RNA (2001), 7:920-931. Cambridge University Press. Printed in the USA.
Copyright © 2001 RNA Society.

The 3'-end-processing factor CPSF
Is required for the splicing of single-intron
pre-mRNAS in vivo
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ABSTRACT

We describe a new approach to elucidate the role of 3  ’-end processing in pre-mRNA splicing in vivo using the
influenza virus NS1A protein. The effector domain of the NS1A protein, which inhibits the function of the CPSF and

PABII factors of the cellular 3 ’-end-processing machinery, is sufficient for the inhibition of not only 3 '-end formation
but also the splicing of single-intron pre-mRNAs in vivo. We demonstrate that inhibition of the splicing of single-intron
pre-mRNAs results from inhibition of 3 ’-end processing, thereby establishing that 3  '-end processing is required for
the splicing of a 3 ’ terminal intron in vivo. Because the NS1A protein causes a global suppression of 3 '-end pro-
cessing in trans , we avoid the ambiguities caused by the activation of cryptic poly(A) sites that occurs when muta-

tions are introduced into the AAUAAA sequence in the pre-mRNA. In addition, this strategy enabled us to establish

that the function of a particular 3  '-end-processing factor, namely CPSF, is required for the splicing of single-intron
pre-mRNAs in vivo: splicing is inhibited only when the effector domain of the NS1A protein binds and inhibits the
function of the 30-kDa CPSF proteinin 3 ’-end formation. In contrast, the 3 ’-end processing factor PABII is not required

for splicing. We discuss the implications of these results for cellular and influenza viral mMRNA splicing.
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INTRODUCTION

Most eukaryotic pre-mRNAs undergo a common set of
processing steps in the nucleus, including splicing to
remove introns and 3’-end processing to produce 3’
poly(A) tails. The production of 3’ poly(A) tails occurs
in two coupled steps: endonucleolytic cleavage of the
pre-mRNA followed by the addition of poly(A) to the
upstream cleavage product (reviewed in Colgan & Man-
ley, 1997; Wahle & Kuhn, 1997). Two sequences in the
pre-mRNA are recognized: a conserved AAUAAA hex-
amer that is located 10—30 nt upstream of the cleavage
site, and a U- or G/U-rich element downstream of the
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cleavage site. Six cellular factors, several of which are
comprised of several protein subunits, are required for
efficient 3’-end formation. Two of these factors recog-
nize, and bind to, the conserved sequences in pre-
MRNAs. CPSF (cleavage and polyadenylation specificity
factor) binds to the AAUAAA hexamer via its 160-kDa
subunit and possibly its 30-kDa subunit (Keller et al.,
1991; Murthy & Manley, 1992; Jenny et al., 1994; Bara-
bino et al., 1997). CstF (cleavage stimulation factor)
binds to the U- or G/U-rich element downstream of the
cleavage site, and stabilizes the binding of CPSF to the
AAUAAA sequence of the pre-mRNA (reviewed in Col-
gan & Manley, 1997; Wahle & Kuhn, 1997).

The exon definition model for pre-mRNA splicing pre-
dicts that 3'-end-processing factors play an important
role in splicing (Niwa et al., 1990; Niwa & Berget, 1991,
Berget, 1995). According to this model, splicing re-
quires interactions between the splicing factors that bind
to the two ends of each exon, that is, between the
splicing factors at the 3’ splice site of the upstream
intron and those at the 5’ splice site of the downstream
intron. As a result of these interactions, neighboring
exons are juxtaposed, leading to the excision of the
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intervening intron. Likewise, because a 3’ terminal exon
begins with a 3’ splice site and ends with the site for
3’-end processing, the recognition of this terminal exon
during splicing would be mediated by interactions be-
tween 3’-splice-site factors and 3'-end-processing fac-
tors. Consequently, mutation of the 3’ poly(A) site should
inhibit the splicing of the 3’ proximal intron, but not of
upstream introns. In fact, such a result has been ob-
tained in in vitro experiments using nuclear extracts
that are active in both splicing and 3'-end processing
(Niwa & Berget, 1991; Berget, 1995; Vagner et al., 2000).
In addition, the interaction was shown to be bidirec-
tional: mutation of the 3’ splice sites of a pre-mRNA
inhibits their 3’-end processing in vitro (Niwa et al.,
1990). However, the results of in vivo experiments have
been less definitive. As is the case in vitro, mutation of
3’ splice sites inhibits 3’-end processing of a mamma-
lian pre-mRNA in vivo (Nesic & Maquat, 1994; Dye &
Proudfoot, 1999). In contrast, although the strength of
a 3’ poly(A) site has been shown to influence the effi-
ciency of splicing of a 3’ terminal intron in vivo (Scott &
Imperiale, 1996), it has not been possible to establish
that 3'-end processing is required for splicing of a 3’
terminal intron in vivo because cryptic poly(A) sites are
invariably activated in the presence of an intron. In fact,
mutation of the 3’ poly(A) site that is normally used for
3’-end processing of a mammalian pre-mRNA in vivo
does not inhibit splicing of the 3’ terminal intron be-
cause of this activation of cryptic poly(A) sites (Nesic
et al., 1995).

Transcription and pre-mRNA processing are linked in
vivo (reviewed in Bentley, 1999; Minvielle-Sebastia &
Keller, 1999; Hirose & Manley, 2000). CPSF and CstF,
the two 3’-end-processing factors that recognize con-
served sequences in pre-mRNAs, associate with elon-
gating RNA polymerase Il via the hyperphosphorylated
carboxy terminal domain (CTD) of the large subunit of
the polymerase. CPSF, which is recruited by the TFIID
transcription factor, is transferred to the CTD of RNA
polymerase Il and apparently remains associated with
the elongating polymerase during transcription (Dan-
tonel et al., 1997). When the polymerase reaches the
AAUAAA signal for 3’-end processing, cleavage is pos-
tulated to occur via two possible mechanisms. In one
model, CPSF and CstF dissociate from the CTD and
bind to the AAUAAA sequence and the downstream U-
or G/U-rich element, respectively, in the pre-mRNA,
where they function in 3’ cleavage of the pre-mRNA
(Dantonel et al., 1997; McCracken et al., 1997). In the
other model, CPSF and CstF remain associated with
the CTD because the CTD itself may be a required
factor for 3’-end cleavage (Hirose & Manley, 1998).
The CTD of RNA polymerase Il also appears to play a
role in pre-mRNA splicing. Overexpression of the CTD
in vivo inhibits splicing (Du & Warren, 1997), and de-
letion of the CTD inhibits splicing and the targeting of
the splicing machinery to transcription sites in the nu-
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cleus (McCracken et al., 1997; Misteli & Spector, 1999),
strongly suggesting that the CTD binds essential splic-
ing factors. Proteins that could potentially function in
splicing, for example, proteins with serine/arginine-rich
domains similar to known SR splicing factors, are phys-
ically associated with the CTD (reviewed in Bentley,
1999; Hirose & Manley, 2000). In fact, it has been shown
that RNA polymerase Il that contains a phosphorylated
CTD participates directly in the splicing reaction by stim-
ulating an early step in spliceosome formation (Hirose
et al., 1999). The complex that contains RNA polymer-
ase Il and multiple RNA processing factors has been
denoted as the “pol Il transcriptosome” (Hirose & Man-
ley, 2000).

In the present study, we use the NS1 protein of in-
fluenza A virus (NS1A protein) to elucidate the role of
3’-end processing in the splicing of the 3’ terminal in-
tron of mammalian pre-mRNAs in vivo. This viral pro-
tein contains two functional domains: an RNA-binding/
dimerization domain at the amino terminus and an
effector domain in the carboxy half (Qian et al., 1994;
Wang & Krug, 1996). The effector domain interacts with
two essential components of the machinery for the 3'-
end processing of cellular pre-mRNAs: the 30-kDa sub-
unit of CPSF and poly(A)-binding protein 11 (PABII)
(Nemeroff et al., 1998; Chen et al., 1999). The conse-
quent inhibition of CPSF and PABII function efficiently
blocks the 3'-end processing of cellular pre-mRNAs in
both transfected cells and influenza virus-infected cells,
and, as a result, cellular mMRNAs are not exported from
the nucleus (Nemeroff et al., 1998; Chen et al., 1999).
In addition, as established by transfection experiments,
the NS1A protein inhibits the in vivo splicing of pre-
mMRNAs containing a single intron (Fortes et al., 1994;
Lu et al., 1994).

We demonstrate that inhibition of the splicing of single-
intron pre-mRNAs results from inhibition of 3’-end pro-
cessing, thereby establishing that 3'-end processing is
required for the splicing of 3’ terminal introns in vivo. By
employing the NS1A protein that causes a global sup-
pression of 3’-end processing in trans, we avoid the
ambiguities caused by the activation of cryptic poly(A)
sites that occurs when mutations are introduced into
the AAUAAA sequence in the pre-mRNA. In addition,
this strategy enabled us to establish that the function of
a particular 3'-end processing factor, namely CPSF, is
required for the splicing of single intron pre-mRNAs in
Vivo.

RESULTS

The effector domain of the NS1A protein
is sufficient for the inhibition of 3 '-end
processing of cellular pre-mRNAs in vivo

Previous studies have established that the effector do-
main of the NS1A protein is required for the inhibition of
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3’-end processing of cellular pre-mRNAs (Nemeroff
et al., 1998; Chen et al., 1999). Both the 30-kDa CPSF
and PABII proteins bind to the effector domain, and
deletion of the effector domain eliminates the ability of
the NS1A protein to inhibit 3’-end processing. Arequire-
ment for the RNA-binding domain, as well as the ef-
fector domain, in the inhibition of 3’-end processing
was suggested by early mutagenesis experiments (Qian
et al., 1994). Mutations in the RNA-binding domain as
well as in the effector domain of the NS1A protein re-
sulted in the loss of the ability of the NS1A protein to
block the nuclear export of cellular mRNAs. This export
block has been shown to result from the inhibition of
3’-end processing of cellular pre-mRNAs (Nemeroff
et al.,, 1998; Chen et al., 1999). However, the mutant
NS1A proteins used in these studies are inactive in
both RNA binding and dimerization (Lu et al., 1994; Qiu
& Krug, 1994; Qian et al., 1994; Nemeroff et al., 1995;
Wang et al., 1999). Because the loss of dimerization is
a profound change in the structure of the NS1A protein,
the effector domain as well as the RNA-binding domain
may be inactivated in such mutant proteins.

Consequently, to determine whether the RNA-binding
domain is required for the inhibition of 3’-end process-
ing, we used a different mutant NS1A protein that was
designed based on the results obtained with the RNA-
binding fragment of the protein (amino acids 1-73)
(Wang et al., 1999). Only two amino acids, the arginine
at position 38 and the lysine at position 41, in the RNA-
binding fragment are required for efficient RNA binding,
and these two amino acids are not required for dimer-
ization. Accordingly, we replaced these two basic amino
acids in the full-length NS1A protein with alanines, and
determined whether the resulting mutant NS1A protein
(38/41 mutant) dimerizes and possesses RNA-binding
activity. As a control, we replaced the two arginines at
positions 35 and 46 with alanines (35/46 mutant),
because these replacements in the RNA-binding frag-
ment result in a loss of dimerization as well as of RNA-
binding activity (Wang et al., 1999).

The two mutant NS1A proteins were tested for their
ability to form dimers using a glutathione Sepharose
selection assay (Wang et al., 1999) (Fig. 1A). In vitro-
labeled wild-type NS1A protein was combined with pu-
rified GST fusions of either wild-type NS1A protein, the
38/41 mutant, or the 35/46 mutant. The mixtures were
then selected on glutathione-Sepharose beads. The
labeled wild-type NS1A protein forms a heterodimer
with the GST-38/41 mutant protein (Fig. 1A, lane 3),
approximately 80% as efficiently as the labeled wild-
type NS1A protein forms a homodimer with the GST-
wild-type protein (Fig. 1A, lane 2). In contrast, the 35/46
mutant protein is almost completely inactive in dimer-
ization (Fig. 1A, lane 4).

The RNA-binding activity of the mutant NS1A pro-
teins was assayed in gel-shift assays using U6 snRNA
as the target (Lu et al., 1994; Qiu & Krug, 1994; Wang

Y. Li et al.

A DIMERIZATION

GST-NS1
C WT 38/41 35/46

D — — <4—NS1WT

B RNA-BINDING

C WT 38/41 35/46

<+ complex

-- --fﬂﬁsnRNA

1 2 3 4

FIGURE 1. The 38/41 mutant NS1A protein dimerizes, but does not
bind U6 snRNA. A: Dimerization assay. %S-labeled, wild-type NS1A
protein was incubated with glutathione-Sepharose 4B beads plus the
GST fusion of either wild-type NS1A protein (lane 2), the 38/41 mu-
tant protein (lane 3), or the 35/46 mutant protein (lane 4). After ex-
tensive washing, the %S-labeled, wild-type NS1A protein that remained
bound to the GST fusion protein on the beads was eluted and ana-
lyzed by electrophoresis on a 14% SDS-PAGE gel. Lane 1: labeled
wild-type NS1A protein before selection. B: RNA-binding assay. The
indicated nonfusion wild-type or mutant NS1A protein (500 nM) was
incubated with U6 snRNA (10,000 cpm, 1 nM) on ice for 30 min, and
the protein—-RNA complexes were separated from free RNA by non-
denaturing gel electrophoresis.

et al., 1999) (Fig. 1B). Both the 38/41 and 35/46 mu-
tant proteins are inactive in binding U6 snRNA (Fig. 1B,
compare lanes 3 and 4 to lane 1), whereas under the
same conditions, the wild-type NS1A protein shifts
greater than 90% of the input U6 snRNA (Fig. 1B,
lane 2). The same results were obtained using double-
stranded RNA as the target (data not shown). We
conclude that the 38/41 mutant NS1A protein lacks
detectable RNA-binding activity while retaining most
(approximately 80%) of wild-type dimerization activity.

To determine whether the effector domain of the NS1A
protein alone is sufficient for the inhibition of 3’-end
processing of cellular pre-mRNAs, 293 cells were co-
transfected with two plasmids, one encoding a target
pre-mRNA (a B-globin pre-mRNA) and one encoding
an NS1A mRNA expressing either the wild-type NS1A
protein or the 38/41 mutant protein. Because these
NS1A mRNAs have mutated 3’ splice sites, spliced
NS2A mRNA is not produced (Qian et al., 1994). Sim-
ilar amounts of the wild-type and mutant proteins were
produced, as assayed by western analysis (data not
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shown). The relative amounts of the uncleaved pre-
mRNA and its 3’ cleaved product were determined by
an RNase protection assay, using the probe shown in
Figure 2A. In the absence of the NS1A protein, approx-
imately 70% of the pre-mRNA is cleaved (Fig. 2B,
lane 1). The wild-type NS1A protein almost completely
inhibits cleavage: only approximately 5% of the pre-
MRNA is cleaved (Fig. 2B, lane 2). The 38/41 mutant
protein also inhibits cleavage, albeit not as effectively
as the wild-type protein: approximately 20% of the pre-
MRNA is cleaved (Fig. 2B, lane 3). No significant effect
of RNA stability was detected: the same relative amounts
of uncleaved and cleaved RNAs were found after treat-
ment of the cells for 3 h with actinomycin D (1 wg/mL)
to block further synthesis of B-globin pre-mRNA (data
not shown). Consequently, the inhibitory activity of the
38/41 mutant protein parallels its dimerization activity
rather than its RNA-binding activity, indicating that the
effector domain alone is sufficient for the inhibition of
the 3’-end processing of cellular pre-mRNAs. In con-
trast to the 38/41 mutant protein, NS1A proteins that
have mutations in their RNA-binding domains that in-
activate dimerization as well as RNA binding, for ex-
ample, the 35/46 mutant protein (Wang et al., 1999), do

A S'ss

pre-mRNA

B

C NS1

210 s M R uncleaved

38/41

160 - W R cleaved

1 2 3

923

not retain the ability to inhibit 3’-end processing (data
not shown), indicating that dimerization is required for
the preservation of this function of the effector domain
in vivo.

The effector domain of the NS1A protein
is sufficient for the inhibition of the splicing
of single-intron cellular pre-mRNAs in vivo

The NS1A protein has been shown to inhibit not only
3’-end processing of cellular pre-mRNAs but also the
in vivo splicing of pre-mRNAs that contain a single in-
tron (Fortes et al., 1994; Lu et al., 1994). Two lines of
evidence have implicated the RNA-binding domain of
the NS1A protein in this function. First, mutations in
either the effector domain or in the RNA-binding do-
main resulted in the loss of the ability of the NS1A
protein to inhibit pre-mRNA splicing in vivo (Lu et al.,
1994). However, as discussed above, the mutant NS1A
proteins used in these studies were inactivated in both
RNA-binding and dimerization (Lu et al., 1994; Qiu &
Krug, 1994; Qian et al., 1994; Nemeroff et al., 1995;
Wang et al., 1999). Second, the RNA-binding domain
of the NS1A protein binds to a specific stem-bulge in
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FIGURE 2. The 38/41 mutant NS1A protein inhibits 3’-end cleavage of a cellular pre-mRNA in vivo. A: Diagram of the
uniformly-labeled RNA probe, and the predicted sizes of the protected RNA fragments. Because the RNA probe is com-
plementary to the sequence that extends from 160 nt upstream to 50 nt downstream of the 3’ cleavage site, the uncleaved
pre-mRNA should protect a 210-nt-long RNA fragment, whereas the cleaved RNA should protect a 160-nt-long RNA
fragment. The RNA probe also contains 60 nt at its 5’ end that is not complementary to a pre-mRNA sequence. B: 3'-end
cleavage in vivo. We cotransfected 293 cells with a pBC12 plasmid encoding the B-globin pre-mRNA with a single-intron and
a pBC12 plasmid encoding either the wild-type NS1A protein (lane 2) or the 38/41 mutant NS1A protein (lane 3). Control
(C, lane 1): the pBC12 plasmid encodes an NS1A reading frame containing two stop codons. At 40 h posttransfection, the
cellular RNA was extracted and subjected to a RNase protection assay. After RNase digestion, the protected fragments were
resolved by denaturing gel electrophoresis (left panel). The sizes of the protected fragments are indicated. No residual RNA
probe containing 270 nt was detected. Right panel: quantitation of the percentage of the pre-mRNA that is cleaved in the

three transfection experiments shown in the left panel.
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U6 snRNA (Qiu et al., 1995), and this binding is suffi-
cient for the inhibition of the in vitro splicing of pre-
mMRNAs (Lu et al.,, 1994; Qiu et al., 1995). However,
both U6 snRNA binding and the inhibition of in vitro
splicing require relatively high concentrations of the
NS1A protein (approximately 1 uM) (Lu et al., 1994;
Qiu et al., 1995). In addition, the pre-mRNAs used in
these in vitro splicing experiments lack a 3’-end-
processing site, the site that is targeted by the effector
domain (Nemeroff et al., 1998; Chen et al., 1999; present
study). Thus, the lack of a requirement for the NS1A
effector domain in these in vitro splicing assays can be
attributed to the absence of a 3’-end-processing site in
the pre-mRNA substrates.

A

5'ss
pre-mRNA
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Based on these considerations, we tested the pos-
sibility that the effector domain of the NS1A protein
alone is sufficient for the inhibition of splicing in vivo.
We cotransfected 293 cells with two plasmids, one en-
coding a B-globin pre-mRNA containing a single intron
and one encoding an unspliceable NS1A mRNA ex-
pressing either the wild-type NS1A protein or the 38/41
mutant protein. The relative amounts of the unspliced
and spliced B-globin RNAs were determined by a RNase
protection assay, using the probe shown in Figure 3A.
In the absence of the NS1A protein, almost all the single-
intron B-globin pre-mRNA is spliced (Fig. 3B, lane 1). In
contrast, in the presence of the wild-type NS1A protein,
only approximately 30% of the B-globin pre-mRNA is
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FIGURE 3. The 38/41 mutant NS1A protein inhibits the splicing of a single-intron cellular pre-mRNA in vivo. A: Diagram of
the uniformly labeled RNA probes, and the predicted sizes of the protected RNA fragments. Because the splicing probe is
complementary to the sequence that extends from 80 nt upstream to 200 nt downstream of the 3’ splice site, the unspliced
pre-mRNA should protect a 280-nt-long RNA fragment, whereas the spliced mRNA should protect a 200-nt-long RNA
fragment. This RNA probe also contains 70 nt at its 5" end that is not complementary to a pre-mRNA sequence. The RNA
probe that was used to assay both splicing and cleavage is complementary to the sequence in the pre-mRNA that extends
from 120 nt upstream of the 3’ splice site to 65 nt downstream of the 3’ cleavage site. Consequently, the sizes of the
protected RNA fragments should be: uncleaved and unspliced pre-mRNA: 565 nt; cleaved and unspliced pre-mRNA: 500 nt;
uncleaved and spliced pre-mRNA: 445 nt; cleaved and spliced mRNA: 380 nt. This RNA probe also contains 75 nt at its 5’
end that is not complementary to a pre-mRNA sequence. B: Splicing in vivo. Transfections were carried out as described
in the legend of Figure 2, and the cellular RNA was subjected to a RNase protection assay using the splicing probe. After
RNase digestion, the protected fragments were resolved by denaturing gel electrophoresis (left panel). The sizes of the
protected fragments are indicated. No residual RNA probe containing 370 nt was detected. Right panel: quantitation of the
percentage of the pre-mRNA that is spliced in the three transfection experiments shown in the left panel. C: Transfections
were carried out as described, and the splicing and 3’-end cleavage of the single-intron B-globin pre-mRNA were assayed
at the same time using the splicing + cleavage probe shown in A. The sizes of the protected fragments are indicated. Four
RNA species were detected: a: uncleaved and unspliced pre-mRNA; b: cleaved and unspliced pre-mRNA,; c: uncleaved and
spliced pre-mRNA,; d: cleaved and spliced pre-mRNA. No residual probe containing 640 nt was detected.
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spliced (Fig. 3B, lane 2). The 38/41 mutant protein also
inhibits splicing, though not as effectively as the wild-
type NS1A protein: approximately 50% of the B-globin
pre-mRNA is spliced (Fig. 3B, lane 3). Actinomycin D
treatment of the transfected cells ruled out any signif-
icant effect of RNA stability (data not shown). In con-
trast to the 38/41 mutant, the 35/46 mutant protein,
which is inactive in dimerization as well as in RNA
binding (Lu et al., 1994; Qian et al., 1994), does not
inhibit splicing (data not shown). The less efficient in-
hibition of splicing caused by the 38/41 mutant protein,
as compared to the wild-type NS1A protein, can be
attributed to the less efficient dimerization of the 38/41
mutant protein (see Fig. 1A) and/or to a small amount
of inhibition caused by the RNA-binding domain of the
wild-type NS1A protein, that is, via its binding to U6
SnRNA (Lu et al., 1994; Qiu et al., 1995). Nonetheless,
these results indicate that the effector domain alone is
sufficient for the inhibition of the splicing of a single
intron pre-mRNA in vivo.

To determine whether the NS1A protein preferentially
inhibits either 3’-end processing or splicing, we carried
out a cotransfection experiment in which we simulta-
neously analyzed the 3’-end processing and the splic-
ing of the B-globin pre-mRNA using the long RNA probe
shown in Figure 3A. In the absence of the NS1A protein,
more than 95% of the single-intron B-globin pre-mRNA
is both processed at the 3’ end and spliced (Fig. 3C,
lane 1). In the presence of the wild-type NS1A protein,
the predominant RNA species is the unprocessed
B-globin pre-mRNA target (Fig. 3C, lane 2), indicating
that in this experiment, the wild-type NS1A protein al-
most completely inhibits both the 3’-end processing and
the splicing of the single-intron B-globin pre-mRNA. Un-
der these conditions, the 38/41 mutant protein also in-
hibits both the 3'-end processing and the splicing of the
B-globin pre-mRNA, though not as effectively (Fig. 3C,
lane 3). Of the three RNA species that have undergone
one or both processing steps, the predominant RNA is
fully processed mRNA, that is, the RNA species that has
undergone both 3’-end processing and splicing. This in-
dicates that 3’-end processing and splicing are inhib-
ited to similar extents by the 38/41 mutant protein.
Furthermore, the observation that similar low amounts
of the partially processed RNA species (the b and ¢ spe-
cies in Fig. 3C) are produced in the presence of either
the wild-type or the 38/41 NS1A protein suggests that
the RNA-binding domain in the wild-type protein does not
contribute significantly to the inhibition of splicing.

The binding of the 30-kDa CPSF protein
by the effector domain of the NS1A protein
is required for the inhibition of the splicing
of a single intron pre-mRNA in vivo

One hypothesis that fits the above results is that the
inhibition of the splicing of a single intron pre-mRNA is
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indirect and results from the inhibition of the 3’-end
processing of the pre-mRNA by the effector domain of
the NS1A protein. If this is the case, then it would be
predicted that a mutant NS1A protein that lacks the
effector domain binding site for the 30-kDa CPSF pro-
tein and/or the PABII protein would not inhibit this
splicing.

Accordingly, we mapped the binding sites of these
two cellular proteins on the effector domain of the
NS1A protein. In the first set of experiments, we de-
leted various lengths of the C-terminus of the effector
domain and measured the ability of these deletion
mutants to bind to either GST-PABII or GST-30-kDa
CPSF (Fig. 4, compare lanes 2-5 to lane 1). The
NS1A protein containing either the N-terminal 215 or
223 amino acids efficiently binds to the 30-kDa CPSF
protein, but binds poorly, if at all, to the PABII protein
(Fig. 4, lanes 4 and 5), indicating that the 23 C-terminal
amino acids (amino acids 223-237) of the NS1A pro-
tein are required for the binding of PABII, but not for
the binding of 30-kDa CPSF. Because the NS1A pro-
tein containing the N-terminal 180 amino acids does
not bind to the 30-kDa protein (Fig. 4, lane 3), but
the N-terminal 215 amino acid sequence does bind
(lane 4), the NS1A amino acid sequence from 180 to
215 is likely required for the binding of the 30-kDa
CPSF. This conclusion was confirmed by making two
internal deletions (Fig. 4, lanes 6 and 7). In particu-
lar, deletion of amino acids 175-210 eliminated es-
sentially all binding of the NS1A protein to 30-kDa
CPSF, but had little or no effect on PABII binding
(Fig. 4, lane 7). We conclude that the 223-237 amino
acid sequence of the NS1A protein is required for the
binding of PABII, and that the 175-210 NS1A amino
acid sequence is required for binding the 30-kDa sub-
unit of CPSF.

As expected, deletion of the 30-kDa CPSF binding
site renders the NS1A protein inactive in the inhibition
of the 3’-end cleavage of the single-intron B-globin pre-
MRNA (Fig. 5A, compare lanes 4 and 5 to lane 1),
whereas deletion of the PABII-binding site does not
reduce the ability of the NS1A protein to inhibit 3’-end
cleavage (Fig. 5A, lanes 2 and 3). In addition, as shown
in Figure 5B, deletion of the 30-kDa CPSF binding site
renders the NS1A protein inactive in the inhibition of
the splicing of the single-intron B-globin pre-mRNA, de-
spite the presence of a wild-type RNA-binding domain
in this mutant NS1A protein (Fig. 5B, compare lanes 4
and 5 to lane 1). In contrast, deletion of the PABII-
binding site does not affect the splicing inhibitory ac-
tivity of the NS1A protein (Fig. 5B, compare lanes 2 and
3). These results strongly suggest that the inhibition of
the splicing of a single intron pre-mRNA by the NS1A
protein occurs only when it binds and inhibits the func-
tion of the 30-kDa CPSF protein in 3’-end processing.

To identify the specific amino acids in the 175-210
region of the NS1A protein that are required for 30-kDa
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FIGURE 4. Identification of the binding site for PABII and 30-kDa CPSF on the NS1A protein. A: Binding assay. The
GST-PABII protein (2 ug; left panel) or the GST-30-kDa CPSF protein (2 ug; right panel) was incubated with 10* cpm of
35S-labeled full-length NS1A protein (lane 1), or the indicated fragment of the NS1A protein (lanes 2—7) in the presence of
20 ul of glutathione-Sepharose 4B beads. The same amount of each radiolabeled NS1A fragment was added to the binding
assay. The labeled proteins eluted from the GST fusion protein on the beads were analyzed by electrophoresis on a 12%
SDS-polyacrylamide gel. B: Schematic diagram of the fragments of the NS1A protein that were used in the binding assay,

and a summary of the binding results.

CPSF binding, we introduced two amino acid substitu-
tions at several locations in this region (Fig. 6). Of the
three substitution mutants, only one, the substitution of
AS for the EW at positions 185 and 186 of the NS1A
protein (M (mutant) 186), specifically eliminates the bind-
ing of the NS1A protein to the 30-kDa CPSF protein,
but has no effect on PABII protein binding. We con-
clude that the EW at positions 185 and 186 is specifi-
cally required for the binding of 30-kDa CPSF protein.
Therefore any loss of function of the M186 mutant is
most likely attributable to the absence of 30-kDa CPSF
binding.

Transfection experiments showed that the M186
NS1A protein does not inhibit either 3’-end cleavage
(Fig. 7A) or splicing (Fig. 7B) of the single-intron
B-globin pre-mRNA, despite the presence of a wild-
type RNA-binding domain in this mutant NS1A pro-
tein. Similar amounts of the M186 and wild-type NS1A
proteins are made in the transfected cells (Fig. 7C),
and the M186 mutant protein, like the wild-type pro-
tein, is localized in the nucleus (Fig. 7D). The intra-
nuclear distribution of the M186 protein does differ
from that of the wild-type protein, which may be at-
tributable to the loss of CPSF-binding activity (see
Discussion). These results demonstrate that inhibition

of the function of the CPSF 3’-end-processing factor
is required for the NS1A protein-mediated inhibition
of the splicing of a single-intron pre-mRNA.

DISCUSSION

3’-end processing is required for the
splicing of single-intron cellular
pre-mRNAS in vivo

In vitro experiments in which pre-mRNA substrates were
added to nuclear extracts that are active in both splic-
ing and 3’-end processing have shown that the splicing
of a single-intron pre-mRNA in vitro requires 3'-end
processing (Niwa & Berget, 1991; Berget, 1995; Vagner
et al., 2000). In addition, mutation of the AAUAAA se-
guence in a multi-intron pre-mRNA inhibits the in vitro
splicing of the 3’ terminal intron, but not the splicing of
distal introns, particularly in the presence of a low con-
centration of magnesium (Niwa & Berget, 1991). Two
factors, poly(A) polymerase (PAP) and U2AF®°, have
been implicated in the coupling of 3’-end processing
and the splicing of the 3’ terminal intron in vitro (Gun-
derson et al., 1997; Vagner et al., 2000). When PAP,
which catalyzes the synthesis of the 3’ poly(A) tails, is



Role of CPSF in pre-mRNA splicing

C 1-237  1-223  1-180 A175-210

- e

3’ end cleavage
1 2 3 4 5
C 1237 1223 1180 A175-210
splicing

FIGURE 5. Deletion of the 30-kDa CPSF binding site, but not of the
PABII binding site, renders the NS1A protein inactive in the inhibition
of both the 3’-end cleavage (A) and the splicing (B) of the single-
intron B-globin pre-mRNA. We cotransfected 293 cells with a pBC12
plasmid encoding the B-globin pre-mRNA with a single intron and a
pBC12 plasmid encoding either the wild-type NS1A protein (lane 2)
or an NS1A protein containing the indicated deletion (lanes 3-5).
Control (C, lane 1): the pBC12 plasmid encodes an NS1A reading
frame containing two stop codons. The cellular RNA was subjected
to a RNase protection assay using the 3’-end processing probe (A)
or the splicing probe (B).
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anchored to a pre-mRNA about 50 nt downstream of
the intron 3’ splice site, it interacts with U2AF®® that is
bound to the pyrimidine tract adjacent to the 3’ splice
site, and, as a result, the binding of U2AF®%° as well as
the splicing of the 3’ terminal intron is enhanced (Vagner
et al., 2000). Based on this result, it was postulated that
a 3' poly(A) site functions essentially as a splicing en-
hancer, with splicing enhancement mediated via spe-
cific interactions between PAP and U2AF®° (Vagner
et al., 2000).

In contrast, previous experiments failed to show that
3’-end processing is required for the splicing of a single-
intron pre-mRNA in vivo. In fact, mutational inactivation
of the 3’ poly(A) site that is normally used for 3’-end
processing of a mammalian pre-mRNA did not inhibit
the splicing of the 3’ terminal intron in vivo because
cryptic 3’ poly(A) sites were activated (Nesic et al.,
1995). In the present study, we have used a global
inhibition of 3’-end processing to establish that 3"-end
processing is required for the splicing of a single intron
pre-mRNA. We used the effector domain of the influ-
enza virus NS1A protein, which inhibits the 3’-end pro-
cessing machinery by binding 30-kDa CPSF and PABII
molecules (Nemeroff et al., 1998; Chen et al., 1999).
We show that the NS1A effector domain alone is nec-
essary and sulfficient for inhibition of not only the 3'-
end processing but also the splicing of single-intron
pre-mRNAs in vivo. In addition, we demonstrate that

180 212
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FIGURE 6. Identification of the specific amino acids in the 180—212 region of the NS1A protein that are required for the
binding of the 30-kDa CPSF protein. Top: The three sets of mutations introduced into this region of the NS1A protein.
Bottom: The binding of the three mutant proteins to 30-kDa CPSF and PABII. The GST-30-kDa CPSF protein (2 ng) or the
GST-PABII protein (2 ug) was incubated with 10* cpm of 3°S-labeled wild-type (WT) NS1A protein (lane 1), or the indicated
NS1A mutant protein (lanes 2—4) in the presence of 20 ulL of glutathione-Sepharose 4B beads, and the amount of the
labeled NS1A that was bound to, and eluted from, the GST fusion protein on the beads was determined by electrophoresis

on a 12% SDS-polyacrylamide gel.
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FIGURE 7. The M186 mutant NS1A protein does not inhibit either 3’-end cleavage or splicing of the single-intron B-globin
pre-mRNA. A: 3’-end cleavage. We cotransfected 293 cells with a pBC12 plasmid encoding the B-globin pre-mRNA with a
single intron and a pBC12 plasmid encoding either the wild-type (WT) NS1A protein (lane 2) or an NS1A protein containing
the M186 mutation (lane 3). Control (C, lane 1): the pBC12 plasmid encodes an NS1A reading frame containing two stop
codons. The cellular RNA was subjected to a RNase protection assay using the 3’-end-processing probe. B: Splicing. The
cellular RNA from these transfected cells was subjected to a RNase protection assay using the splicing probe. C: Western
analysis of the NS1A protein synthesized in the 293 cells transfected with the plasmid encoding the wild-type (WT) or M186
mutant NS1A protein. The procedure used is described in Nemeroff et al. (1998). D: The nuclear localization of the wild-type
(WT) and M186 mutant proteins in transfected cells. Top panels: indirect immunofluorescence using NS1A antiserum.

Bottom panels: the corresponding phase-contrast pictures.

the inhibition of splicing occurs only when the effector
domain of the NS1A protein binds the 30-kDa CPSF
protein and as a result inhibits its function in 3’-end
processing. In contrast, the binding of PABII to the NS1A
effector domain does not inhibit splicing. Decisive evi-
dence was obtained using the M186 mutant NS1A pro-
tein in which only two amino acids (E185 and W186)
are replaced with alanine and serine, respectively. This
mutation specifically eliminates the binding of the
30-kDa CPSF protein, but not the binding of the PABII
protein, and results in the concomitant loss of two in
vivo functions, inhibition of 3’-end cleavage and splic-
ing of a single-intron pre-mRNA. Hence, our results
demonstrate that CPSF molecules that function in 3'-
end processing are also required for the splicing of a
single-intron pre-mRNA in vivo and therefore implicate
CPSF in the coupling of splicing and 3’-end processing.

As proposed for the coupling of 3’-end processing
and splicing in vitro (Vagner et al., 2000), CPSF may be
required for the splicing of a 3’ terminal intron because

it initiates the establishment of the cleavage/poly-
adenylation complex at the AAUAAA sequence of the
pre-mRNA. The PAP in this complex could then en-
hance splicing by interacting with U2AF® and hence
stabilizing its binding to the polypyrimidine tract adja-
cent to the 3’ splice site. In addition, another mecha-
nism may operate in vivo: the formation of a functional
“pol 1l transcriptosome” may be adversely affected by
the binding of the NS1A protein to CPSF, one of the
first RNA processing factors that bind to the CTD of
RNA polymerase Il during the initiation of transcription
(Dantonel et al., 1997). For example, the binding of the
NS1A protein to CPSF may block CPSF from binding
to the CTD of RNA polymerase Il. Alternatively, the
NS1A protein may not deter the binding of CPSF to the
CTD, but instead may remain complexed to the bound
CPSF molecules. The latter possibility is consistent
with our observation that the intranuclear distribution
of the M186 mutant NS1A protein, which does not
bind the 30-kDa CPSF protein, differs from that of the
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wild-type NS1A protein: Unlike the wild-type NS1A pro-
tein, the M186 mutant NS1A protein is not uniformly
distributed in the nucleus, but rather is concentrated in
discrete spots in the nucleus (Fig. 7D). Our previous
results showed that 30-kDa CPSF and the wild-type
NS1A protein have an overlapping and relatively uni-
form distribution in the nucleus (Chen et al., 1999),
suggesting that wild-type NS1A protein, and not the
M186 mutant NS1A protein, may be associated with
CPSF molecules that are in transcriptosomes. Either of
the postulated NS1A protein-mediated effects on tran-
scriptosome formation could also result in the lack of
binding of at least some splicing factors to the CTD. As
a consequence, the splicing of not only the 3’ terminal
intron but also of upstream introns may be inhibited by
the NS1A effector domain. Experiments to test this pos-
sibility are in progress.

Previous in vitro experiments implicated the RNA-
binding domain in the inhibition of splicing: This domain
binds to a specific stem-bulge in U6 snRNA in vitro (Qiu
et al,, 1995), and such binding is sufficient for the
inhibition of the in vitro splicing of pre-mRNAs that lack
a 3'-end processing site (Lu et al., 1994; Qiu et al,,
1995). In contrast, the results presented here indicate
that in vivo, the RNA-binding domain of the NS1A pro-
tein has little or no effect on the splicing of a single-
intron pre-mRNA that is transcribed by the cellular RNA
polymerase Il, and that the effector domain mediates
the inhibition of splicing via the binding of the 30-kDa
subunit of CPSF. Thus, the 38/41 mutant NS1A protein,
which contains a wild-type effector domain but lacks a
functional RNA-binding domain, inhibits such splicing
almost as well as the wild-type NS1A protein. The small
reduction in this activity is accompanied by a similar
small reduction in the ability to inhibit 3’-end process-
ing, indicating that the 38/41 mutation probably causes
a small reduction in several activities of the NS1A
protein. This reduction in overall activity can be attrib-
uted to the slightly lower dimerization activity of the
38/41 mutant protein. We interpret these results to in-
dicate that functional transcriptosomes are not formed
in vivo in the presence of a wild-type NS1A effector
domain. Consequently spliceosomes containing U6
snRNA would not be assembled, thereby obviating any
effect of the RNA-binding domain.

In addition, we show that even when CPSF is func-
tional, the RNA-binding domain of the NS1A protein
does not play a significant role in inhibiting splicing in
vivo: the M186 mutant NS1A protein, which does not
inhibit CPSF function, does not inhibit the splicing of a
single-intron pre-mRNA even though this NS1A protein
has a wild-type RNA-binding domain. This result indi-
cates that the NS1A RNA-binding domain does not ac-
cess U6 snRNA during coupled transcription—RNA
processing mediated by the pol Il transcriptosome. Un-
der these conditions the NS1A RNA-binding domain
apparently cannot effectively compete with cellular pro-
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teins for U6 snRNA. The NS1A RNA-binding domain
has a low affinity for its RNA targets (Wang et al., 1999;
C. Chien, J.M. Aramini, Y. Xu, P.V. Sahasrabudhe, R.
Xiao, R.M. Krug, and G.T. Montelione, in prep.), and
both U6 snRNA binding and the inhibition of in vitro
splicing require relatively high concentrations of the
NS1A protein (approximately 1 uM; Lu et al., 1994; Qiu
et al., 1995).

Implications for the splicing of viral mMRNAs
in influenza virus-infected cells

Inhibition of pre-mRNA splicing that is mediated via the
inhibition of 3’-end processing by the effector domain
of the NS1A protein would not affect the splicing of the
influenza virus M1 and NS1 mRNAs, because the cel-
lular 3’-end-processing machinery is not used for pro-
ducing the 3’ poly(A) ends of viral MRNAs. Instead, the
poly(A) tails on influenza viral mMRNAs are synthesized
by the virus-encoded transcriptase, which reiteratively
copies a short stretch of U residues in the virion RNA
template (Robertson et al., 1981; Krug et al., 1989;
Poon et al., 1999). Consequently, the effector domain
of the viral NS1A protein selectively inhibits cellular,
and not viral, 3'-end processing and splicing because it
targets the 3’-end-processing system that is used only
by the cell, and not by the virus.

The fact that the influenza virus M1 and NS1 mRNAs
are spliced by the cellular splicing machinery indicates
that splicing can be uncoupled from transcription by the
cellular RNA polymerase 1l. However, the splicing of
these two single intron viral MRNAs is inefficient: The
steady-state amount of the spliced mRNA products is
only about 10% of that of the unspliced mRNA precur-
sors (Lamb et al., 1980, 1981). Incomplete splicing is
necessary because both the spliced and unspliced
mMRNAs are exported to the cytoplasm and are trans-
lated into virus-specific proteins (reviewed in Krug et al.,
1989). The results presented here provide an explana-
tion for the inefficient splicing of these two single-intron
influenza viral mMRNAs: this splicing is not coupled to
CPSF-dependent 3'-end formation. In addition, splic-
ing which is uncoupled from polymerase Il transcription
may be intrinsically inefficient. Finally, because the ex-
port of the unspliced NS1 and M1 mRNAs in influenza
virus-infected cells is rapid (Alonso-Caplen & Krug,
1991), some mechanism may efficiently remove these
viral mMRNAs from the cellular splicing machinery.

MATERIALS AND METHODS

Plasmids

The wild-type NS1A gene contains a mutated 3’ splice site to
block the production of spliced NS2A mRNA (Qian et al,,
1994). Oligonucleotide-directed mutagenesis was used to in-
troduce the indicated alanine or serine substitutions into the
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NS1A protein, and PCR was used to generate the indicated
deletions. The wild-type and mutant NS1A sequences were
cloned into the pBC12 vector for transfection experiments,
and were cloned into the pGEX-3X vector for the preparation
of GST fusion proteins. The plasmid that was used to express
a target pre-mRNA in transfection experiments was a pBC12
plasmid containing a human B-globin minigene with a single
intron, and the rat preproinsulin 1l gene poly(A) signal.

Dimerization assay

35S-labeled full-length NS1A protein (10 uL) synthesized in
vitro was combined with the indicated purified GST-NS1A
fusion protein (5 ug), 20 wlL of glutathione-Sepharose 4B
beads, and 400 uL of IPP15q buffer (10 mM Tris-HCI, pH 8.0,
150 mM NaCl, and 0.1% Nonidet P-40) in 1.5-mL micro-
fuge tubes. After incubation at 4 °C for 1.5 h, the beads were
washed as described previously (Wang et al., 1999), and
were then resuspended in gel loading buffer containing 5%
(v/v) 2-mercaptoethanol and heated at 95°C for 2 min. The
resulting eluate was analyzed by gel electrophoresis on a
14% SDS-polyacrylamide gel. The 3°S-labeled NS1A protein
was detected by fluorography of the SDS-polyacrylamide gel.

RNA-binding assay

The GST portion of the GST fusion proteins used in the
RNA-binding assay was cleaved using the protease factor
Xa. 32P-labeled U6 snRNA was prepared as described pre-
viously (Qiu et al., 1995). The indicated NS1A protein was
mixed with the labeled U6 snRNA (10,000 cpm, 1 nM) in an
RNA-binding solution (Wang et al., 1999) in a total volume of
20 pL, and the mixture was incubated on ice for 30 min. The
RNA—protein complexes were resolved from free RNA by
nondenaturing electrophoresis on a 6% polyacrylamide gel
for3hat4°C at 150 V using 45 mM Tris-borate, 1 mM EDTA
as running buffer.

Assays for 3 ’-end cleavage and splicing
of pre-mRNAs in vivo

We cotransfected 293 cells with the pBC12 plasmid con-
taining a human B-globin minigene and one of the NS1A-
containing pBC12 plasmids using calcium phosphate (Qian
et al., 1994). Transfected cells were collected at 40 h post-
transfection. An aliquot of the total cell RNA was assayed
by RNase protection using the indicated uniformly labeled
RNA probe. The DNA used for the indicated probe was
inserted into the BamH1 site of the pGEM plasmid, which
was then linearized with Pvul. The inserted DNA was cop-
ied into RNA using SP6 RNA polymerase and (a-32P)UTP.
After annealing the labeled RNA probe to the cellular RNA
sample, followed by digestion with RNAse A and phenol
extraction, the protected RNA fragments were resolved by
electrophoresis on a urea-polyacrylamide (7%) gel.

Glutathione sepharose affinity selection

The GST-PABII or GST-30-kDa CPSF fusion protein, which
was expressed and purified as previously described (Chen

Y. Li et al.

et al., 1999), was combined with the indicated 3°S-labeled
NS1A protein sequence synthesized in vitro, and was sub-
jected to glutathione sepharose affinity selection as previ-
ously described (Nemeroff et al., 1995). To prepare the labeled
NS1A protein sequence, the DNA encoding this sequence
was cloned into pPGEML1 and translated using a Promega TnT
Coupled Transcription/Translation kit in the presence of
35S-methionine.

Indirect immunofluorescence

We transfected 293 cells, which were grown on glass cover-
slips, with a pBC12 plasmid encoding either wild-type NS1A
or the M186 mutant NS1A protein. Cells were analyzed by
indirect immunofluorescence as described previously, using
monoclonal mouse antibodies against the NS1A protein (kindly
provided by Jonathan Yewdell) and FITC-conjugated goat
anti-mouse antibody (Chen et al., 1999).
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