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Biochemical identification of new proteins
involved in splicing repression at the
Drosophila P-element exonic splicing
silencer
Lucas Horan,1,4 Jiro C. Yasuhara,1,4 Lori A. Kohlstaedt,2 and Donald C. Rio1,2,3

1Department of Molecular and Cell Biology, University of California at Berkeley, Berkeley, California 94720, USA; 2California
Institute for Quantitative Biosciences (QB3), University of California at Berkeley, Berkeley, California 94720, USA; 3Center for
RNA Systems Biology, University of California at Berkeley, Berkeley, California 94720, USA

Splicing of the Drosophila P-element third intron (IVS3) is repressed in somatic tissues due to the function of an
exonic splicing silencer (ESS) complex present on the 5′ exon RNA. To comprehensively characterize the mecha-
nisms of this alternative splicing regulation, we used biochemical fractionation and affinity purification to isolate
the silencer complex assembled in vitro and identify the constituent proteins by mass spectrometry. Functional
assays using splicing reporter minigenes identified the proteins hrp36 and hrp38 and the cytoplasmic poly(A)-
binding protein PABPC1 as novel functional components of the splicing silencer. hrp48, PSI, and PABPC1 have high-
affinity RNA-binding sites on the P-element IVS3 5′ exon, whereas hrp36 and hrp38 proteins bind with low affinity
to the P-element silencer RNA. RNA pull-down and immobilized protein assays showed that hrp48 protein binding
to the silencer RNAcan recruit hrp36 and hrp38. These studies identified additional components that function at the
P-element ESS and indicated that proteins with low-affinity RNA-binding sites can be recruited in a functional
manner through interactions with a protein bound to RNA at a high-affinity binding site. These studies have im-
plications for the role of heterogeneous nuclear ribonucleoproteins (hnRNPs) in the control of alternative splicing at
cis-acting regulatory sites.
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Alternative premessenger RNA (pre-mRNA) splicing is a
majormechanism for regulating gene expression in higher
eukaryotic organisms. For example, deep sequencing anal-
yses estimate that asmuch as 99%of the human genes are
subject to alternative splicing (Pan et al. 2008; Wang et al.
2008; Barbosa-Morais et al. 2012; Merkin et al. 2012).
Alternative splicing functions to increase proteomic di-
versity among organisms with similar numbers of genes
and can affect the primary structures of the encoded pro-
teins by inserting, deleting, or replacing stretches of ami-
noacids.AlternativelysplicedmRNAisoformscanencode
proteins that have completely different or even opposite
biological functions. Consistent with the idea that the
alternatively spliced mRNA products of each gene have
distinct functions, alternative splicing patterns for many
genes have been evolutionarily conserved (Yeo et al.
2005). Recent studies have shown that mutations in both

cis-acting RNA regulatory elements and trans-acting
splicing factors can play a role in human diseases (Cooper
et al. 2009; Padgett 2012; Lee and Rio 2015) such as cancer
(Liu and Cheng 2013; Scott and Rebel 2013; Zhang and
Manley 2013). Alternative splicing has great potential
in a clinical setting as a diagnostic tool (Liu and Cheng
2013), a therapeutic tool (Singh andCooper 2012), and a di-
rect target of therapeutic treatments (Bonnal et al. 2012).
Development of reliable therapeutic regimes will require
detailed understanding of the biochemical mechanisms
underlying specific alternative splicing events.

Pre-mRNA splicing is carried out in the nucleus by the
spliceosome, which consists of five small nuclear ribonu-
cleoprotein (snRNP) complexes (termed U1, U2, U4, U5,
and U6) as well as a number of non-snRNP splicing factor
proteins. Molecular organization and function of the
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spliceosome in the cycle of the splicing reaction have been
analyzed extensively (Wahl et al. 2009). In contrast, how
active spliceosomes are recruited to different sites on a
pre-mRNA to execute alternative splicing patterns is
still poorly understood. Generally, it is known that a num-
ber of nonspliceosomal RNA-binding proteins bind to de-
fined sites in the pre-mRNA that function to promote
(exonic and intronic splicing enhancers) or prevent (exon-
ic or intronic splicing silencers) the recruitment of the
spliceosomal snRNPs to specific sites in the pre-mRNA
(Black 2003; Lee and Rio 2015). Given that there is a finite
number of nuclear RNA-binding proteins (no more than a
few hundred in Drosophila [Lasko 2000] and humans),
it appears likely that each alternative splicing event is
mediated by the combinatorial action of multiple RNA-
binding proteins. Indeed, genome-wide studies have sup-
ported the idea of combinatorial control of sets of splice
events by overlapping sets of proteins in Drosophila and
humans (Blanchette et al. 2009; Huelga et al. 2012; Lee
and Rio 2015).
The P-element transposon in Drosophila has provided

an interesting paradigm of tissue-specific regulation of al-
ternative splicing (Rio 2002; Majumdar and Rio 2015).
The full-length P element contains a gene that consists
of four exons and three introns. Transposition of the P el-
ement occurs only in the germline and not in somatic tis-
sues, and this tissue specificity is regulated at the level of
pre-mRNA splicing (Laski et al. 1986). In the germline, all
three introns are removed in a small fraction of the P-ele-
ment pre-mRNA, and the resulting mRNA encodes the
87-kDa transposase protein that catalyzes P-element
mobility (Rio et al. 1986; Roche et al. 1995). In somatic tis-
sues, in contrast, splicing of the third intron (IVS3) is
completely blocked, resulting in intron retention. The in-
tron-retained form of the mRNA contains an in-frame
translation termination codon to encode a 66-kDa protein
that functions as a repressor of transposition (Misra and
Rio 1990).
Previous studies have provided insights into the mech-

anism for the somatic repression of the P-element IVS3
splicing. The splicing inhibition in somatic cells is medi-
ated by an exonic splicing silencer (ESS) element upstream
of the P-element IVS3. This critical cis-regulatory RNA
element resides within 37 nucleotides (nt) of exonic se-
quence immediately 5′ to IVS3 and is sufficient to recapit-
ulate the somatic splicing repression in vitro (Siebel and
Rio 1990) and in vivo (Laski and Rubin 1989). Mutations
in the exonic silencer sequence relieved the repression
(Chain et al. 1991; Siebel et al. 1992).Within this regulato-
ry sequence are two pseudo-5′ splice sites, termed F1 and
F2 (Siebel et al. 1992). The F1 site binds to U1 snRNP,
which is also accompanied by the formation of amultipro-
tein complex over a broader region of the RNA, including
the F2 site. Spliceosomal U1 snRNP bound to the F1 site
is incapable of initiating splicing at the site, and the for-
mation of the silencer complex sterically prevents the
“accurate” 5′ splice site of IVS3 from binding another
U1 snRNP, hence blocking splicing (Siebel et al. 1992).
A series of in vitro UV protein–RNA cross-linking exper-
iments showed that at least several proteins, including

those that have approximate molecular weights of 97,
65, 50, and 40 kDa, can be bound to the 5′ exon RNA frag-
ment and form complexes with distinct mobilities in the
native gels (Siebel and Rio 1990; Chain et al. 1991; Siebel
et al. 1992). Two of these proteins were identified. The 97-
kDa protein was identified as PSI (Siebel et al. 1994) and
was shown to directly interact with the U1 snRNP and as-
sist U1 snRNP binding to the F1 site (Labourier et al.
2001). The ∼50-kDa protein was identified as hrp48,
which binds the F2 site (Siebel et al. 1994). There is com-
pelling evidence that PSI and hrp48 are bona fide regula-
tors of IVS3 splicing repression. Depletion of functional
PSI protein activated IVS3 splicing in vitro (Siebel et al.
1994, 1995) and in vivo (Adams et al. 1997), and ectopic
expression of PSI in the germline repressed IVS3 splicing
(Adams et al. 1997). IVS3 splicing was also activated
somatically in the hrp48 mutant flies (Hammond et al.
1997). PSI is absent from the female germline (Siebel
et al. 1995), which accounts for a partial loss of IVS3 splic-
ing repression in the germline. In contrast, hrp48 is ex-
pressed in both somatic and germline tissues (Siebel
et al. 1995). hrp48 belongs to a family of proteins called
heterogeneous nuclear RNPs (hnRNPs), which are ubiqui-
tously expressed and generally known to associate with
nascent pre-mRNA transcripts (Dreyfuss et al. 1993;
Black 2003; Lee and Rio 2015). Previous studies had
also implicated additional proteins in the function of the
P-element ESS (Siebel et al. 1992). However, the identities
of the other proteins bound to the 5′ exon RNA besides
PSI and hrp48 and whether and how these proteins partic-
ipate in the alternative splicing regulation have remained
unknown.
In the present study, we took a biochemical approach to

assemble, isolate, and characterize the P-element splicing
silencer complex. First, the P-element IVS3 splicing
silencer complex was assembled in vitro on the P-element
silencer RNA, fractionated by gel filtration chromatogra-
phy, and affinity-purified using biotinylated RNA. Sec-
ond, the proteins associated with the isolated complex
were identified by mass spectrometry, and a list of pro-
teins that were reproducibly detected in multiple experi-
ments was defined. Third, the identified proteins were
individually tested by RNAi for their effects on IVS3 splic-
ing repression in vivo using splicing reporter minigenes.
Among all of the proteins tested, only RNAi of hrp36,
hrp38, and the cytoplasmic poly(A)-binding protein
PABPC1 resulted in the activation of IVS3 splicing in
somatic cells, as assayed by RT–PCR, suggesting that
these proteins are functionally involved in the regulation
of the P-element alternative splicing. Biochemical assays
with purified recombinant proteins showed that hrp48,
PSI, and PABPC1 showed high-affinity RNA binding to
the P-element silencer RNA, whereas hrp36 and hrp38
showed low-affinity binding, consistent with previous
SELEX data (Blanchette et al. 2009). Finally, using biotin-
lyated RNA and immobilized protein pull-down assays,
we found that the hrp48 binding to the P-element RNA
can recruit hrp36 and hrp38 to the P-element RNA, ex-
plaining how they can be found in the silencer complex.
These studies identified new functional components
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involved in the P-element somatic splicing repression and
provide general insights into how proteins with low-affin-
ity RNA-binding sites may nonetheless function in alter-
native splicing regulation as part of a multiprotein RNP
complex formed on an ESS element.

Results

Purification of the P-element splicing silencer complex

To isolate and identify the proteins that assemble on the
P-element IVS3 5′ exon silencer RNA to mediate splicing
repression, we synthesized a 69-nt RNA containing the
wild-type P-element 5′ exon sequence and the first 13 nt
of IVS3. The same or similar RNA fragments were used
in the previous studies to demonstrate the PSI, hrp48,
and U1 snRNP binding (Siebel and Rio 1990; Chain
et al. 1991; Siebel et al. 1992, 1994). For comparison, amu-
tant version (L456) of the same RNA fragment was syn-
thesized in which the critical cis-elements containing
the F1 and F2 sites are mutated (Chain et al. 1991). Previ-
ous studies have shown that this mutation disrupts splic-
ing silencer function in vivo (Chain et al. 1991). One of the
key components of the splicing silencer complex is the in-
active U1 snRNP bound to the F1 pseudo-5′ splice site. To
prevent U1 snRNP binding to the accurate IVS3 5′ splice
site, the IVS3 5′ splice site was mutated in both the
wild-type and L456 substrate RNAs used in these experi-
ments (Siebel et al. 1992). The RNAs were also labeled
with biotinylated UTP and α-32P-UTP. These RNAs
were incubated with Drosophila somatic Kc cell nuclear
extract to allow the assembly of the RNP complexes,
which were then subjected to size fractionation on a
Sephacryl S-500 gel filtration column (Fig. 1A). Although
we only intended to use the S-500 column for separating
the RNPs from the free RNAs and free proteins and did
not necessarily expect it to resolve distinct RNPs, we ob-

served that, in most experiments, the positions of the 32P
peaks were shifted by one or two fractions between the
wild-type RNA and L456 RNA experiments (Fig. 1A).
The direction of the shift was consistent with the idea
that the wild-type RNA forms a larger complex due to
the incorporation of U1 snRNP. We also performed frac-
tionation experiments using glycerol density gradient cen-
trifugation, and,hereagain, theapparentsize shift between
complexes formed on wild-type and mutant P-element
silencer RNAs was also reproducible (Fig. 1B).

The peak fractions from the gel filtration column were
pooled and incubated with NeutrAvidin resin to retrieve
the biotinylated RNP complexes. In pilot experiments,
we tested a few different avidin and streptavidin beads
and found that only NeutrAvidin beads had sufficiently
low levels of nonspecific protein binding (data not shown).
The bound complexes were eluted with urea and formic
acid formass spectrometry.When small portions of the el-
uates were analyzed by SDS-PAGE, a number of proteins
were visualized by silver staining (Fig. 1C). Some proteins
were evidently enriched on either the wild-type or L456
RNA, while other proteins appeared to be present at sim-
ilar levels on both the wild-type and L456 RNAs. Enrich-
ment of the PSI and hrp48 proteins on the wild-type RNA
compared with the mutant L456 RNA was confirmed
by immunoblotting (Fig. 1D), demonstrating the validity
of the biotin affinity purification approach. The rest of
the eluates were digested with trypsin and subjected
to multidimensional protein identification technology
(MudPIT) liquid chromatography-tandemmass spectrom-
etry (LC-MS/MS) for protein identification. We initially
intended to compare the lists of proteins detected in the
wild-type RNA experiment and the L456 RNA experi-
ment and subtract the latter from the former to identify
a set of proteins that are specifically bound to the wild-
type RNA. However, this strategy was complicated by
the fact that our mass spectrometry sample preparation

Figure 1. Purification of the P-element splic-
ing silencer complex. (A) Sephacryl S-500 gel fil-
tration fractionation profile of the P-element 5′

exonRNP complexes assembled in vitro. Exper-
iments carried out with the wild-type RNA are
shown in black, and those carried out with
L456 RNA are shown in gray (two experiments
each). The RNAs were labeled with α-32P-UTP,
and the Y-axis shows the radioactivity of the
fractions normalized at the highest point. The
second peak at the far right presumably corre-
sponds to naked or degraded RNA. (B) The
same in vitro assembled RNP complexes frac-
tionated in the glycerol density gradients. (C )
SDS-PAGE and silver staining of the proteins
bound to the P-element 5′ exon RNAs. The po-
sitions of the size markers are shown at the left.
The smear marked with the asterisk likely con-

tains NeutrAvidin molecules, which are known to leach under harsh elution conditions, according to the manufacturer. The double as-
terisk corresponds to the RNase A added after elution. (D) Immunoblot of the proteins bound to the P-element 5′ exon RNAs. Equal
volumes of the eluted samples were subjected to SDS-PAGE, blotted, and probed with specific antibodies against the proteins indicated
at the right. Note that the Sqd (hrp40) immunoblot had been probed previously with anti-hrp36 and stripped before being reprobed with
anti-Sqd, but there was some residual signal from the anti-hrp36 due to incomplete stripping.
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was not optimized for quantitative analysis, and the num-
ber of the identified peptides and proteins varied substan-
tially between different purifications and peptide analyses
(e.g., 19 proteins in one experiment and 79 in another).
Nonetheless, using two different strategies for quantita-
tive ion counting and normalization to a protein (GLO)
found on both RNAs led to the identification of several
proteins (hrp48, PSI, hrp36, hrp38, and PABPC1) that
were enriched on the wild-type RNA (Supplemental
Figs. 1,2). It is possible that some RNA-binding proteins,
especially hnRNPs, may be capable of binding to both
the wild-type and L456 RNAs and still play a key role in
the context of a specific complex; for example, the hrp48
protein, where immunoblotting clearly showed signifi-
cant enrichment on the wild-type RNA (Fig. 1D), and its
role in IVS3 splicing repression has been previously estab-
lished (Siebel et al. 1994; Hammond et al. 1997), yet
detectable levels of hrp48 peptides were also found in
samples using the L456 mutant RNA. Quantitative anal-
ysis indicated that hrp48 was enriched on the wild-type
RNA versus the L456 RNA (Supplemental Figs. 1,2), con-
sistent with the immunoblotting results (Fig. 1D). We
chose to focus our efforts on seeking proteins that showed
reproducible binding to the wild-type RNA rather than
looking for differentially bound proteins between the
wild-type and L456 RNAs. Toward this end, we repeated
the biotin affinity purification experiments three more
times using the wild-type RNA. Additionally, to obtain
a mass spectrometry data set using an independent purifi-
cation approach, we also performed an experiment in
which the wild-type RNA was tagged with a PP7 RNA
hairpin (Lim et al. 2001), and the RNP complexes were re-
trieved by binding recombinantMBP-PP7 protein and am-
ylose resin. In our subsequent analyses, we focused our
efforts on those proteins that were identified in at least
two of these experiments. Fifty-nine proteins met this cri-
terion (Supplemental Table 1), and 30 annotated RNA-
binding proteins were selected for further analysis using
RNAi with a splicing reporter assay (see below). As might
be expected for the use of RNA affinity purification, the
majority of the proteins identified here have an RNA-
binding or nucleic acid-binding function according to
the FlyBase annotation (Tweedie et al. 2009). Moreover,
the RNA used in these experiments is only 69 nt, and,
because of the large pore size of the Sephacyl S-500 col-
umn, we believe it is possible that there may be multiple
complexes in the large gel filtration peaks or that some
proteins are held in the complex by protein–protein inter-
actions and do notmake direct RNA–protein interactions,
which might explain the large number of proteins identi-
fied by mass spectrometry. As noted above, two methods
of quantitation (ion counting) of the mass spectrometry
data indicated that some of the proteins that we later
found to be functionally required for splicing repression
were in fact enriched on thewild-type versus L456mutant
RNA (Supplemental Figs. 1,2). The hrp48 and PSI proteins
were included on the list, and so were seven of the 10 pro-
tein components of U1 snRNP (Labourier et al. 2001).
Two other small common Sm snRNP proteins, SmE and
SmF, were identified in only one experiment each. These

data indicate that the splicing silencer complex was suc-
cessfully isolated based on known protein components,
and all proteins on the list besides hrp48, PSI, and U1
snRNP are new candidates for possible functional compo-
nents of the silencer complex.

Use of RNAi and reporter minigenes to functionally
validate the involvement of mass spectrometry-
identified proteins in P-element IVS3 splicing repression

Conceptually, the proteins identified by mass spectrome-
try can be divided into three classes: (1) those that are an
essential part of the complex and participate in the splic-
ing silencer activity, (2) those that are part of the complex
but have no roles in the splicing repression per se, and (3)
those that have affinity for the 5′ exon RNA or for other
proteins bound to it in vitro but have no biological rele-
vance. To identify proteins that play a functional role in
splicing, we wanted to determine whether splicing of
IVS3 is activated using an IVS3minigene splicing reporter
under conditions in which somatic cells are individually
depleted of each of these candidate proteins. Similar re-
porters have been used to assess IVS3 splicing in vivo
(Laski and Rubin 1989; Roche et al. 1995). We synthesized
a panel of ∼500-base-pair (bp) dsRNAs targeted to the
mRNAs encoding the RNA-binding proteins of interest
as well as a negative control dsRNA from a bacterial plas-
mid to performRNAi knockdown experiments in somatic
Drosophila Schneider line-2 (S2) tissue culture cells. We
focused our efforts on the predicted and known RNA-
binding proteins, excluding the U1 snRNP components
(the loss of which could inhibit splicing) as well as trans-
lation factors and nucleases, which are common contam-
inants in the nuclear extract preparations. The S2 cells
were incubated with different dsRNAs individually and
then also transfected with a splicing reporter construct
containing the P-element exon 3–IVS3–exon 4 sequences
(Laski and Rubin 1989). Splicing of IVS3 was assayed
by RT–PCR. Immunoblotting with specific antibodies,
when available, was used to confirm the effective knock-
down of the target proteins upon RNAi (Fig. 2C).
Consistent with the previous findings in hrp48 mutant

flies (Hammond et al. 1997), knockdown of hrp48 by
RNAi in Drosophila somatic tissue culture cells resulted
in activation of IVS3 splicing from this reporter (Fig. 2A,B,
lane 16), defined in this RT–PCR assay by an increase in
the intensity of the bands corresponding to the spliced
P-element mRNA relative to the band corresponding to
the unspliced (intron-retained) form of the P-element
mRNA. Sequencing analysis of the RT–PCR cDNA prod-
ucts revealed that the predominant spliced product was
one that included a cryptic exon cassette between exon
3 and exon 4 rather than direct jointing of exon 3 and
exon 4 (data not shown). This product was also detected
in previous studies (Chain et al. 1991; Hammond et al.
1997). It is not known whether this product is normally
expressed naturally in the fly germline, but, in any case,
this does not affect the conclusion that hrp48 knockdown
activates splicing from the “accurate” IVS3 5′ splice site.
However, unexpectedly, RNAi knockdown of PSI did

P-element splicing silencer proteins
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not detectably activate IVS3 splicing in this assay (Fig. 2A,
B, lane 15). Quantitative PCRwith reduced cycle numbers
suggested that RNAi of PSI might even have an inhibitory
effect, if anything, on the IVS3 splicing in this assay (Fig.
2D,E). The result observedwith this IVS3 splicing reporter
in S2 cells is inconsistent with the previous studies in
which reduction of the PSI protein (addition of anti-PSI
antibodies to in vitro splicing reactions and antisense
ribozyme targeting of PSImRNA in the fly embryos) con-
sistently caused activation of IVS3 splicing (Siebel et al.
1994, 1995; Adams et al. 1997). Both our immunoblotting
and biochemical purification data (Siebel et al. 1995; data
not shown) and analysis of PSI RNA sequencing (RNA-
seq) data from the publically available modENCODE pro-
ject indicate that the levels of PSI mRNA and protein in
both the Kc and S2 cells lines are significantly lower com-
pared with previously assayed animal tissues (embryos,
fly heads, or ovaries) and could explain the lack of splicing
activation upon PSI RNAi knockdown in S2 cells with
this splicing reporter assay. Moreover, based on the mod-
ENCODE RNA-seq data, the levels of hrp48, hrp36, and
hrp38 are about fivefold to 10-fold higher than PSI
mRNA. Finally, in the female germline, where IVS3 splic-
ing occurs at a low level (Roche et al. 1995), there is no PSI

expression (Siebel et al. 1995), but there is high hrp48,
hrp36, and hrp38 expression. Thus, while PSI expression
in many somatic tissues may be the final block to any
IVS3 splicing, the presence of the hrp proteins may domi-
nate to give repression in some cell types with lowPSI lev-
els. Despite the difference in PSI levels in S2 cells
compared with animal tissues, the RT–PCR assay is capa-
ble of reporting the robust activation of IVS3 splicing
in S2 cells upon hrp48 knockdown and with the L456
splicing silencer mutations and thus is useful for identify-
ing the functional role of the putative new components
of the splicing silencer complex identified by mass
spectrometry.

Among the 30 proteins/mRNAs from the mass spec-
trometry experiments that were tested, RNAi depletion
of three proteins/mRNAs [hrp36, hrp38, and PABPC1,
the predominantly cytoplasmic form of poly(A)-binding
protein, also known as pAbp] in addition to hrp48 resulted
in an activation of IVS3 splicing (Fig. 2A,B, lanes 7,8,14).
RNAi of each of these three proteins resulted in a three-
fold to fourfold increase of IVS3 splicing relative to the
control RNAi samples. These were more modest effects
compared with hrp48 RNAi treatment, which caused a
sevenfold activation of IVS3 splicing (Fig. 2D,E). hrp36

Figure 2. The effects of RNAi of the iden-
tified proteins on P-element IVS3 splicing
repression. (A) The SL2 cells were subjected
to RNAi for the individual proteins
indicated above and transfected with the
P-element exon 3–IVS3–exon 4 reporter
construct, and splicing efficiency of the re-
porter was assayed by RT–PCR with the
primers located within exon 3 and exon
4. Fourteen more proteins not shown here
were subjected to RNAi in the same assay,
and none of them resulted in IVS3 splicing
activation (data not shown; see Supplemen-
tal Table 1 for the complete list of the pro-
teins tested). (B) Reproducibility of the
RNAi effects on IVS3 splicing repression.
This shows the data from an independent
RNAi and RT–PCR experiment performed
in the same way as in A but on a different
date. (C ) Immunoblot showing efficient
knockdown of the target proteins upon
RNAi. Equal volumes of the cell suspen-
sions from the experiment in A were sub-
jected to SDS-PAGE and Western transfer
and were probed with the antibodies indi-
cated at the right. Note the cross-reactivity
between hrp38 and hrp36 (Blanchette
et al. 2009). (D) The relative levels of the
IVS3 splicing activation quantified by
PCR with α-32P-dCTP and reduced cycle
number. Each RNAi was tested at least
twice, and the error bars represent standard
deviations. (E) Quantification of the total
(unspliced + spliced) signal intensities of
the RT–PCR products relative to the con-

trol RNAi samples. Equal amounts of the reverse-transcribed cDNA sampleswere subjected to PCR at the same time and electrophoresed
in the same gel to ensure that the input radioactivity and the exposure condition were equal between the samples.
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and hrp38, like hrp48, areDrosophila homologs of the ver-
tebrate hnRNP A/B proteins (Haynes et al. 1991; Matunis
et al. 1992a). Characterization of the four Drosophila hrp
protein familymembers indicated distinct sequence high-
affinity RNA-binding sites, but enrichment of these mo-
tifs was observed in genome-wide analysis of splicing tar-
gets controlled by these proteins (Blanchette et al. 2009).
The effect of hrp36 and hrp38 knockdown on IVS3 splic-
ing was specific because RNAi of other hnRNP homologs
tested (Sqd [hrp40], Rb97D, glo, and CG17838) did not
cause the same effect. Immunoblotting of the affinity-
purified RNP complexes showed enrichment of hrp36
on the wild-type RNA relative to the L456 RNA, consis-
tent with a role for hrp36 and hrp38 in P-element silencer
function and the effects of depleting hrp36 and hrp38 on
activation of IVS3 splicing (Fig. 1D). While the hrp38 pro-
tein was readily detectable on the L456 RNA, it was still
more highly enriched on the wild-type RNA (Fig. 1D).
Taken together, these results indicate that hrp36, hrp38,
and PABPC1 function at the P-element ESS to block
IVS3 splicing in somatic cells.
To understand how these factors might collaborate in

the context of the IVS3 splicing silencer, we knocked
down two mRNAs/proteins simultaneously and looked
for synergistic effects on IVS3 splicing activation (Fig. 3).
The total amount of dsRNA used per cell is the same as
in the original experiment (Fig. 2). However, the concen-
tration of specific dsRNA is diluted in half with control
dsRNA to compensate for the dual knockdown samples.
This dilution of dsRNA caused a slight decrease in the ef-
fects of relative IVS3 splicing compared with the experi-
ments in Figure 2. The double RNAi of hrp48 + hrp36 or
hrp48 + hrp38 achieved a synergistic activation of IVS3
splicing to a much greater extent than RNAi of each
mRNA alone. However, in other cases, the effects of dou-
ble RNAi knockdown was additive (e.g., PABPC1 +
hrp38). Double RNAi of hrp36 + hrp38 caused a modest
but reproducible increase of IVS3 splicing compared
with the hrp36 + control or hrp38 + control RNAi. These
observations are consistent with the idea that hrp48 acts

in conjunction with hrp36 and hrp38 to cause splicing re-
pression. The effect of PABPC1 RNAi combined with an-
other RNAi was more variable. Taken together, these
results indicate that hrp36 and hrp38 can cooperate with
hrp48 tomediate splicing repression at the P-element ESS.

Interaction of purified recombinant P-element silencer
proteins with silencer RNA—influence of hrp48 on hrp36
and hrp38 binding

Previous SELEX and RNA-binding experiments identified
the preferredRNA-bindingmotifs for hrp48, hrp36, hrp38,
and PSI (Amarasinghe et al. 2001; Blanchette et al. 2009).
While the P-element IVS3 5′ ESS RNA contains sequences
that match SELEX motifs for hrp48, PSI, and PABPC1,
there are no high-affinity binding motifs for the hrp38
and hrp36 proteins. To test whether hrp36 and hrp38
can bind to the P-element RNA despite the lack of SELEX
motifs, we performed RNA-binding experiments using
purified recombinant proteins. hrp48 was expressed in
baculovirus-infected insect cells as an MBP-TEV fusion
protein to aid protein solubility. All other proteins were
His6-tagged proteins expressed and purified from Escheri-
chia coli. RNA electrophoretic mobility shift assays
(EMSAs) with the same 69-nt (wild-type) P-element
silencer RNA sequence showed that several proteins, in-
cluding hrp48, PSI, and PABPC1, bind the P-element
silencer RNA with high affinity (Fig. 4D [5–50 nM], A
[PABPC1, lanes 1–6; PSI, lanes 7–12; MBP-hrp48, lanes
13–20], C [hrp48, lanes 1–12]). These proteins have recog-
nizable SELEX or high-affinity motifs that are found with-
in the silencer RNA. Note that the MBP-hrp48 fusion
protein binds RNA with lower affinity than the TEV-
cleaved hrp48 protein lacking the MBP tag (Fig. 4, cf. A
[lanes 13–20] and C [lanes 1–12]). In contrast, the hrp38
and hrp36 proteins bind the P-element RNA with
very low affinity (Fig. 4D [micromolar per kilodalton],
B [hrp38, lanes 1–16; hrp36, lanes 8–13]). The lack of
SELEX motifs for hrp36 and hrp38 proteins on the P-ele-
ment silencer RNA provides an explanation for the ob-
served low-affinity RNA binding of these two proteins.
However, this observation raises the question of how
these two functionally important RNA-binding proteins,
hrp36 and hrp38, specifically bind a complex formed on
the P-element IVS3 5′ exon silencer RNA (Fig. 1D) despite
having no high-affinity binding sites on that RNA (Fig.
4D). It should be pointed out that the intracellular concen-
trations of hrp48, hrp36, and hrp38 are approximately the
same, based on purification (Matunis et al. 1992a,b), mod-
ENCODE RNA-seq data, and our own immunoblotting
experiments (Blanchette et al. 2009).
Since hrp36 and hrp38 do not appear to associate with

the P-element splicing silencer complex by specifically
binding the P-element RNA, we hypothesized that other
interacting factors might facilitate their recruitment or
stabilize their binding to the silencer RNA element.
The synergistic effect of hrp48 with hrp38 and hrp36 in
the minigene reporter splicing assay (Fig. 3) suggests
that hrp48, which has a high-affinity binding site on the
P-element exonic silencer RNA (Fig. 4D; Siebel et al.

Figure 3. The effects of doubleRNAi on P-element IVS3 splicing
repression. Two dsRNA preparations were mixed and applied
simultaneously to the cells and assayed with the same method
as in Figure 2D. Samples with a single dsRNA were diluted in
half with control dsRNA to keep the total dsRNA concentration
consistent throughout all samples.
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1994), might interact with hrp38 and hrp36 to stabilize
their RNA binding during splicing silencing of P-element
IVS3. Indeed, evidence for an interaction of this type was
observed in vitro when a low concentration of hrp48 pro-
tein (20 nM) was combined with the other P-element
silencer proteins in RNA gel mobility shift assays (Fig.
5). The RNA–protein complexes observed with high con-
centrations of hrp36 and hrp38 were supershifted upon
addition of substoichiometric amounts of hrp48 protein
(Fig. 5, lanes 3,4 [arrowheads], 7,8), while the addition of
hrp48 caused no appreciable change of the RNA–protein
complexes formed with PSI and PABPC1 (Fig. 5, lanes
11,12,15,16). However, under both gel shift and RNA
pull-down assay conditions (see the next section, below)
with subsaturating amounts of hrp48 and increasing
amounts of hrp36 and hrp38, hrp36 and hrp38 do not ap-
pear to increase the binding of hrp48 (Supplemental Fig.
3). Interpreting how hrp48 interacts with hrp38 and
hrp36 on the RNA using a gel shift assay is complicated
by the fact that migration of protein–RNA complexes on
native gels does not always correlate with molecular
weight. It seems likely that the hrp48-induced supershift
is a result of hrp48 binding the same RNA as hrp38 or
hrp36. The relative concentration of the two proteins in
the reactions and the subsequent intensity and migration
of the gel shift complexes for the hrp48, hrp36, and hrp38
proteins alone (Fig. 5, lanes 2,3,7), compared with the in-
tensity andmigration of the complexes when the proteins
are combinedwith hrp48 (Fig. 5, lanes 4,8), suggest that, in
addition to binding the RNA, hrp48 might also induce
changes in the stability or conformation of the interaction
between hrp38 or hrp36 and the P-element silencer RNA.
Regardless of the exact RNP complex configuration,
hrp36 and hrp38 interact with hrp48 and the P-element
silencer RNA to create distinct RNA–protein complexes
that are not observed when the three hrp proteins sepa-
rately bind the RNA on their own. These data suggest

that high-affinity binding by hrp48might influence or sta-
bilize the binding of hrp36 and hrp38 to low-affinity RNA
sites on the P-element RNA. A similar type of observation
was made previously for mammalian hnRNPA1 protein
binding to RNAs that had amixture of high- and low-affin-
ity RNA-binding sites (Zhu et al. 2001).

hrp48 and RNA can recruit hrp36 and hrp38
to the P-element silencer RNA

The synergistic effects of depleting hrp36 or hrp38 along
with hrp48 on abrogating splicing silencing in the dual
RNAi knockdown experiments and the supershift native
gel complexes formed in vitro on the silencer RNA in
the gel shift assays indicate that hrp36 and hrp38 can func-
tionally and biochemically interact with hrp48. However,

Figure 4. RNA binding of wild-type P-ele-
ment silencer RNA using purified recombi-
nant P-element silencer proteins. (A–C )
Native gel electrophoresis RNA-binding as-
says of 32P-labeled wild-type P-element
silencer RNA with the indicated final con-
centrations of purified recombinant pro-
teins. Bound and free RNAs are indicated.
(D) Quantification of the percent RNA
bound per total input RNA in each lane as
a function of the indicated protein concen-
tration. Apparent dissociation constants
(Kd) were determined by fitting data to a sin-
gle-site binding curve.

Figure 5. RNA supershifts on native gels of hrp36 and hrp38 by
addition of hrp48. Native gel electrophoresis RNA-binding assays
of 32P-labeledwild-type P-element silencer RNA, as in Figure 4. A
low concentration of hrp48 protein (20 nM) was added in the in-
dicated lanes. The supershifted hrp48-containing complexes are
indicated by arrowheads.
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these data do not directly provide any understanding
about how the two newly identified hrp36 and hrp38 pro-
teins are recruited to the P-element splicing silencer com-
plex. To directly test whether hrp48 RNA binding to the
silencer RNA is capable of recruiting hrp38 and hrp36
to the RNA, we synthesized the same 69-nt wild-type
silencer RNA with biotin UTP substitution for use in an
RNA pull-down assay. Biotinylated RNA was prebound
toNeutrAvidin resin, incubated with a low concentration
of the hrp36 and hrp38 proteins (200 nM each), and com-
bined with increasing concentrations of hrp48 protein
(Fig. 6A, lanes 8–12). As increasing amounts of hrp48 pro-
tein bound to the P-element silencer RNA, increasing
amounts of hrp36 and hrp38 proteins were retrieved
with the silencer RNA. These experiments implicate
hrp48 as the critical link to explain how the functionally

important hrp38 and hrp36 proteins are recruited to the
P-element splicing silencer complex despite their lack
of high-affinity binding sites on the silencer RNA. Our
initial ideawas that the hrp36 and hrp38 proteins are teth-
ered to the P-element silencer RNP through protein–pro-
tein interactions with the glycine–arginine-rich (GRD)
domain of hrp48, while the RRM domain of hrp48 bound
to its high-affinity binding site on the P-element RNA.
However, we were surprised to find that protein–protein
interactions between the proteins required the presence
of the P-element silencer RNA in an MBP-hrp48 fusion
protein pull-down assay (Fig. 6B, lanes 2–6).
All four of theDrosophila hrp family proteins share the

same general structure as the human hnRNPA1 protein.
They can be divided into an N-terminal half that contains
two RRM-type RNA-binding domains and a C-terminal
half that contains a low-complexity (LC)GRD.The ability
of hnRNPA1 to cooperatively bind and spread along an
exon RNA is associated with splicing silencing (Mayeda
et al. 1994), and the C-terminal GRD of hnRNPA1 is re-
sponsible for the cooperative RNA-binding properties of
the protein (Zhu et al. 2001; Okunola and Krainer 2009).
We wanted to know whether either the RRM domain or
GRD of hrp48 might be directly responsible for recruit-
ment of hrp36 and hrp38 to the P-element RNA. To test
this idea, we divided hrp48 into two halves and purified
MBP-TEV-RRM and MBP-TEV-GRD fusion proteins
from baculovirus-infected insect cells. In the RNA pull-
down assay, the GRD of hrp48 did not bind RNA with
high enough affinity to be retrieved (data not shown).
The hrp48-RRM domain binds the P-element silencer
RNA, and increasing amounts of the hrp48-RRM protein
resulted in retrieval of both the hrp36 and hrp38 proteins
(Fig. 6A, lanes 3–7). This result differs from human
hnRNPA1 and shows that, in the case of the P-element
silencer RNA, the ability of hrp48 to recruit low-affinity
or sequence-nonspecific RNA-binding proteins to the
RNA is not solely dependent on the GRD of the protein.
This observation fits with the results from the full-length
hrp48 pull-down experiment (Fig. 6B, lanes 2–6), which
showed that the recruitment of hrp36 and hrp38 by
hrp48 is not simply through a protein–protein interaction
but requires the presence of the RNA. Protein pull-downs
with the full-length hrp48 protein or the RRM and GRD
halves show that the presence of the wild-type P-element
silencer RNA causes a significant increase in hrp36 and
hrp38 RNA binding (Fig. 6B, lanes 5,9,13) compared
with the “no RNA added” control (Fig. 6B. lanes 4,8,12)
or the L456 mutant RNA (Fig. 6B, lanes 6,10,14). The
two RRM-type RNA-binding domains of hrp48 con-
fer the high-affinity sequence-specific RNA binding of
hrp48 to the wild-type P-element RNA, and thus the
lack of the mutant L456 RNA binding to the full-length
hrp48 and the hrp48-RRMs in the RNA pull-downs was
expected (Fig. 6B, lanes 6,10). The GRD can weakly bind
RNA nonspecifically (possibly due to the arginine resi-
dues) and offers an explanation for the reduced levels of
RNA bound (Fig. 6B, lanes 13,14). However, the increase
in hrp36 and hrp38 protein retrieval with the hrp48-
GRD in the presence of the wild-type RNA and the slight

Figure 6. Immobilized RNA andMBP-hrp48 protein pull-downs
of hrp36 and hrp38. (A) P-element silencer RNA pull-down. Bio-
tinylated wild-type P-element RNA prebound to 50 µg/mL Neu-
trAvidin resin was incubatedwith hrp36 and hrp38 (200 nM each)
and hrp48 or the RRM domain of hrp48 at the indicated concen-
trations. Immunoblots of proteins retrieved from washed RNA
resins were probed with specific antibodies against the proteins
indicated at the right. Asterisks indicate residual uncleaved
MBP-hrp48 or MBP-RRM fusion proteins bound to the RNA. (B)
MBP-hrp48 protein pull-down. Full-length hrp48 (MBP-HRP48),
the RRM domain of hrp48 (MBP-RRM), or the GRD of hrp48
(MBP-GRD) fusion proteins, bound to amylose resin and with
wild-type P-element silencer RNA, L456 mutant silencer RNA,
or no RNA were incubated with 200 nM hrp36 or hrp38. Immu-
noblots of proteins retrieved from washed hrp48 resins were
probed with specific antibodies against the proteins indicated at
the right. (Bottom) RNAs bound to and purified from hrp48 im-
mobilized protein resins were visualized on 10% acrylamide
with SYBR Gold fluorescent stain.
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enrichment of wild-type RNA compared with the L456
RNA (Fig. 6B, lanes 13,14) is not so easily explained.With-
in the GRDs of many RNA-binding proteins, there are
LC regions that allow the proteins to form higher-order
β-sheet fibers (Kato et al. 2012; Kwon et al. 2013). In this
regard, RNA was shown to be able to seed higher-order
fiber formation with the RNA-binding protein FUS
(Schwartz et al. 2013). hrp36, hrp38, and hrp48 all have
LC regions that make them susceptible to higher-order
β-sheet fiber formation. At high concentrations, hrp36
was observed to form a hydrogel (Kato et al. 2012; data
not shown). It seems likely that the LC regions of all three
Drosophila hrp proteins contribute to the GRD pull-down
results (Fig. 6B, lanes 12,13,14). Thus, the stabilization
of hrp36 and hrp38 on the P-element silencer RNA by
hrp48may involve both protein–protein andRNA–protein
interactions.

Discussion

The P-element ESS was among the first alternative splic-
ing regulatory elements to be identified. Our laboratory
identified the RNA-binding proteins PSI, hrp48, and spli-
ceosomal U1 snRNP as some of the core components of
the P-element somatic splicing silencer complex (Siebel
et al. 1992, 1994). In this study, taking a more systematic
approach now available using mass spectrometry and
RNAi, we identified additional proteins that can assemble
on the IVS3 5′ exon RNA in vitro and obtained evidence
indicating that three of them are functional components
of this alternative splicing regulatory mechanism. Our re-
sults implicate two additional Drosophila hnRNP A/B
protein homologs (hrp36 and hrp38) in addition to hrp48
in the somatic splicing repression of the P-element IVS3.
Previous UV cross-linking experiments showed that two
∼40-kDa proteins were cross-linked preferentially to the
wild-type 5′ exon RNA (Siebel and Rio 1990; Chain
et al. 1991), and thus, based on their size, it is highly likely
that their identities were hrp36 and hrp38. This further
supports a model in which hrp36, hrp38, and hrp48 medi-
ate IVS3 splicing repression by directly interacting with
the 5′ exon RNA (Supplemental Fig. 4). However, given
the fact that the hnRNP A1 protein can mediate pro-
tein–protein interactions through its glycine-rich domain
(Blanchette and Chabot 1999) and that hrp36 and hrp38
can bind various RNAs relatively nonspecifically (Siebel
and Rio 1990), it is also possible that their assembly on
the IVS3 5′ exon RNA is stabilized by the presence of
hrp48. In fact, RNA pull-down and RNA–protein-binding
experiments in which hrp48 is bound to the P-element
5′ exon indicate that hrp36 and hrp38 are recruited to
the P-element silencer RNA via protein–protein interac-
tions with hrp48 and that both hrp36 and hrp38 bind the
P-element RNA with extremely low affinity. This obser-
vation is consistent with the lack of high-affinity hrp36
and hrp38 RNA-binding sites (Blanchette et al. 2009) on
the P-element 5′ exon silencer element. The synergistic
effects seen with the double RNAi of hrp36 or hrp38 and
hrp48 also suggest that they contribute to splicing silenc-
ing, probably in physical proximity to each other. Interest-

ingly, LC sequence domains on human counterparts of
hrp36 and hrp38 as well as the RNA-binding protein
FUS and the C-terminal repeat domain of RNA polymer-
ase can interact to form polymeric associations triggered
by RNA (Han et al. 2012; Kato et al. 2012; Kwon et al.
2013; Schwartz et al. 2013). It is possible that the recruit-
ment of hrp36 and hrp38 to the P-element RNA by hrp48
may also be related to the behavior of these LC domains.

Recent genome-wide studies have shown that many
splice junctions in Drosophila and humans are coregu-
lated by more than one member of the hnRNPA/B family
of proteins (Blanchette et al. 2009; Huelga et al. 2012).
Moreover, RNA immunoprecipitation (RIP)-chip assays
for hrp36, hrp38, hrp40, and hrp48 indicated that, at
many locations in the Drosophila genome, two or more
hrp proteins are bound to transcript regions regardless of
whether a high-affinity SELEX motif for each protein
was present in the vicinity, suggesting that, on cellular
transcripts, different hrp family members might be re-
cruited to weak binding sites by interaction with other
hrp proteins binding to high-affinity sites (Blanchette
et al. 2009). Similar ideas have been put forward for the co-
operative binding of mammalian hnRNPA1 to splicing si-
lencers (Zhu et al. 2001; Okunola and Krainer 2009). It is
possible that there are distinct combinations and configu-
rations of the hrp proteins that are commonly used in the
transcriptome and that the P element might have co-opt-
ed one of these prevalent mechanisms during evolution.

Involvement of PABPC1 in the IVS3 splicing repression
is intriguing. We can postulate at least a few different
models, which are not mutually exclusive, to account
for our results. First, thewell-known functions of PABPC1
are a general role in positively regulating the translation
efficiency and stability of mRNAs (Mangus et al. 2003).
However, it is also known in mammals that PABPC1
can shuttle into and out of the nucleus and can bind to nu-
clear pre-mRNA (Afonina et al. 1998; Hosoda et al. 2006;
Lemay et al. 2010), so it seems plausible that PABPC1
could play a role in P-element splicing silencer function.
Indeed, using purified recombinant PABPC1, we showed
that there is a high-affinity binding site—most probably
an AU-rich element (AAGAAAATATATAATAG)—
between the P-element splicing silencer and the accurate
IVS3 5′ splice site. Thus, PABPC1 may mediate the IVS3
splicing repression through its physical association with
the 5′ exon sequence, much like the hrp proteins. Interest-
ingly, again, previous UV cross-linking studies of somatic
proteins to the P-element 5′ exon RNA identified an
∼65-kDa protein, which is similar to the molecular
weight of PABPC1 (Siebel and Rio 1990; Siebel et al.
1992). Although PABPC1 is generally known as a protein
that binds the 3′ poly(A) tails of mRNA, the notion that it
may also bind internal sequences is not unprecedented (de
Melo Neto et al. 1995; Afonina et al. 1998; Gilbert et al.
2007). Second, the effect of PABPC1 on IVS3 splicing
may be due to the unique biological requirements of the
IVS3 alternative splicing intron retention event with re-
spect to nuclear export and nonsense-mediated mRNA
decay (NMD), two other processes in mRNA biogenesis
that are themselves functionally coupled (Reed and Hurt
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2002). It is known that the unspliced, IVS3-retained RNA
is efficiently exported to the cytoplasm and encodes a
truncated transposition repressor protein (Misra and
Rio 1990). As noted above, PABPC1 is predominantly cy-
toplasmic but can shuttle between the nucleus and cyto-
plasm (Afonina et al. 1998; Lemay et al. 2010) and binds
to nuclear RNAs (Hosoda et al. 2006). Its function in
nuclear mRNA export has been suggested in other or-
ganisms (Afonina et al. 1998; Brune et al. 2005; Dunn
et al. 2005). Moreover, Izaurralde and colleagues (Behm-
Ansmant et al. 2007) have found that PABPC1 has a
role in mRNA surveillance via NMD and that artificially
tethering PABPC1 to an internal sequence allows pre-
mature stop codon-containing mRNAs to evade NMD.
These features of PABPC1 fit nicely with the special
needs of P-element IVS3 alternative splicing; namely, nu-
clear export of a message while retaining the intron
and evasion of NMD while carrying an early internal
translation termination codon in IVS3. It is tempting to
speculate that the nuclear export and/or NMD-related
machineries function in conjunction with the splicing
silencer complex and that the loss of the splicing compo-
nents also disrupts the downstream steps and possibly
vice versa.
The P-element IVS3 ESS uses the sequence-specific

RNA-binding proteins hrp48 and PSI to interact with
the silencer element RNA (Siebel et al. 1994, 1995). Using
biochemical assembly and purification, we identified ad-
ditional components that are recruited to the P-element
silencer RNA; namely, hrp36 and hrp38. These results
have important implications for splicing regulation, since
these proteins, while functioning in splicing repression,
do not have high-affinity RNA-binding sites on the P-ele-
ment RNA (Supplemental Fig. 4). It is sometimes the
case that proteins that are part of a RNP complex do not
bind their RNA targets solely through sequence-specific
RNA–protein contacts. This idea predicts that hrp36 and
hrp38might be bound to sites in theDrosophila transcrip-
tome that do not have high-affinity RNA-binding motifs.
In fact, this is exactly what we observed in RIP tiling mi-
croarray experiments examining the distribution of the
four Drosophila hrp proteins on nuclear pre-mRNA
(Blanchette et al. 2009). Thus, while RNA–protein in-
teractions such as those found by individual nucleotide-
resolution cross-linking immunoprecipitation (iCLIP) or
high-throughput sequencing combined with CLIP (HTS-
CLIP) may be important for splicing regulation, it is also
possible that there are additional proteins that control
alternative splicing as part of a larger RNP but do not
bind the RNA regulatory elements with high affinity or
specificity. This observation will complicate the analysis
of mechanisms of alternative splicing regulation and how
they evolve.

Materials and methods

DNA plasmid constructs and antibodies

The template for the RNA used in the purification experiments
was the P-element DNA fragment that started at the PstI site at
position 1911 in the 5′ exon (O’Hare and Rubin 1983) and includ-

ed the entire IVS3, which was subcloned into the pGEM2 vector.
The L456mutant sequencewas the combination ofmutations #4,
#5, and #6, described previously (Chain et al. 1991). For the in vi-
tro purification of splicing silencer complexes, the accurate IVS3
5′ splice site was mutated so that it would not be capable of bind-
ing U1 snRNP (Siebel et al. 1992). The splicing reporter construct
was generated by PCR-amplifying the entire exon 3–IVS3–exon 4
sequences with the addition of a start codon at the beginning of
exon 3 and subcloning the amplified fragment into pMT/V5-His
vector (Invitrogen). This reporter carries the same P-element
IVS3 and flanking exon sequences that we used previously and
contains a wild-type IVS3 5′ splice site (Roche et al. 1995; Adams
et al. 1997). The cDNA clones used for making the dsRNA tem-
plates were obtained from the Drosophila Genomics Resource
Center. The polyclonal antibodies against PSI and hrps were as
described previously (Siebel et al. 1995; Blanchette et al. 2009).
hrp36, hrp38, PSI, and PABPC1 are His6 fusions expressed in
and purified from E. coli.
Recombinant plasmids for bacterial expression of hrp48, hrp36,

and hrp38 were as described previously (Blanchette et al. 2009).
The His6-MBP-TEVhrp48 and N-terminal (M1-P173) and C-ter-
minal (P221-V421) halves were cloned into pVL1393, and baculo-
viruses were generated using Expression Systems BestBac 2.0
vector in Sf9 cells.

Purification of the P-element RNP complexes and mass
spectrometry

The splicing-competent nuclear extracts were prepared using
the somatic Kc cell culture as described (Dignam et al. 1983;
Rio 1988). These cells grew without serum and in suspension
culture. The levels of PSI in this cell line were low relative
to most somatic tissues and developmental stages in the organ-
ism (modENCODE RNA-seq data). The P-element plasmid
template was linearized with DraI, which cuts at position 13
of IVS3, and was used for the standard in vitro transcription
reaction with T7 RNA polymerase, which also contained
α-32P-UTP and biotin-16-UTP (Roche) in addition to ordinary
UTP. The UTP to biotin-16-UTP ratio was adjusted to 12.5:1 so
the synthesized RNAs had, on average, one to two biotins per
molecule. The synthesized RNA was purified with the RNeasy
kit (Qiagen).
The RNP complex was assembled for 30 min at room temper-

ature in a reaction mixture containing 20 mM HEPES-KOH (pH
7.6), 5 mM MgCl2, 40 mM KCl (in addition to the KCl in the nu-
clear extract, dialyzed against 100 mM KCl), 0.5 U/µL RNasin
(Promega), 250 nM RNA, and 30% nuclear extract in 2–4 mL.
Omission of MgCl2 or KCl did not seem to affect the results sig-
nificantly. The reactionwas then loaded onto a 100-cm Sephacryl
S-500 gel filtration column containing FSP buffer (20 mM Tris-
HCl at pH 7.6, 60 mM KCl, 2.5 mM EDTA, 0.1% Triton
X-100). In separate experiments, 0.8mL of the same reactionmix-
ture was loaded on a 10-mL 8%–25% glycerol gradient in FSP
buffer and centrifuged in a Beckman SW41 rotor at 24,000 rpm
for 16 h, and 0.5-mL fractions were manually collected. The
peak fractions from the gel filtration were pooled and incubated
with 200 µL of NeutrAvidin agarose beads (Pierce) previously
equilibrated with FSP for 3 h in the cold room. The beads were
washed four times with 60 mM NaCl and 20 mM Tris-HCl (pH
7.6). The bound proteins were eluted with 200 µL of 8 M urea
and 100mMTris-HCl (pH 7.6) and thenwith 200 µL of 5% formic
acid. The formic acid eluate was vacuum-dried and resuspended
in the urea eluate. One molar tris base solution was added to
the combined eluate to obtain neutral pH. The eluatewas then di-
luted fourfold with water and incubated with 0.5 µL of RNaseA
(Fermentas) for 30 min at 37°C. The proteins were precipitated
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with the addition of trichloroacetic acid to 20% and centrifuga-
tion. The protein pellet was washed with acetone four times
and finally resuspended in 100 µL of 8 M urea and 100 mM
Tris-HCl (pH 7.6).
We also performed a purification experiment using the PP7-

tagged P-element RNA. A single PP7 hairpin tag (Lim et al.
2001) was fused to the P element at the SphI site at position
1869 (O’Hare and Rubin 1983), which is ∼50 bp 5′ to the F1/F2
sites. In the preliminary experiments, we also tested a few alter-
native constructs that had the PP7 tag at various positions in
the 3′ intron. However, these 3′-tagged RNAs failed to retrieve
U1 snRNP, hrp48, or PSI. The his-taggedMBP-PP7 fusion protein
was expressed in E. coli and purified with nickel column and hep-
arin column chromatography. Binding and elution were carried
out essentially as described for the analogous MS2-MBP purifica-
tion strategy (Zhou and Reed 2003).
A small fraction of the purified protein samplewas resolved in a

10%SDS-PAGE gel and stainedwith silver or subjected to immu-
noblotting. The rest of the sample was trypsinized and subjected
to MudPIT analysis (Washburn et al. 2001) at the University
of California at Berkeley QB3 Proteomics/Mass Spectrometry
Laboratory. Protein identification was done with Integrated Pro-
teomics Pipeline software (IP2, Integrated Proteomics Appli-
cations, Inc.) using ProLuCID/Sequest and DTASelect2 (Tabb
et al. 2002; Xu et al. 2006; Cociorva et al. 2007; Park et al.
2008). Tandemmass spectra were extracted into ms1 and ms2 fi-
les from raw files using RawExtract 1.9.9 (McDonald et al. 2004)
and were searched against the Drosophila protein database plus
sequences of common contaminants concatenated to a decoy da-
tabase in which the sequence for each entry in the original data-
basewas reversed (Peng et al. 2003). LTQ data were searched with
3000.0milli-amu precursor tolerance, and the fragment ionswere
restricted to a 600.0 ppm tolerance. All searches were parallelized
and searched on the VJC proteomics cluster. Search space in-
cluded all tryptic peptide candidates with no missed cleavage
restrictions. Carbamidomethylation (+57.02146) of cysteine was
considered a static modification, and oxidation of methionine
(+15.9949) was a variable modification. We required one peptide
per protein and two tryptic termini for each peptide identifica-
tion. The ProLuCID search results were assembled and filtered
using the DTASelect program (version 2.0) (Tabb et al. 2002;
Cociorva et al. 2007) with a general peptide false discovery rate
(FDR) of 0.005 and a peptide FDR of 0.001 for inclusion at the pro-
tein level. Under such filtering conditions, the global peptide
FDRwas generally near 0 and <1% for all samples. Those proteins
that had <1% sequence coveragewere disregarded. Relative abun-
dance calculations resulting in normalized spectral abundance
factor (NSAF) (Paoletti et al. 2006) and exponentially modified
protein abundance index (EMPAI) (Ishihama et al. 2005) values
were done within the IP2 software and manually normalized be-
tween data sets.

RNAi and minigene reporter assays in tissue culture

The templates for the dsRNA synthesis were generated by PCR
from the cDNA clones. The PCR primers were designed by using
the SnapDragon program, which is designed to minimize the off-
target effects and is available at the Drosophila RNAi Screening
Center Web site (http://www.flyrnai.org). The T7 promoter se-
quence was added to the 5′ end of each primer. All PCR prod-
ucts, including the control dsRNA template corresponding to
the pBluescript linker sequence, were between 300 and 600 bp
long. The PCR products were purified with the Qiagen QiaQuick
PCR purification kit and were used for dsRNA synthesis with
T7 RNA polymerase. After removal of the DNA template
with the RNase-free DNase (Promega), the RNA was purified

with the RNeasy kit and adjusted to 1 mg/mL in 10 mM Tris-
HCl (pH 7.5) and 100mMNaCl. The RNA strands were annealed
in a heat block by heating to 95°C and then cooling down to room
temperature. Note that SL2 cells were used for the RNAi experi-
ments because our Kc cells did not show efficient knockdown in
our hands. A half-milliliter of cells (at 3 × 106 cells per milliliter)
in serum-free M3 medium was incubated with 5 µg of dsRNA in
24-well plates. After 1 h, 0.5 mL of the same medium with 10%
fetal bovine serum (FBS) was added. On the second day, the cells
were transfected with 200 ng of splicing reporter construct plas-
mid DNA using the Effectene reagent (Qiagen). On the third
day, expression of the reporter RNA was induced by addition of
CuSO4 to 0.5 µM. On the fourth day, the cells were harvested.
Ten percent of the cell suspension was saved for immunoblot-
ting, and the remainder of the cells were used for the preparation
of total RNA using the Qiagen RNeasy kit. The RNAwas treated
with the RNase-free DNase (RQ1, Promega), extracted with
phenol/chloroform, ethanol-precipitated,washed in ethanol solu-
tions, and finally resuspended in 20 µL of water. Twomicrograms
of total RNA was used in a 20-µL reverse transcription reaction
containing 200 U of SuperScript II reverse transcriptase (Invitro-
gen) and 50 ng of random hexamers (Roche). The RT–PCR primer
sequences were described previously (Roche et al. 1995). The neg-
ative controls with no reverse transcriptase confirmed that DNA
contamination in theRNA sampleswas negligible. The combina-
tion of 35-cycle PCR, agarose gel electrophoresis, and ethidium
bromide staining was used in the initial screening. For quantifica-
tion of IVS3 splicing activation, PCRcycle numberwas limited to
23, and α-32P-dCTP was included in the reaction. The PCR prod-
ucts were analyzed with 5% native polyacrylamide gels and the
Typhoon PhosphorImager (GE Healthcare). Two sets of the dou-
ble RNAi experiments were performed. In one set, 3 µg + 3 µg of
each dsRNA was used, and, in another set, 5 µg + 5 µg of each
dsRNA was used. Similar results were obtained with both sets.

RNA EMSAs

In a 30-μL reaction, a trace amount (∼10 fmol) of 69-nt α-32P-UTP-
labeled P-element silencer RNA was incubated with the indicat-
ed protein in binding buffer (50 mM Tris-HCl at pH 7.4, 150 mM
KCl, 2 mMMgCl2, 2 mMDTT, 0.1mg/mL heparin) at room tem-
perature for 30 min. Twenty-five percent glycerol and bromophe-
nol blue dye were added, and 10 μL of each reaction was loaded
onto 10% acrylamide, 1× TBE, and 5% glycerol gel and separated
for 1.5 h at room temperature at 150 V. The 32P-labeled RNA sig-
nal was detected using Fuji PhosphorImager screens scanned on a
GEHealthcare Typhoon Imager and quantitatedwith ImageJ soft-
ware. Curveswere plotted, and binding constantswere calculated
using Prism software. For the hrp48 supershift gel-binding assay,
20 nM hrp48 was added immediately after addition of the hrp36
or hrp38 proteins.

Immobilized RNA pull-down assays

NeutrAvidin agarose resin (Pierce) was washed with G60 binding
buffer (60 mM KCl, 20 mM HEPES, 0.5 mM EDTA, 0.5 mM
DTT), blocked with 0.1 mg/mL total yeast RNA and 0.1 mg/mL
BSA for 30 min at 25°C, and washed once with two column vol-
umes of G60 buffer. Fifty micrograms of biotinylated RNA per
milliliter of resin was incubated for 1 h at 4°C and washed five
times with two column volumes of G60 buffer. In a 50-µL reac-
tion volume of G60 buffer, 10 µL of RNA-bound resin was incu-
bated with 200 nM hrp36, 200 nM hrp38, and the indicated
concentrations of hrp48 or hrp48-RRM for 30 min at 25°C. Reac-
tions were washed four times with 10 column volumes of G60
buffer, 10 µL of resin was resuspended in 20 µL of SDS protein
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gel sample buffer and heated for 3 min at 75°C, and proteins were
separated on a 10% SDS–polyacrylamide gel and subjected to im-
munoblotting with the indicated antibodies.

Immobilized MBP fusion protein pull-down assay

Purified His6-MBP-TEV-hrp48 and His6-MBP-TEV-hrp48-RRM
proteins were bound to Ni-sepharose high-performance resin
(GE Healthcare), washed with 1 M NaCl to remove maltose
from the MBP, and eluted with 500 mM imidazole. His6-MBP-
hrp4GRDwas purified from baculovirus-infected SF9 cell lysates
on Ni-sepharose HisTrap (GE Healthcare) and eluted with 500
mM imidazole.
Amylose resin (New England Biolabs) was washed with G60

buffer, blocked with 0.1 mg/mL total yeast RNA and 0.1 mg/
mL BSA for 30min at 25°C, andwashed three timeswith two col-
umn volumes of G60 buffer. One-hundred micrograms of His6-
MBP-TEV-hrp48 and His6-MBP-TEV-hrp48-GRD per milliliter
of amylose resin were incubated for 4 h at 4°C. One-hundred mi-
crograms of His6-MBP-TEV-hrp48-RRM per milliliter of resin
was incubated overnight at 4°C. All samples were washed five
times with two column volumes of G60 buffer. In a 50-µL reac-
tion volume of G60 buffer, 10 µL of MBP-bound resin was incu-
bated with 2.5 µL of either wild-type RNA or L456 RNA for
10 min at 25°C and washed once with two column volumes of
G60. The 10-µL MBP–RNA resin reactions were resuspended to
50 µL and incubated with 200 nM hrp36 or hrp38 for 30 min at
25°C. Reactions were washed three times with 10 column vol-
umes of G60, and 10 µL of resin was resuspended in 20 µL of
SDS protein gel sample buffer heated for 3 min at 75°C and run
on a 10% SDS-PAGE gel. Gels were subjected to immunoblotting
with anti-hrp48, anti-hrp36, or anti-hrp38 antibodies.
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