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The splicing factor-associated protein, p32, regulates
RNA splicing by inhibiting ASF/SF2 RNA binding
and phosphorylation
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The cellular protein p32 was isolated originally as a
protein tightly associated with the essential splicing
factor ASF/SF2 during its purification from HeLa cells.
ASF/SF2 is a member of the SR family of splicing
factors, which stimulate constitutive splicing and regu-
late alternative RNA splicing in a positive or negative
fashion, depending on where on the pre-mRNA they
bind. Here we present evidence that p32 interacts with
ASF/SF2 and SRp30c, another member of the SR
protein family. We further show that p32 inhibits ASF/
SF2 function as both a splicing enhancer and splicing
repressor protein by preventing stable ASF/SF2 inter-
action with RNA, but p32 does not block SRp30c
function. ASF/SF2 is highly phosphorylatedin vivo, a
modification required for stable RNA binding and
protein–protein interaction during spliceosome forma-
tion, and this phosphorylation, either through HeLa
nuclear extracts or through specific SR protein kinases,
is inhibited by p32. Our results suggest that p32
functions as an ASF/SF2 inhibitory factor, regulating
ASF/SF2 RNA binding and phosphorylation. These
findings place p32 into a new group of proteins that
control RNA splicing by sequestering an essential RNA
splicing factor into an inhibitory complex.
Keywords: ASF/SF2/p32/RNA splicing/SR proteins/SRp30c

Introduction

Removal of introns from pre-mRNAs is a crucial step in
the process of eukaryotic gene expression. The temporal,
developmental and tissue-specific regulation of pre-mRNA
splicing has been established as an important control point
of gene expression in metazoan cells.

Pre-mRNA splicing is a two-step enzymatic trans-
esterification reaction, taking place in a large protein–RNA
complex, the spliceosome. Assembly of the spliceosome
occurs via a sequential recruitment of spliceosomal
proteins and small nuclear ribonucleoproteins (snRNPs)
to the pre-mRNA (reviewed in Mooreet al., 1993). Much
of the splicing regulation appears to occur at the early step
of pre-mRNA recruitment to the spliceosomal assembly
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pathway. One of the crucial factors that partake in this
initial step of pre-mRNA recognition is the SR family of
splicing factors. SR proteins are a class of essential
splicing factors (Manley and Tacke, 1996), with one or
two N-terminal RNA-binding domains and characteristic
arginine–serine (RS) di-peptide repeats of variable length
in the C-terminus (Fu, 1995), hence the name SR proteins.
A correctly ‘built’ early complex, or commitment complex,
is then recognized by general splicing factors to build
up a functional spliceosome that will perform the two
transesterification reactions (reviewed in Mooreet al.,
1993). Conceptually, this type of complex assembly is
analogous to pre-initiation complex formation in tran-
scription.

The ASF/SF2 protein is a member of the SR family of
splicing factors that can enhance constitutive RNA splicing
and further has the capacity to regulate alternative splicing
when overexpressedin vivo or added in excess toin vitro
splicing assays (reviewed in Fu, 1995; Manley and Tacke,
1996). Even though the members of the SR family
are highly homologous, they do not perform redundant
functions, since an ASF/SF2 knockout in a chicken cell
line cannot be complemented by SC35, another member
of the SR family (Wanget al., 1996). SR proteins function
as activators or repressors of splicing, depending on where
they bind on the pre-mRNA (Kanopkaet al., 1996).
Typically, SR proteins enhance recognition of sub-optimal
splice sites by binding to downstream exonic splicing
enhancer elements. However, SR protein binding to an
intron of the pre-mRNA can convert a splicing enhancer
element to a splicing repressor element (Kanopkaet al.,
1996). In addition, SR proteins interact with one another
and help to recruit other non-classical SR proteins to the
spliceosome through RS domain interactions (Zuo and
Maniatis, 1996). Other essential splicing factors, such as
U1-70K and U2AF35, contain regions with RS repeats and
have been shown to interact with SR proteins (reviewed in
Fu, 1995). Importantly, the phosphorylation status of SR
proteins can affect their function differentially in pre-
mRNA recognition, spliceosome assembly and splicing
catalysis (Caoet al., 1997; Xiao and Manley, 1997;
Kanopkaet al., 1998).

The cellular p32 protein was isolated first as a protein
tightly associated with ASF/SF2 purified from HeLa cells
(Krainer et al., 1991). The original study did not show
any direct splice site regulatory activity of p32 (Krainer
et al., 1991). However, a possible significance of the
p32–ASF/SF2 interaction in splicing was not excluded.
Subsequent studies have shown that p32 interacts with
many cellular and viral proteins, including the lamin B
receptor (Simos and Georgatos, 1994), herpes simplex
virus 1 Orf-P protein (Bruni and Roizman, 1996), the
adenovirus polypeptide V (Matthews and Russell, 1998),
Epstein–Barr virus EBNA I protein (Wanget al., 1997;
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Chenet al., 1998) and the human immunodeficiency virus
(HIV) Rev (Luo et al., 1994; Tangeet al., 1996) and HIV
Tat (Yu et al., 1995) proteins. The association between
p32 and HIV Rev is particularly interesting since it
suggests a possible connection between p32 and splicing
control. The interaction between p32 and HIV Rev has
been proposed to de-commit the HIV pre-mRNA from
the spliceosome assembly pathway, thereby promoting
transport of incompletely spliced HIV RNA (Tange
et al., 1996).

In this study, we have re-investigated the significance
of the p32–ASF/SF2 interaction in splicing, the concept
being that p32 may not be a general splicing factor but
one that modulates ASF/SF2 function. Here we show that
p32 interacts with ASF/SF2 and another member of the
SR protein family, SRp30c. Importantly, p32 inactivates
ASF/SF2 as a splicing repressor or activator protein,
but p32 does not have an effect on SRp30c function.
Furthermore, p32 inhibits ASF/SF2 phosphorylation, either
by HeLa nuclear extracts or SR protein kinases, a modi-
fication that is required for ASF/SF2 function in initiation
of spliceosome assembly and splicing catalysis (Caoet al.,
1997; Xiao and Manley, 1997).

The general conclusion emerging from this study is that
p32 acts as a regulatory factor inactivating ASF/SF2
function by sequestering ASF/SF2 into an inhibitory
complex. The results suggest that p32 acts similarly to
transcription regulatory factors such as IκB and retino-
blastoma tumour suppressor protein (Rb), which regulate
pre-initiation complex formation by sequestering the NF-
κB and the E2F transcription factors into inactive com-
plexes.

Results

p32 inactivates ASF/SF2 as a splicing repressor
protein
We have shown previously that in nuclear extracts prepared
from uninfected HeLa cells (HeLa-NE), ASF/SF2 and
other SR proteins act as repressor proteins. They inhibit
IIIa splicing by binding to the 3RE, a regulatory sequence
located immediately upstream of the IIIa branch site
(Kanopkaet al., 1996). As shown in Figure 1A, addition
of increasing amounts of a recombinant p32 protein to
HeLa-NE resulted in a concentration-dependent activation
of IIIa splicing. The enhancement of IIIa splicing was
specific, since addition of the same amount of p32 to
splicing reactions performed with aβ-globin pre-mRNA
caused no activation (Figure 1B). To show that p32
reactivation of IIIa splicing was not due to simple ionic
interactions between p32 and basically charged inhibitory
SR proteins, we added a similar acidically charged protein,
glucose oxidase (GOD), to the splicing assays. As shown
in Figure 1C, GOD was not able to activate IIIa splicing.

To dissect further the sequence requirement for p32
activation of splicing, we tested the responsiveness of
additional transcripts to p32. As summarized in Figure 1D,
substituting the 3RE element with aβ-globin sequence,
which does not bind SR proteins (Kanopkaet al., 1996),
resulted in a loss of p32 activation [IIIa(–3RE)]. Similarly,
a β-globin and an adenovirus control transcript, the L1
52,55K pre-mRNA, were also not activated by p32. We
have shown previously that ASF/SF2 consensus RNA-
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binding sites can substitute functionally for the 3RE as a
IIIa repressor element (Kanopkaet al., 1996). Replacing
the β-globin sequence in IIIa(–3RE) with two consensus
ASF/SF2-binding sites restored the activation potential of
p32 [IIIa(2ASF)]. Moreover, placing the 3RE element
within the β-globin intron inhibits β-globin splicing
(Kanopkaet al., 1996), and rendered the transcript suscept-
ible to p32 protein activation [β-glob(13RE)]. Collect-
ively, these results suggest that p32 inactivates SR proteins
as repressor proteins of splicing.

We have demonstrated that SR proteins block IIIa
splicing by inhibiting A complex formation at the IIIa
39 splice site, most likely by binding to the 3RE and
sterically interfering with U2 snRNP recruitment to the
IIIa 39 splice site (Kanopkaet al., 1996). Therefore, if
p32 alleviates the repressive effect of SR proteins on IIIa
splicing, p32 should be able to activate A complex
formation on a IIIa substrate RNA. In agreement with this
hypothesis, pre-incubation of p32 with HeLa-NE increased
the efficiency of A complex formation (Figure 1E), a
result that explains the increase in IIIa splicing (Figure 1A).
Sinceβ-globin, IIIa(–3RE) and 52,55K are spliced more
efficiently, the activation by p32 may have been obscured.
However, this is not the case; analysis of splicing products
and intermediates in a kinetic splicing experiment did not
show an activation at any stage (data not shown). This
and the complex assembly assay indicate that p32 acts at
an early stage of spliceosome assembly. Furthermore, as
shown in Figure 1F, addition of a single SR protein, ASF/
SF2, was sufficient to abolish A complex formation on a
IIIa 39 splice site substrate RNA (lane 2). Importantly,
addition of increasing amounts of p32 recovered much of
the complex formation (lanes 3–5), suggesting that p32
inactivates ASF/SF2 as a splicing repressor protein. This
type of activation of spliceosome assembly was not seen
when the 3RE element was replaced by theβ-globin
sequence (data not shown).

p32 inactivates SR proteins as splicing enhancer

proteins

We have shown previously that the position of SR protein-
binding sites in the pre-mRNA determines whether they
function as enhancers or repressors of splicing (Kanopka
et al., 1996). Thus, moving the 3RE from its intron
position into the downstream exon converts the 3RE from
a repressor into a classical downstream exon splicing
enhancer (Kanopkaet al., 1996). Therefore, if p32 inhibits
SR protein interaction with RNA (see below), one would
predict that p32 should inactivate SR proteins as enhancer
proteins of splicing. Using a transcript in which the 3RE
element is positioned as a second exon splicing enhancer
in a minimal adenovirus L1 52,55K pre-mRNA
[52,55K(13RE); B.Yue and G.Akusja¨rvi, in preparation],
we show that p32 can inhibit the A-complex formation in
HeLa-NE (Figure 1G). The wild-type 52,55K transcript
lacking a characterized splicing enhancer was not inhibited
by p32 (data not shown). The p32-induced activation of
IIIa and inhibition of 52,55K(13RE) A-complex formation
confirm the notion that p32 functions as an ASF/SF2
inhibitory factor controlling the classical splicing regu-
latory activity of ASF/SF2.
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Fig. 1. p32 regulates splicingin vitro. (A) The indicated amounts of recombinant p32 were pre-incubated with HeLa-NE for 5 min at room
temperature prior to the addition of the32P-labelled IIIa transcript. After 2 h, RNA was purified, and products were resolved by polyacrylamide gel
electrophoresis and visualized by autoradiography. (B) As (A), except that splicing was programmed with aβ-globin transcript. Lower panel:
products were quantitated by PhosphorImager scanning; % Change refers to the change in splicing compared with no addition of p32. (C) GOD does
not influence IIIa splicing. The indicated amounts of GOD were pre-incubated with HeLa-NE for 5 min before addition of IIIa RNA substrate.
Products were resolved and analysed as in (A). (D) PhosphorImager quantitation of splicing using different transcripts as substrate. All transcripts
were spliced three times (except IIIa,n 5 5) in at least two different nuclear extract preparations. % Activation refers to the percentage change in
splicing due to the addition of p32 protein as compared with no addition of p32. Error bars indicate standard deviations. (E) p32 enhances
A complex formation on the IIIa pre-mRNA under splicing conditions. Samples were analysed for complex assembly at 0, 5 and 15 min intervals,
either with or without pre-incubation of HeLa-NE and p32. (F) p32 alleviates ASF/SF2 inhibition of A complex formation on a IIIa 39 splice site
transcript. The indicated amounts of ASF/SF2 and p32 were pre-incubated at room temperature for 5 min followed by an incubation with HeLa-NE
and RNA for an additional 20 min at 30°C. (G) p32 inhibits pre-spliceosome formation on a transcript with an exonic splicing enhancer. The
52,55K13RE transcript was incubated under splicing conditions for 0 (lane 1) or 7 min (lanes 2–4), and analysed for complex assembly after pre-
incubation of HeLa-NE with the indicated amounts of p32 for 5 min at room temperature.
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Fig. 2. p32 activates distal 59 splice site usage in a chimericβ-globin
substrate RNA.In vitro splicing conditions were as in Figure 1.
(A) Schematic drawing of theβ-globin 90 transcript (not drawn to
scale); two alternative 59 splice sites (exon 1) can be spliced to the
39 splice site (exon 2). (B) The indicated amounts of p32 protein were
pre-incubated with HeLa-NE for 5 min at room temperature before
addition of substrate RNA. In the case of ASF/SF2, the protein was
pre-incubated with the substrate RNA for 5 min at room temperature
before addition of HeLa-NE. Reaction products were resolved by
polyacrylamide electrophoresis and visualized by autoradiography.
(C) Reactions containing different amounts of p32 protein were
spliced for 45, 90 or 180 min. Splicing products were quantitated by
PhosphorImager analysis. Ratio refers to the ratio of distal to proximal
splice site product.

p32 regulates 59 alternative splice site choice
One of the original functions attributed to SR proteins was
their ability to regulate alternative RNA splicing (Ge and
Manley, 1990; Kraineret al., 1990; Harper and Manley,
1991; Fuet al., 1992; reviewed in Fu, 1995). For example,
using aβ-globin model substrate RNA with duplicated 59
splice sites, it was shown that ASF/SF2 caused a shift from
distal to proximal 59 splice site usage (Kraineret al., 1990).
Since p32 inactivates SR proteins as splicing enhancer pro-
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teins (Figure 1G), one would predict that addition of p32 to
an in vitro splicing reaction should have the completely
opposite effect, i.e. a change from the proximal site to
the distal site (Figure 2). In agreement with previously
published results (Kraineret al., 1990), addition of ASF/
SF2 to thein vitro splicing reaction caused a shift from the
distal to the proximal site (Figure 2B, left panel). In contrast,
addition of recombinant p32 caused a shift from proximal
to distal 59 splice site usage (Figure 2B, right panel). More
detailed analysis of the splicing pattern, using different
amounts of p32 in a kinetics experiment, demonstrated that
p32 activated the distal 59 splice site in a concentration-
dependent manner (Figure 2C), and the effect of p32 was
most pronounced at the earliest time point analysed
(45 min), indicating that p32 acts at an early step of splicing.
These experiments further demonstrate the antagonistic
effects of p32 and ASF/SF2 in the regulation of splicing,
and they also indicate that the effect of p32 is not restricted
to a viral substrate transcript, but rather that p32 has a more
general role in the regulation of splicing.

p32 relieves SR inhibition of IIIa splicing in
transiently transfected HeLa cells
To demonstrate that p32 also functions as a regulator of SR
proteins activityin vivo, we tested the effect of p32 on IIIa
splicing in a transient DNA transfection assay. We used
S1 analysis to detect quantitative differences in splicing
activity. As shown in Figure 3A, co-transfection of low
amounts of a plasmid expressing p32 activated IIIa 39 splice
site usage (left panel, lanes 2–3), whereas large amounts
(lanes 4–5) caused an inhibition (see Discussion). Removal
of the 3RE resulted, as previously shown (Kanopkaet al.,
1998), in a dramatic activation of IIIa splicing and, further-
more, annulled the stimulatory effect of p32 on IIIa splicing
(right panel). Again, transfecting large quantities of the p32
plasmid caused an inhibition of mRNA accumulation in the
cytoplasm (see Discussion). A PhosphorImager quantita-
tion of three independent S1 analyses (average and standard
deviation) is shown in Figure 3B. Although the experiment
provides only indirect evidence linking p32 to splicing, it is
in agreement with the hypothesis that the major effect of
p32 on IIIa splicingin vivo works through an inactivation
of SR proteins binding to the 3RE.

p32 blocks ASF/SF2 binding to RNA
Our previous data have shown that SR proteins, including
ASF/SF2, suppress IIIa splicing by binding to the 3RE
(Kanopkaet al., 1996; data not shown). Since p32 does
not bind RNA under splicing conditions (data not shown;
Kraineret al., 1991), it seemed unlikely that p32 activated
IIIa splicing by competing with ASF/SF2 for binding to the
3RE. It is more likely that p32 regulates ASF/SF2 function
by affecting its RNA-binding capacity. To test this hypo-
thesis, the effect of p32 on ASF/SF2 RNA binding was
tested in a UV cross-linking assay. As shown in Figure 4A,
addition of increasing amounts of recombinant p32 resulted
in an inhibition of ASF/SF2 cross-linking to the RNA (lanes
2–4). To show that p32 is specific for ASF/SF2 and not
just any RNA-binding protein, hnRNP A1 protein (half the
amount of ASF/SF2) was included in the assay together
with ASF/SF2. In the absence of the p32 protein, hnRNP
A1binding to theRNAsubstratewasnotdetected.However,
subsequent to the addition of p32, which inhibited ASF/SF2
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Fig. 3. p32 regulates IIIa splicingin vivo in transiently transfected
HeLa cells. (A) Increasing amounts (lanes 2–5) of pCMV-p32 plasmid
(0.05, 0.2, 1 or 3µg) as well as an empty CMV control vector
(lane 1) were co-transfected with constant amounts of reporter
construct IIIa or IIIa(–3RE). Equal amounts of total cytoplasmic RNA
were subjected to quantitative S1 analysis. Products were resolved by
polyacrylamide gel electrophoresis and subjected to autoradiography
(A) or PhosphorImager quantitation (B). The top panel in (A) shows a
schematic representation of the pre-mRNAs expressed by the reporter
constructs, with the 59 end-labelled S1 probe shown below. The solid
box denotes the fragment which is protected during the S1 analysis of
the spliced products. Lower panel: a Northern blot probing for actin
mRNA showing equivalent amounts of mRNA present in the S1
analysis. (B) PhosphorImager quantitation of the S1 analysis. All
experiments were done at least three times, with average values and
standard deviations shown.

binding, hnRNP A1 was able to bind to the RNA. Also, the
similarly charged protein GOD was unable to inhibit the
RNA-binding capacity of ASF/SF2 (lanes 5–7) and, there-
fore, hnRNP A1 was not able to bind the RNA.

It has been speculated that the interaction of p32 with
ASF/SF2 is due to ionic interactions between the highly
basic RS domain in ASF/SF2 and the acidic C-terminus
in p32 (Yu et al., 1995). Arguing against this hypothesis
is the observation that GOD does not influence ASF/SF2
activity. Furthermore, to demonstrate that p32 interacts,
at least in part, with the RNA-binding domain of ASF/
SF2, we used a mutant ASF/SF2 protein lacking the RS
domain (∆RS) in a UV cross-linking assay. Similarly to
the inhibition of the full-length ASF/SF2 protein
(Figure 4A), the∆RS protein was also inhibited in its
RNA-binding capacity by p32 (Figure 4B), strengthening
the conclusion that p32 regulates ASF/SF2 function at the
level of a specific RNA-binding interaction.
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Fig. 4. p32 inhibits ASF/SF2 RNA binding. (A) Recombinant ASF/
SF2 (20 pmol) and hnRNP A1 (10 pmol) were UV cross-linked to the
52,55K13RE transcript (shown schematically at the top) in the
absence (lanes 1 and 8) or presence of increasing amounts of recom-
binant p32 protein (10, 30 and 60 pmol, lanes 2–4, respectively) or
GOD (10, 30 and 60 pmol, lanes 5–7, respectively). (B) Recombinant
∆RS (30 pmol) was UV cross-linked as described in (A), using the
wild-type IIIa 39 splice site transcript (Kanopkaet al., 1996).

p32 interacts with a second member of the SR
protein family, SRp30c, without blocking its
activity
Our results show that p32 functions as an ASF/SF2
inhibitory factor, functionally disabling its splicing regu-
latory activities. To determine whether p32 possessed the
capacity to bind to other SR proteins, we tested the
SRp30c protein. Previous studies have shown that SRp30c
functions as a splicing activator in an S100 comple-
mentation assay (Screatonet al., 1995). We have also
found that SRp30c, like ASF/SF2, inhibits IIIa splicing
in vivo, in transiently transfected HeLa cells (C.Estmer,
S.K.Petersen-Mahrt., J.Ca´ceres, A.Krainer and
G.Akusjärvi, in preparation). In a far-Western analysis
(Figure 5A), as expected (Kraineret al., 1991), p32
interacts with ASF/SF2 (Figure 5A, lane 1). Importantly,
however, p32 also interacted with SRp30c in this type of
assay (lane 2), albeit with a slightly lower efficiency
compared with ASF/SF2 (lane 1 versus 2). Addition of
SRp30c toin vitro splicing reactions demonstrated that
this SR protein, like ASF/SF2 (Kanopkaet al., 1996, and
Figure 1), inhibits IIIa splicing (Figure 5B). Interestingly,
addition of p32 to SRp30c did not rescue spliceosome
assembly on the IIIa pre-mRNA (Figure 5C). Here, addi-
tion of ASF/SF2 or SRp30c blocks pre-spliceosome forma-
tion on the IIIa pre-mRNA (compare lane 1 with lanes 2
and 4). As is also shown above (Figure 1F), addition
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Fig. 5. p32 does not affect SRp30c function. (A) p32 can interact with
SRp30c protein in a far-Western assay. Twenty picomoles of ASF/SF2
and SRp30c were detected as in Figure 6A. (B) SRp30c inhibits IIIa
splicing. Splicing reactions were performed and analysed as in
Figure 1A, with the 20 pmol of recombinant SRp30c added to the
RNA substrate (IIIa) 5 min prior to addition of HeLa-NE. (C) p32
cannot alleviate SRp30c inactivation of IIIa A-complex formation. The
indicated amounts of recombinant proteins were incubated with
substrate RNA (IIIa) for 5 min prior to addition of HeLa-NE and
complex analysis as in Figure 1E. (D) p32 does not inhibit the RNA-
binding capacity of SRp30c. UV cross-linking was performed as in
Figure 4A with 20 pmol of SRp30c and the indicated amounts of p32
protein. 3RE was used as substrate RNA.

of p32 abolishes the inhibitory effect of ASF/SF2 on
spliceosome formation (lane 3). In contrast, p32 could not
rescue SRp30c inhibition of IIIa spliceosome formation
(lane 5). These findings suggest that p32 can interact with
both ASF/SF2 and SRp30c, but can only modulate the
activity of ASF/SF2. Further support for this specificity
is provided by the observation that p32 could not block
the RNA-binding capacity of SRp30c (Figure 5D). This
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Fig. 6. p32 interacts preferentially with hypophosphorylated ASF/SF2.
(A) Five picomoles of ASF/SF2 were subjected toin vitro
phosphorylation in the absence (lane 1) or presence of SRPK1 (lane 2)
or Clk/Sty (lane 3) protein kinases, and subsequently analysed by far-
Western analysis, using 10µg/ml of recombinant untagged p32 as a
probe. (B) In vitro phosphorylation of 5 pmol of ASF/SF2 with
SRPK1 or Clk/Sty for 15 min at room temperature, showing the
difference in total phosphate incorporation. (C) Far-Western dot-blot.
Two picomoles of ASF/SF2 were treated or not as in (A) and added
directly to the filters. Subsequently, the filters were treated as in (A),
with (lanes 1–3) or without (lanes 4–6) p32, followed by anti-p32
antiserum, or with anti-His antiserum (lanes 7–9). All experiments
were done in triplicate.

is in contrast to ASF/SF2, where the same amount of p32
effectively inhibited RNA binding (Figure 4A). Taken
together, our results suggest that p32 may show some
specificity towards SR proteins, not disabling all SR
proteins equally. Thus, binding of p32 to an SR protein
does not necessarily block its activity.

The phosphorylated status of ASF/SF2 determines
p32 binding
To analyse the direct interaction of ASF/SF2 and p32, far-
Western protein–protein interaction studies were per-
formed. As shown in Figure 6A, the interaction of p32
with recombinant ASF/SF2 is dependent on the status of
ASF/SF2 phosphorylation. Pre-incubation of ASF/SF2
with the RS domain-specific SRPK1 protein kinase (Gui
et al., 1994) weakly decreased the interaction of p32 and
ASF/SF2 (compare lanes 1 and 2). A more dramatic effect
was observed when the dual-specificity Clk/Sty kinase
(Colwill et al., 1996), another SR kinase, was used (lane
3). Detecting filter-bound ASF/SF2 with an anti-His tag
antibody demonstrated that equal amounts of proteins
were loaded (data not shown). Importantly, ASF/SF2 is
phosphorylated more strongly by SRPK1 than by Clk/Sty
(Figure 6B), arguing against the notion that the number
of phosphorylation sites determines p32 binding. More
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probably, phosphorylation of specific sites in ASF/SF2
regulates p32–ASF/SF2 interaction. The inability of p32
to bind to Clk/Sty-phosphorylated ASF/SF2 is of particular
interest since Clk/Sty has been suggested to regulate
alternative RNA splicing through ASF/SF2in vivo (Dun-
canet al., 1997).

The data presented in Figure 6A suggest that Clk/Sty
phosphorylates an amino acid(s) that directly determines
p32 interaction, whereas RS domain phosphorylation by
SRPK1 does not significantly impair p32 interaction.
However, protein–protein interactions depend on the cor-
rect folding of the proteins. Thus, we considered the
possibility that the small effect of SRPK1 on p32–ASF/
SF2 interaction (Figure 6A) was due to improper re-
folding of ASF/SF2 after the harsh treatment in SDS–
PAGE and electroblotting. To test this hypothesis, we used
a dot-blot far-Western approach (Figure 6C). Here, the
SRPK1-treated or untreated ASF/SF2 was added directly
to the nitrocellulose filter, keeping the protein in its
‘native’ phosphorylated form. The results clearly show
that with equal amounts (lanes 7–9) but differentially
treated ASF/SF2 (upper versus lower), p32 binds less
efficiently to the SRPK1-phosphorylated ASF/SF2 (lanes
1–3). Omitting the recombinant p32 in the far-Western
procedure did not produce a signal, demonstrating the
specificity of the antiserum (lanes 4–6). We interpret these
results to indicate that Clk/Sty phosphorylates a residue(s)
that directly affects p32–ASF/SF2 interaction, whereas
SRPK1-induced RS domain phosphorylation affects p32
interaction indirectly through ASF/SF2 protein conforma-
tion. Collectively, our results suggest that the activity of
p32 as a splicing regulatory protein may be controlled by
the phosphorylation of specific sites on the target protein.

p32 inhibits ASF/SF2 phosphorylation
Recent studies have shown that phosphorylation of ASF/
SF2 is a required modification for its function in spliceo-
some assembly (Caoet al., 1997; Tackeet al., 1997; Xiao
and Manley, 1997) and a regulator of its function in
alternative RNA splicing (Kanopkaet al., 1998). Since
p32 interacts with ASF/SF2, it might also control the
accessibility of ASF/SF2 to specific protein kinases. To
test this hypothesis, we investigated whether p32 inter-
action with ASF/SF2 resulted in an alteration of ASF/SF2
phosphorylation. As shown in Figure 7A, pre-incubation
of p32 with ASF/SF2 before addition of SRPK1 resulted
in an inhibition of ASF/SF2 phosphorylation. This inhibi-
tion was even more pronounced when ASF/SF2 was
phosphorylated in HeLa-NE (Figure 7B). Interestingly,
using Clk/Sty as a protein kinase, p32 inhibition of ASF/
SF2 phosphorylation was the most effective (Figure 7C).
This is in agreement with our observation that Clk/Sty
phosphorylation has a more severe effect on p32 interaction
when compared with SRPK1 phosphorylation (Figure 6A).
Thus, amino acids phosphorylated by Clk/Sty are most
significant for p32–ASF/SF2 interaction. The∆RS protein,
lacking the ASF/SF2 RS domain, is phosphorylated by
HeLa-NE protein kinases. Again, p32 was able, albeit
with a lower efficiency, to inhibit this phosphorylation
(Figure 7D). Coomasie Blue staining of all the proteins
demonstrated that the amounts were constant and not
subject to proteolysis (data not shown). These results
indicate that p32 not only regulates RS domain phospho-
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Fig. 7. p32 inhibits phosphorylation of ASF/SF2 and∆RS. The
indicated amounts of ASF/SF2 or∆RS proteins were pre-incubated
with increasing amounts of p32, followed byin vitro phosphorylation
with SRPK1 (A), Clk/Sty (C) or HeLa-NE (B andD).

rylation, but also controls the phosphorylation of other,
potentially important sites in ASF/SF2. Preliminary data
suggest that p32 inhibits ASF/SF2 phosphorylation by
binding to the substrate rather than to the kinase (data
not shown). In summary, these results suggest that p32
interaction with ASF/SF2 is dependent on its state of
phosphorylation, and that p32 can regulate ASF/SF2
function by inhibiting its phosphorylation, and this in turn
controls the function of ASF/SF2 for RNA binding and
spliceosome assembly during general and alternative
RNA splicing.

Discussion

The general conclusion emerging from our study is that
the cellular p32 protein functions as an ASF/SF2 inhibitory
factor, with a capacity to inactivate ASF/SF2 as a splicing
repressor or splicing enhancer protein. Thus, p32 inter-
action with ASF/SF2 appears to have two important
consequences for ASF/SF2 function. First, p32 inhibits
the RNA-binding capacity of ASF/SF2 (Figure 4A) and,
hence, its function in initiation of pre-spliceosome forma-
tion (Figure 1E). Secondly, p32 interaction with ASF/
SF2 blocks ASF/SF2 phosphorylation (Figure 7), a post-
translational modification which is required for ASF/SF2-
mediated protein–protein interaction during spliceosome
assembly (Xiao and Manley, 1997). Collectively, our
results suggest that p32 may act as a new kind of splicing
regulator that adjusts the activity of the essential splicing
factor ASF/SF2 via changes in its subunit composition.
Analogously to Rb, which binds and inactivates the E2F
family of transcription factors, or IκB which inactivates
NF-κB (Nevins, 1992; Baldwin, 1996; Whiteside and
Israel, 1997), p32 may function as a modulator protein
altering ASF/SF2 activity by sequestering it into an
inactive complex.

It is important to note that, although we have used
primarily model substrate RNAs based on the adenovirus
L1 unit (Imperiale et al., 1995), we believe that our
findings are of general significance for the control of RNA
splicing in mammalian cells and not virus specific, since
all experiments have been performed in NE prepared from
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uninfected HeLa cells and theβ-globin 59 alternative
splice site substrate was also regulated by p32 (Figure 2).
The recent finding by Matthews and Russell (1998) that
p32 interacts with adenovirus protein V suggests a probable
function of p32 during lytic virus growth. We have
initiated experiments aimed at further characterizing how
adenovirus uses p32 for its own benefit.

The most direct mechanism by which p32 appears to
influence ASF/SF2 activity is by inhibition of its RNA-
binding capacity (Figure 4), an activity that cannot be
mimicked by an equally acidically charged protein, GOD.
We also show that p32 inhibits the RNA-binding capacity
of an ASF/SF2 protein lacking the positively charged RS
domain (Figure 4B). This finding indicates that the binding
of p32 to ASF/SF2 is not simply a function of charge
interaction with the RS domain. Supporting this idea is
the observation that p32 was able to bind SRp30c
(Figure 5A), but not able to inhibit SRp30c RNA binding
or function (Figure 5).

The observed trade-off in binding between ASF/SF2
and hnRNP A1 (Figure 4A) is especially interesting, since
a number of alternative splicing events can be regulated
through the competition of these two proteins (Mayeda
and Krainer, 1992; Mayedaet al., 1993; Sunet al., 1993;
Yang et al., 1994; Chabotet al., 1997; Hanamuraet al.,
1998; Jiang et al., 1998). It has been hypothesized
(Hanamuraet al., 1998) that the differences in the molar
amounts of ASF/SF2 and hnRNP A1 in various cell types
is a key factor in regulation of alternative RNA splicing.
Our results suggest that p32 may modulate this regulation
further (Figure 4A), by chelating the ASF/SF2 component.

It should be noted that the effect of p32 on transcripts
is, in some instances, not the most dramatic. However,
importantly for those transcripts which do have a specific
requirement for the ASF/SF2 protein, p32 regulation is
most pronounced. The most simplistic explanation for this
is that not all SR proteins are inactivated efficiently by
p32. Such a conclusion is in line with our observation
that p32 does not block SRp30c function, but can interact
with SRp30c (Figure 5). Our preliminary data also suggest
that p32 interacts with even more SR proteins and,
at least in one case, also disables its function (data
not shown).

The inhibitory effect of p32 on ASF/SF2 phosphoryla-
tion is likely to have significant consequences for ASF/
SF2 functionin vivo. For example, this post-translational
modification appears to regulate the subcellular localiz-
ation (Cacereset al., 1998) and sub-organelle distribution
(Misteli and Spector, 1997) of SR proteins. There are
multiple examples of inhibitory proteins regulating
transcription that control the subcellular localization of
transcription factors (reviewed in Latchman, 1991). Sim-
ilarly, p32 may participate in splicing by controlling the
sub-organellar or sub-cellular localization of SR proteins.
Cycles of phosphorylation and dephosphorylation reac-
tions have been proposed to reorganize SR proteins from
interchromatin granules to active sites of splicing (Misteli
and Spector, 1997). Also, some members of the SR protein
family, including ASF/SF2, have been shown to shuttle
between the nucleus and cytoplasm (Cacereset al., 1998),
and the phosphorylation status was shown to be important
for this activity. Additionally, SR protein phosphorylation
has been shown to be important for the RNA-binding
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Fig. 8. Cytoplasmic and nuclear distribution of p32 in HeLa extracts.
Western blot analysis of nuclear and cytoplasmic extracts using an
anti-p32 polyclonal serum (Matthews and Russell, 1998). Lane 3 is a
control showing the position of a recombinant p32 protein.

capacity of SR proteins (Tackeet al., 1997; Kanopka
et al., 1998), the capacity of SR proteins to mediate
protein–protein interaction (Xiao and Manley, 1997) and
the induction of spliceosome assembly (Mermoudet al.,
1994; Caoet al., 1997; Xiao and Manley, 1997). An effect
of p32 on any of these activities would control the
availability of ASF/SF2 for splice site regulation. However,
the stage(s) at which p32 regulates splicingin vivo remains
to be determined.

There is some controversy with regards to the sub-
cellular localization of p32. It has been suggested to be
present in the mitochondria (Mutaet al., 1997; Matthews
and Russell, 1998), cytoplasm (Luoet al., 1994; Simos
and Georgatos, 1994; Tangeet al., 1996; Wanget al.,
1997), cell surface (Eggletonet al., 1995; Ghebrehiwet
et al., 1997; Guoet al., 1997; Petersonet al., 1997) and
nucleus (Luoet al., 1994; Simos and Georgatos, 1994;
Tange et al., 1996; Wanget al., 1997; Matthews and
Russell, 1998). Matthews and Russell (1998) found p32
associated both with the mitochondria and the nucleus,
and hypothesized that the difference in location could be
explained if p32 is a component of a transport system
linking the nucleus to the mitochondria. The mitochondrial
location of p32 in association with the complement com-
ponent C1q has also been confirmed recently (Dedioet al.,
1998). This is in contrast to the previous claim of cell
surface location (Ghebrehiwetet al., 1997), a notion which
has also been challanged by Mutaet al. (1997). It is
important, therefore, that in our studies we find a significant
fraction of p32 present in HeLa-NE prepared by standard
techniques (Figure 8). This finding should not be taken
as strong support for the subcellular localization of p32.
It is provided to show that p32 is present in the HeLa-
NE and, therefore, cannot be disregarded as a regulatory
factor in in vitro splicing experiments. The observation
that ASF/SF2 appears to shuttle between the nucleus and
the cytoplasm (Cacereset al., 1998) would be in accord-
ance with the putative transport role of p32, and it may
be that the activity of ASF/SF2 could be regulated by the
relative binding affinity of p32 for other cellular (or viral)
components. This could explain in part the discrepancy
between thein vivo and in vitro effects of p32.In vitro,
p32 did not have much of an effect on a reporter transcript
lacking the 3RE element [IIIa(–3RE); Figure 1D], whereas
in vivop32 co-transfection inhibited IIIa(–3RE) expression
at high concentrations (Figure 3). It is possible that
large amounts of p32 protein sequester ASF/SF2 in the



S.K.Petersen-Mahrt et al.

cytoplasm, leaving a severe deficiency of ASF/SF2 in the
nucleus. We are currently investigating the effect of
p32 on the subcellular localization of SR proteins. The
association of p32 with the ASF/SF2–Rev complex (Gil-
martin et al., 1992; Yuet al., 1995; Tangeet al., 1996)
supports the notion that p32 may participate in RNA–
protein shuttling from the nucleus to the cytoplasm.
Alternatively, high amounts of p32 expressionin vivo
could cause a non-specific inhibition of RNA splicing.

With the potentially manifold activities of ASF/SF2 in
cellular RNA metabolism, the association of p32 with ASF/
SF2 before, during or after RNA transcription, splicing or
transport are potentially key points for regulation. Viruses
typically target key proteins in the cell and redirect
their activity so that they will allow for efficient virus
multiplication. Studies of virus replication have, therefore,
contributed significantly to our understanding of important
check points required for normal cell-cycle control. The
best examples, so far, are the identification of the p53
tumour suppressor protein and the critical function of the
Rb tumour suppressor protein in the control of the cell
cycle. It is interesting, therefore, that a number of viruses
appear to target the p32 protein. It may be that this
provides another example of a ‘hijacking’ of a key
cellular protein to support viral replication further. There
is obviously still much more to learn about the function(s)
of the p32 proteinin vivo. This study sheds some light
on its function by demonstrating that p32 has a capacity
to regulate splicing by controlling the activity of an
essential splicing factor, the ASF/SF2 protein.

Materials and methods

Plasmids, transcripts and recombinant proteins
Plasmid sequences are available on request or at http://www.bmc.uu.se/
IMIM/res/GA.html.

Transcripts IIIa, IIIa(2ASF), IIIa(–3RE),β-globin, β-globin(13RE),
β-globin 90 (Reed and Maniatis, 1986) and 52,55K have been described
previously (Kanopkaet al., 1996, 1998). In transcript 52,55K13RE, the
49 nucleotide long 3RE element (Kanopkaet al., 1996) was appended
as a second exon splicing enhancer six nucleotides downstream of the
52,55K 39 splice site (B.Yue and G.Akusja¨rvi, in preparation). All pre-
mRNAs were transcribed with T7 RNA polymerase from PCR-amplified
products with a U1 snRNA-binding site at the 39 end (Kreivi et al.,
1991). His-tagged recombinant ASF/SF2 (Geet al., 1991),∆RS (kind
gift of Jan-Peter Kreivi, previously used in Kanopkaet al., 1996),
Trx(thioredoxin-His)-SRp30c (kind gift from Jan-Peter Kreivi), hnRNP
A1 (kind gift of Karin Öhman) and SRPK1 (Guiet al., 1994) were
purified by standard Ni-column chromatography (Novagen). For some
experiments (Figure 5A), the Trx tag of SRp30c was removed according
to the manufacturer’s protocol (Novagen). This changed the SDS–PAGE
migration pattern from 43 to 30 kDa. Clk/Sty (Colwillet al., 1996) was
expressed as a GST-tagged protein and purified as described in the
Pharmacia–Amersham Biotech manual. Recombinant p32 was isolated
as a His-tagged protein by standard Ni-column chromatography, or as
an untagged protein by Mono-Q FPLC (Matthews and Russell, 1998).
SDS–PAGE Coomasie analysis showed p32 to be.90% pure (data not
shown). GOD was purchased from Sigma (St Louis, MO). All proteins
were dialysed against buffer D (Dignamet al., 1983) containing
20% glycerol.

In vitro splicing reactions
Conditions for extract preparation andin vitro splicing were as described
(Kreivi et al., 1991), except that the ATP concentration was raised to
2 mM, phosphocreatine (Sigma) was included at a concentration of
20 mM and the final MgCl2 concentration was lowered to 2.8 mM
[3.2 mM forβ-globin 90 transcript (Reed and Maniatis, 1986)]. Reactions
were incubated for 2 h at 30°C (or as indicated), proteins were digested
with proteinase K, RNA was isolated and products were resolved on
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8% PAGE–urea. S100 splicing reactions were performed as published
(Krainer et al., 1990). PhosphorImager quantitation: percentage spli-
cing 5 signal of product/(signal of product1 signal of transcript)3100;
percentage change5 (percentage splicing ofx – percentage splicing of
‘zero’ control)/percentage splicing of ‘zero’ control3100. All reactions
were performed at least three times, and average and standard deviations
are shown. Ratio [forβ-globin 90]5 (volume of distal spliced product)/
(volume of proximal spliced product); arbitrarily setting the zero control
lane to 1.

Pre-spliceosome formation
Conditions for pre-spliceosome formation are as forin vitro splicing.
Using the indicated transcript, incubations were as follows. ASF/SF2
and p32 were pre-incubated at room temperature for 5 min, followed by
addition of 15µg of HeLa-NE and 20 fmol of32P-labelled transcript.
Complex formation was monitored by electrophoresis on a 4% acryl-
amide:piperazine (84:1) gel and autoradiography (Kreivi and Akus-
järvi, 1994).

Transfections and S1 analysis
Semiconfluent HeLa monolayer cells were transfected (three times) with
3 µg of reporter construct and 3µg empty cytomegalovirus (CMV)
vector or increasing amounts of pCMVp32 (0.05, 0.2, 1 and 3µg) by
the calcium phosphate co-precipitation technique (Ausubelet al., 1987)
or by using the FuGene® cocktail (Boehringer Mannheim). At 16 h
post-transfection, cells were glycerol shocked, and total cytoplasmic
RNA isolated 30–32 h later. Equal amounts of RNA were subjected to
S1 analysis (Ausubelet al., 1987) using the probe described by Kanopka
et al. (1998). To ensure an equal amount of mRNA was used in the S1
analysis, a Northern blot with a human actin cDNA probe was performed
(Ausubelet al., 1987).

UV cross-linking
Recombinant ASF/SF2,∆RS, SRp30c and hnRNP A1 were incubated
under splicing conditions with increasing amounts of p32 or GOD for
5 min at room temperature prior to addition of32P-labelled transcript.
All reactions contained 50 ng of tRNA (Sigma) as a non-specific
competitor. Mixtures were incubated for a further 5 min at 30°C, then
cross-linked by UV irradiation (output: 1200µW/cm2, distance: 1 cm)
for 10 min on ice. RNA was digested with 10µg of RNase A (Pharmacia)
at 37°C for 30 min. Products were resolved on 12 or 15% SDS–PAGE
under reducing conditions and visualized by autoradiography.

Far-Western blotting
Recombinant SRp30c or ASF/SF2, with or without phosphorylation by
SRPK1 or Clk/Sty, was subject to 12% SDS–PAGE under reducing
conditions. Blotting was done under standard conditions (Burnette,
1981). Membranes were blocked in TBS-T-DM [5% dry milk (w/v),
50 mM Tris pH 7.5, 150 mM NaCl, 0.1% Tween-20], washed three
times in TBS and 3 or 10µg/ml of recombinant p32 was added in TBS-
T-B [TBS-T with 1% bovine serum albumin (BSA)] for 30 min at room
temperature (with and without 60µg of GOD). They were then washed
twice in TBS-T and rabbit polyclonal anti-p32 (Matthews and Russell,
1998) was added in TBS-T-B at a dilution of 1:500 for 12–16 h at 4°C
(or 30 min at room temperature) prior to them being washed three
times in TBS-T. Donkey anti-rabbit Ig–horseradish peroxidase (HRP)
(Amersham) was added and incubated at 1:2000 dilution in TBS-T-B at
4°C for 1 h (or 30 min at room temperature) and the membranes were
then washed twice with TBS-T and once with TBS and developed with
chemiluminesence reagents according to the manufacturer’s protocol
(Amersham).

Dot-blot far-Western blotting
Recombinant ASF/SF2 was treated or not with SRPK1 under kinase
conditions, and aliquots were added directly to nitrocellulose filters.
Filters subsequently were treated as for the far-Western filters, except
that 3µg of rp32 was used in the presence of 60µg of GOD. For His-
tagged ASF/SF2 detection, filters were blocked as above and monoclonal
anti-His antibody (Clonetech) was added at 1:200 dilution in TBS-T-B
for 30 min at room temperature. All steps proceeded as above, except
that sheep anti-mouse was used at 1:2000.

Western blotting
For p32 detection, 30µg of nuclear extract or 50µg of cytoplasmic
extract and 10 pmol of recombinant p32 were subject to 12% SDS–
PAGE under reducing conditions. Blotting was done under standard
conditions (Burnette, 1981). Membranes were blocked in TBS-T-DM,
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washed three times in TBS and a 1:500 dilution of rabbit polyclonal
anti-p32 (Matthews and Russell, 1998) was added in TBS-T1 1% BSA
for 12–16 h at 4°C. They were then washed three times in TBS-T and
donkey anti-rabbit Ig (Amersham) was incubated at 1:2000 dilution in
TBS-T at 4°C for 1 h, followed by washing twice with TBS-T, once in
TBS, and were developed with chemiluminesence reagents according to
the manufacturer’s protocol (Amersham).

In vitro kinase assay
The indicated amounts of recombinant ASF/SF2 and∆RS proteins were
incubated at room temperature with no or increasing amounts of
recombinant p32 for 5 min, followed by a further 15 min incubation at
room temperature with SRPK1 (Guiet al., 1994), HeLa-NE (0.5µg) or
Clk/Sty (Colwill et al., 1996). The kinase buffer used contained: 20 mM
Tris pH 7.4, 130 mM KCl, 15 mM MgCl2, 5 mM dithiothreitol, 0.1 mM
ATP and 1µCi of [γ-32P]ATP. Products were resolved on 12 or 15%
reducing SDS–PAGE and subjected to autoradiography.
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Sty) and Karin Öhman (hnRNP A1) for kind gifts of material. This
work was supported by the Swedish Cancer Society and the Wenner-
Gren Society. D.M. carried out this work with the aid of an MRC
studentship (G78/1131).

References

Ausubel,F.M., Brent,R., Kingston,R.E., Moore,D.D., Seidman,J.G.,
Smith,J.A. and Struhl,K. (1987)Current Protocols in Molecular
Biology. John Wiley & Sons, Inc., Boston, MA.

Baldwin,A.S. (1996) The NF-κB and IκB proteins: new discoveries and
insights.Annu. Rev. Immunol., 14, 649–683.

Bruni,R. and Roizman,B. (1996) Open reading frame P—a herpes
simplex virus gene repressed during productive infection encodes a
protein that binds a splicing factor and reduces synthesis of viral
proteins made from spliced mRNA.Proc. Natl Acad. Sci. USA, 93,
10423–10427.

Burnette,W.N. (1981) ‘Western blotting’: electrophoretic transfer of
proteins from sodium dodecyl sulfate–polyacrylamide gels to
unmodified nitrocellulose and radiographic detection with antibody
and radioiodinated protein A.Anal. Biochem., 112, 195–203.

Caceres,J.F., Screaton,G.R. and Krainer,A.R. (1998) A specific subset
of SR proteins shuttles continuously between the nucleus and the
cytoplasm.Genes Dev., 12, 55–66.

Cao,W., Jamison,S.F. and Garcia-Blanco,M.A. (1997) Both
phosphorylation and dephosphorylation of ASF/SF2 are required for
pre-mRNA splicingin vitro. RNA, 3, 1456–1467.

Chabot,B., Blanchette,M., Lapierre,I. and La Branche,H. (1997) An
intron element modulating 59 splice site selection in the hnRNP A1
pre-mRNA interacts with hnRNP A1.Mol. Cell. Biol., 17, 1776–1786.

Chen,M.R., Yang,J.F., Wu,C.W., Middeldorp,J.M. and Chen,J.Y. (1998)
Physical association between the EBV protein EBNA-1 and P32/TAP/
hyaluronectin.J. Biomed. Sci., 5, 173–179.

Colwill,K., Pawson,T., Andrews,B., Prasad,J., Manley,J.L., Bell,J.C. and
Duncan,P.I. (1996) The Clk/Sty protein kinase phosphorylates SR
splicing factors and regulates their intranuclear distribution.EMBO
J., 15, 265–275.

Dedio,J., Jahnen-Dechent,W., Bachmann,M. and Muller-Esterl,W. (1998)
The multiligand-binding protein gC1qR, putative C1q receptor, is a
mitochondrial protein.J. Immunol., 160, 3534–3542.

Dignam,J.D., Lebovitz,R.M. and Roeder,R.G. (1983) Accurate
transcription initiation by RNA polymerase II in a soluble extract
from isolated mammalian nuclei.Nucleic Acid Res., 11, 1475–1489.

Duncan,P.I., Stojdl,D.F., Marius,R.M. and Bell,J.C. (1997)In vivo
regulation of alternative pre-mRNA splicing by the Clk1 protein
kinase.Mol. Cell. Biol., 17, 5996–6001.

Eggleton,P., Ghebrehiwet,B., Sastry,K.N., Coburn,J.P., Zaner,K.S.,
Reid,K.B. and Tauber,A.I. (1995) Identification of a gC1q-binding
protein (gC1q-R) on the surface of human neutrophils. Subcellular
localization and binding properties in comparison with the cC1q-R.
J. Clin. Invest., 95, 1569–1578.

Fu,X.D. (1995) The superfamily of arginine/serine-rich splicing factors.
RNA, 1, 663–680.

Fu,X.D., Mayeda,A., Maniatis,T. and Krainer,A.R. (1992) General

1023

splicing factors SF2 and SC35 have equivalent activitiesin vitro and
both affect alternative 59 and 39 splice site selection.Proc. Natl Acad.
Sci. USA, 89, 11224–11228.

Ge,H. and Manley,J.L. (1990) A protein factor, ASF, controls cell-
specific alternative splicing of SV40 early pre-mRNAin vitro. Cell,
62, 25–34.

Ge,H., Zuo,P. and Manley,J.L. (1991) Primary structure of human
splicing factor ASF reveals similarities withDrosophila regulators.
Cell, 66, 373–382.

Ghebrehiwet,B., Lu,P.D., Zhang,W., Keilbaugh,S.A., Leigh,L.E.,
Eggleton,P., Reid,K.B. and Peerschke,E.I. (1997) Evidence that the
two C1q binding membrane proteins, gC1q-R and cC1q-R, associate
to form a complex.J. Immunol., 159, 1429–1436.

Gilmartin,G.M., Fleming,E.S. and Oetjen,J. (1992) Activation of HIV-1
premessenger RNA 39 processingin vitro requires both an upstream
element and TAR.EMBO J., 11, 4419–4428.

Gui,J.F., Tronchere,H., Chandler,S.D. and Fu,X.D. (1994) Purification
and characterization of a kinase specific for the serine- and arginine-
rich pre-mRNA splicing factors.Proc. Natl Acad. Sci. USA, 91,
10824–10828.

Guo,N.et al. (1997) Assignment of C1QBP encoding the C1q globular
domain binding protein (gC1q-R) to human chromosome 17 band
p13.3 byin situ hybridization.Cytogenet. Cell Genet., 77, 283–284.

Hanamura,A., Caceres,J.F., Mayeda,A., Franza,B.R.,Jr and Krainer,A.R.
(1998) Regulated tissue-specific expression of antagonistic pre-mRNA
splicing factors.RNA, 4, 430–444.

Harper,J.E. and Manley,J.L. (1991) A novel protein factor is required
for use of distal alternative 59 splice sitesin vitro. Mol. Cell. Biol.,
11, 5945–5953.

Imperiale,M., Akusja¨rvi,G. and Leppard,K. (1995) Post-transcriptional
control of adenovirus gene expression.Curr. Top. Microbiol., 199,
139–171.

Jiang,Z., Zhang,W., Rao,Y. and Wu,J.Y. (1998) Regulation of ich-1 pre-
mRNA alternative splicing and apoptosis by mammalian splicing
factors.Proc. Natl Acad. Sci. USA, 95, 9155–9160.

Kanopka,A., Mühlemann,O. and Akusja¨rvi,G. (1996) Inhibition by SR
proteins of splicing of a regulated adenovirus pre-mRNA.Nature,
381, 535–538.

Kanopka,A., Mühlemann,O., Petersen-Mahrt,S., Estmer,C., O¨ hrmalm,C.
and Akusjärvi,G. (1998) Regulation of adenovirus alternative RNA
splicing by dephosphorylation of SR proteins.Nature, 393, 185–187.

Krainer,A.R., Conway,G.C. and Kozak,D. (1990) The essential pre-
mRNA splicing factor SF2 influences 59 splice site selection by
activating proximal sites.Cell, 62, 35–42.

Krainer,A.R., Mayeda,A., Kozak,D. and Binns,G. (1991) Functional
expression of cloned human splicing factor SF2: homology to RNA-
binding proteins, U1 70K andDrosophila splicing regulators.Cell,
66, 383–394.

Kreivi,J.P. and Akusja¨rvi,G. (1994) Regulation of adenovirus alternative
RNA splicing at the level of commitment complex formation.Nucleic
Acids Res., 22, 332–337.

Kreivi,J.P., Zerivitz,K. and Akusja¨rvi,G. (1991) A U1 snRNA binding
site improves the efficiency ofin vitro pre-mRNA splicing.Nucleic
Acids Res., 19, 6956.

Latchman,D.S. (1991)Eukaryotic Transcription Factors. Academic Press
Limited, London, UK.

Luo,Y., Yu,H. and Peterlin,B.M. (1994) Cellular protein modulates
effects of human immunodeficiency virus type 1 Rev.J. Virol., 68,
3850–3856.

Manley,J.L. and Tacke,R. (1996) SR proteins and splicing control.Genes
Dev., 10, 1569–1579.

Matthews,D.A. and Russell,W.C. (1998) Adenovirus core protein V
interacts with p32—a protein which is associated with both the
mitochondria and the nucleus.J. Gen. Virol., 79, 1677–1685.

Mayeda,A. and Krainer,A.R. (1992) Regulation of alternative pre-mRNA
splicing by hnRNP A1 and splicing factor SF2.Cell, 68, 365–375.

Mayeda,A., Helfman,D.M. and Krainer,A.R. (1993) Modulation of exon
skipping and inclusion by heterogeneous nuclear ribonucleoprotein-
A1 and pre-messenger RNA splicing factor SF2/ASF.Mol. Cell. Biol.,
13, 2993–3001.

Mermoud,J.E., Cohen,P.T.W. and Lamond,A.I. (1994) Regulation of
spliceosome assembly by a protein phosphorylation mechanism.
EMBO J., 13, 5679–5688.

Misteli,T. and Spector,D.L. (1997) Protein phosphorylation and the
nuclear organization of pre-mRNA splicing.Trends Cell Biol., 7,
135–138.

Moore,M.J., Query,C.C. and Sharp,P.A. (1993) Splicing of precursors to



S.K.Petersen-Mahrt et al.

messenger RNAs by the spliceosome In Gestland,R.F. and Atkins,J.F.
(eds),The RNA World. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, NY, pp. 303–357.

Muta,T., Kang,D., Kitajima,S., Fujiwara,T. and Hamasaki,N. (1997)
p32 protein, a splicing factor 2-associated protein, is localized in
mitochondrial matrix and is functionally important in maintaining
oxidative phosphorylation.J. Biol. Chem., 272, 24363–24370.

Nevins,J.R. (1992) E2F—a link between the Rb tumor suppressor protein
and viral oncoproteins.Science, 258, 424–429.

Peterson,K.L., Zhang,W., Lu,P.D., Keilbaugh,S.A., Peerschke,E.I. and
Ghebrehiwet,B. (1997) The C1q-binding cell membrane proteins
cC1q-R and gC1q-R are released from activated cells: subcellular
distribution and immunochemical characterization.Clin. Immunol.
Immunopathol., 84, 17–26.

Reed,R. and Maniatis,T. (1986) A role for the exon sequences and
splice-site proximity in splice-site selection.Cell, 46, 681–690.

Screaton,G.R., Caceres,J.F., Mayeda,A., Bell,M.V., Plebanski,M.,
Jackson,D.G., Bell,J.I. and Krainer,A.R. (1995) Identification and
characterization of three members of the human SR family of pre-
mRNA splicing factors.EMBO J., 14, 4336–4349.

Simos,G. and Georgatos,S.D. (1994) The lamin B receptor-associated
protein p34 shares sequence homology and antigenic determinants
with the splicing factor 2-associated protein p32.FEBS Lett., 346,
225–228.

Sun,Q., Mayeda,A., Hampson,R.K., Krainer,A.R. and Rottman,F.M.
(1993) General splicing factor SF2/ASF promotes alternative splicing
by binding to an exonic splicing enhancer.Genes Dev., 7, 2598–2608.

Tacke,R., Chen,Y. and Manley,J.L. (1997) Sequence-specific RNA
binding by an SR protein requires RS domain phosphorylation:
creation of an SRp40-specific splicing enhancer.Proc. Natl Acad. Sci.
USA, 94, 1148–1153.

Tange,T.O., Jensen,T.H. and Kjems,J. (1996)In vitro interaction between
human immunodeficiency virus type 1 rev protein and splicing factor
ASF/SF2-associated protein, p32.J. Biol. Chem., 271, 10066–10072.

Wang,J., Takagaki,Y. and Manley,J.L. (1996) Targeted disruption of an
essential vertebrate gene: ASF/SF2 is required for cell viability.Genes
Dev., 10, 2588–2599.

Wang,Y.L., Finan,J.E., Middeldorp,J.M. and Hayward,S.D. (1997) p32/
TAP, a cellular protein that interacts with EBNA-1 of Epstein–Barr
virus. Virology, 236, 18–29.

Whiteside,S. and Israel,A. (1997) IκB proteins: structure, function and
regulation.Semin. Cancer Biol., 8, 75–82.

Xiao,S.H. and Manley,J.L. (1997) Phosphorylation of the ASE/SF2 RS
domain affects both protein–protein and protein–RNA interactions
and is necessary for splicing.Genes Dev., 11, 334–344.

Yang,X., Bani,M.R., Lu,S.J., Rowan,S., Ben-David,Y. and Chabot,B.
(1994) The A1 and A1B proteins of heterogeneous nuclear
ribonucleoparticles modulate 59 splice site selectionin vivo. Proc.
Natl Acad. Sci. USA, 91, 6924–6928.

Yu,L., Loewenstein,P.M., Zhang,Z. and Green,M. (1995)In vitro
interaction of the human immunodeficiency virus type 1 Tat
transactivator and the general transcription factor TFIIB with the
cellular protein TAP.J. Virol., 69, 3017–3023.

Zuo,P. and Maniatis,T. (1996) The splicing factor U2AF35 mediates
critical protein–protein interactions in constitutive and enhancer-
dependent splicing.Genes Dev., 10, 1356–1368.

Received September 14, 1998; revised and accepted December 14, 1998

1024


