b interaction results in failure of U2 snRNP to engage the intron,
leading to intron retention (right). (C) In multi-intron genes, loss of Prp5-
SF3b interaction at a weak PPT can result in a U1 connection to U2 snRNP at
a downstream branch region, resulting in exon skipping (right). The asterisk
indicates a prp5 mutant that is impaired or slow in interactions with U2
snRNP.

time) of U2 snRNP (10), whereas a weak PPT would not. This
model is supported by data from analogous prp5-DPLD mutants
tested in vivo in S. cerevisiae, which resulted in increased use of
suboptimal branch regions. We have argued previously that such
mutants are slow at pairing with U2 snRNA and that prp5-ATPase
domain mutants allow a longer time for stable U2 binding to weak
branch sites (43). Increasing the pairing potential between U2
snRNA and the branch region abrogates the effects of both ATPase
and DPLD prp5 mutants (Fig. 5C) (43). Thus, in both S. pombe
and S. cerevisiae, the phenotype of prp5-DPLD mutants is consis-
tent with an intron definition defect that allows a longer time for
stable engagement at weak branch sites.

That the same alanine point mutations in Prp5 alter intron
engagement in both S. pombe and S. cerevisiae indicates that the
interaction with SE3b components has been conserved since the
last common predecessor of these two yeasts (~380 million years
ago [mya] [30]; by comparison, the last common predecessor of
the entire mammalian class existed ~165 mya [20]), and we ex-
pect to find analogous Prp5-SF3b interactions in mammalian
cells. It has been argued that the ATPase Prp2 results in removal of
SE3b proteins from the branch region (17, 37); based on the re-
quirement of Prp5 in complex A formation (42), the appearance
of SE3b proteins around the branch at this time (10, 42), and the
physical interaction of Prp5 with SF3b proteins described here
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(disruption of which leads to defects in complex A formation in
vitro and in intron definition in vivo), it is likely that one conse-
quence of Prp5 ATPase action is the deposition of SF3b proteins
around the branch site, resulting in stable U2 snRNP binding.
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