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RNA polymerase II, and specifically the C-terminal domain (CTD) of its largest subunit, has been demon-
strated to play important roles in capping, splicing, and 3� processing of mRNA precursors. But how the CTD
functions in these reactions, especially splicing, is not well understood. To address some of the basic questions
concerning CTD function in splicing, we constructed and purified two fusion proteins, a protein in which the
CTD is positioned at the C terminus of the splicing factor ASF/SF2 (ASF-CTD) and an RS domain deletion
mutant protein (ASF�RS-CTD). Significantly, compared to ASF/SF2, ASF-CTD increased the reaction rate
during the early stages of splicing, detected as a 20- to 60-min decrease in splicing lag time depending on the
pre-mRNA substrate. The increased splicing rate correlated with enhanced production of prespliceosomal
complex A and the early spliceosomal complex B but, interestingly, not the very early ATP-independent
complex E. Additional assays indicate that the RS domain and CTD perform distinct functions, as exemplified
by our identification of an activity that cooperates only with the CTD. Dephosphorylated ASF�RS-CTD and a
glutathione S-transferase–CTD fusion protein were both inactive, suggesting that an RNA-targeting domain
and CTD phosphorylation were necessary. Our results provide new insights into the mechanism by which the
CTD functions in splicing.

Synthesis of mature mRNAs in the nuclei of eukaryotic cells
involves a series of pre-mRNA processing events, including the
addition of a cap structure to the 5� end, removal of intronic
sequences (splicing), and 3� cleavage and polyadenylation. Re-
cently, it has become increasingly evident that all three
mRNA-processing steps are integrated with transcription in
vivo, presumably to facilitate accurate and efficient processing
of RNA polymerase II (RNAP II) transcripts, and that the
RNAP II C-terminal domain (CTD) is important for all three
processing reactions (2, 24, 36, 48). The CTD is conserved
among eukaryotes and consists of multiple heptapeptide re-
peats with the consensus sequence YSPTSPS (9). The number
of repeats varies from 26 or 27 in the yeast Saccharomyces
cerevisiae to 52 in mammals. The heptapeptide consensus con-
tains five potential phosphoacceptor amino acids, but experi-
mental evidence suggests that the serines (or threonines) at
positions 2 and 5 are the predominant sites of phosphorylation
(63). Two forms of RNAP II can be distinguished based on the
phosphorylation status of CTD, a hypophosphorylated IIA
form, which preferentially enters the preinitiation complex at
the promoter, and a hyperphosphorylated IIO form, which is
associated with elongation complexes (12). More recently, dif-
ferent phosphorylated forms of RNAP II have been observed
on genes depending on the location of the polymerase along
the gene (7, 33), and specific kinases have been implicated in
directing serine-specific phosphorylation of the CTD during
the transcription cycle (16, 49, 56, 65).

Splicing of most mRNAs occurs in a large macromolecular
complex composed of snRNPs (U1, U2, U4, U5, and U6) and

non-snRNP proteins, including members of the SR protein
family (23, 29, 37). In structure, SR proteins contain one or two
N-terminal RNA binding domains (RBD) and a C-terminal
domain enriched in arginine and serine residues (RS domain),
which is extensively phosphorylated in vivo. The RBD has been
demonstrated to bind RNA in a sequence-specific manner, a
characteristic that allows for the interaction of SR proteins
with elements such as exonic or intronic splicing enhancers.
Functionally, SR proteins are believed to perform an essential
role early in spliceosome assembly by stabilizing the first inter-
actions between snRNPs and splice sites, as well as by medi-
ating protein-protein contacts through the formation of
bridges formed between 5� and 3� splice sites (11, 32, 52, 59).
The result is the formation of a complex composed of U1
snRNP bound to the 5� splice site and the splicing factor U2AF
bound to the 3� splice site region (E complex). In the presence
of ATP, splicing proceeds as E complexes are converted to A,
B, and C complexes in a well-characterized kinetic pathway
that requires U2, U4, U5, and U6 snRNPs and other factors
(29, 35, 42, 51)

The above model of spliceosome assembly was the result of
analyses of splicing in isolation from transcription, but more-
recent studies suggest an important role for the RNAP IIO
CTD in spliceosome assembly. Cytological studies have sug-
gested that splicing in vivo can occur cotranscriptionally and
that essential splicing factors are localized at sites of active
transcription (1, 3). RNAP IIO also colocalizes with SR pro-
teins in large nuclear domains called “speckles” (4), and splic-
ing of transcripts produced by RNAP II with a shortened CTD
is impaired (18, 38). In biochemical studies, RNAP IIO can
physically interact with snRNPs and SR-like proteins (6, 31, 41,
57, 61), and we have shown that purified RNAP IIO can en-
hance in vitro splicing of several pre-mRNAs at an early (E or
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A complex) step in spliceosome assembly, while IIA in fact has
a repressive effect (26). RNAP II CTD-targeted antibodies and
CTD peptides have also been shown to inhibit in vitro splicing
(61). A recombinant CTD fusion protein (glutathione S-trans-
ferase [GST]–CTD) has been shown to enhance in vitro splic-
ing of pre-mRNAs containing exons defined by splice sites
(62).

Because RNAP IIO is the elongating form of the polymer-
ase and functions early to enhance spliceosome assembly, we
previously proposed a model where the hyperphosphorylated
CTD of RNAP IIO and its associated proteins facilitate the
binding of U1 and/or U2 snRNPs to the 5� splice site and/or
branch site, respectively (26). This model is supported by in
vitro transcription experiments which showed that U1 and U2
snRNPs can be recruited to elongating RNAP II by interac-
tions involving the CTD kinase P-TEFb (20). However, despite
this considerable evidence linking transcription, and specifi-
cally the CTD, to splicing, little is known about how the CTD
actually functions in this process.

We have continued our examination into the relationship
between the CTD and the splicing machinery by constructing
chimeric proteins in which the CTD is fused to the SR protein
ASF/SF2 or to an RS domain-deleted derivative of ASF/SF2.
These two fusion proteins, dubbed ASF-CTD and ASF�RS-
CTD, were designed to test first whether recruitment of the
CTD to the pre-mRNA, perhaps normally performed by the
body of RNAP II, might be important for CTD function and
second whether the CTD can functionally substitute for the RS
domain. We show that, like ASF/SF2, ASF-CTD complements
splicing in SR protein-deficient S100 extract. However, ASF-
CTD markedly increased the reaction rate at or before the first
catalytic step. Although ASF�RS and ASF�RS-CTD were
generally much less active in S100, ASF-CTD and ASF�RS-
CTD, but not ASF/SF2 or ASF�RS, increased the rate of
splicing similarly in nuclear extracts. As with intact RNAP II,
CTD phosphorylation was necessary for the observed splicing
enhancement, and GST-CTD was inactive. We also provide
evidence for the existence of different CTD cofactor require-
ments depending on the pre-mRNA substrate. These results
are consistent with a model in which the phosphorylated CTD
facilitates an early step(s) of spliceosome assembly but high-
light the possibility that it plays a more sophisticated role in
splicing regulation than previously thought.

MATERIALS AND METHODS

Oligonucleotides. Synthetic oligonucleotides used for PCR amplification of
ASF/SF2 and ASF�RS include a common 5� primer, NheI-ASF, CTGACTGCTA
GCATGTCGGGAGGTGGTGTGATTCG, and 3� primers BamH1-ASF, CTGA
CTGGATCCTGTACGAGAGCGAGATCTGCTATG, and BamH1-ASF�RS,
CTGACTGGATCCGGGCCCATCAACTTTAACCCGG.

Plasmids. To construct pFastBac1-6HASF and pFastBac1-6HASF�RS,
EcoRI-HindIII fragments of pDS-6HASF and pDS-6HASF�RS, which con-
tained the coding sequence for a six-histidine tag followed by the coding se-
quences for ASF/SF2 and ASF�RS, respectively (67), were cloned into the
multiple cloning site of pFasBac1 (Invitrogen Life Technologies). To construct
pFastBac1-6HASF-CTD and pFastBac1-6HASF�RS-CTD, we first constructed
pRSET-CTD by subcloning a BamH1-EcoRI CTD fragment from pGCTD (47),
containing the murine RNAPII CTD coding sequence with a stop codon, into
pRSETB (Invitrogen Life Technologies). PCR products NheI-ASF-BamHI and
NheI-ASF�RS-BamHI were generated with pDS-6HASF as the template for
PCR using the NheI-ASF and BamHI-ASF primer pair or the NheI-ASF and
BamHI-ASF�RS primer pair. The NheI-ASF-BamHI and NheI-ASF�RS-

BamHI PCR products were subsequently cloned into pRSET-CTD to produce
pRSET-6HASF-CTD and pRSET-6HASF�RS-CTD, respectively. To construct
pFastBac1-6HASF-CTD and pFastBac1-6HASF�RS-CTD, ApaI-HindIII re-
striction fragments of pRSET-6HASF-CTD and pRSET-6HASF�RS-CTD were
cloned into pFastBac1-6HASF to produce pFastBac1-6HASF-CTD and pFast-
Bac1-6HASF�RS-CTD, respectively.

Recombinant proteins. The constructs containing six-histidine-tagged ASF
(pFastBac1-6HASF), ASF�RS (pFastBac1-6HASF�RS), ASF-CTD (pFast-
Bac1-6HASF-CTD), and ASF�RS-CTD (pFastBac1-6HASF�RS-CTD) were
used to construct recombinant baculoviruses with the Bac-to-Bac baculovirus
expression system (Invitrogen Life Technologies). Proteins were expressed in
baculovirus-infected Hi-5 cells for 48 h. Infected-cell pellets were solubilized by
sonication in 6 M guanidine HCl (pH 8), and cellular debris was removed by
centrifugation and filtration (0.22-�m-pore-size filter). The lysate was passed
over a Ni2�-agarose column, washed in 8 M urea (pH 8) containing 10 mM
imidazole, and eluted in 8 M urea (pH 8) plus 200 mM imidazole. Proteins were
dialyzed at 4°C in buffer D (20 mM HEPES-KOH [pH 7.9], 100 mM KCl, 20%
glycerol, 0.2 mM EDTA, 0.5 mM dithiothreitol [DTT]) containing 8 M urea and
were renatured during dialysis by stepwise dilution of urea with buffer D, fol-
lowed by a final dialysis in pure buffer D. Precipitates were removed by centrif-
ugation. Protein purity and concentration were assessed by Coomassie blue and
silver staining of sodium dodecyl sulfate (SDS)-polyacrylamide gels.

Immunoblot analysis and phosphatase treatment. ASF�RS-CTD was dephos-
phorylated with calf intestinal phosphatase (CIP; New England Biolabs) at 30°C
in a buffer containing 20 mM HEPES (pH 8), 50 mM KCl, 10% glycerol, 5 mM
Mg2�, 0.25 mM DTT, and 0.1 mM EDTA. Approximately 10 U of CIP was
required to fully dephosphorylate 1 �g of ASF�RS-CTD after 3 h at 30°C. To
prepare purified dephosphorylated ASF�RS-CTD, 50 �g of ASF�RS-CTD was
treated with CIP and then denatured by dilution in a buffer containing 8 M
guanidine HCl (pH 8). Dephosphorylated ASF�RS-CTD was purified by Ni2�

chromatography and renatured as described for the phosphorylated protein
except that final dialysis was in buffer D containing 2 M urea to increase solu-
bility. Phosphorylated ASF�RS-CTD was also dialyzed in buffer D containing 2
M urea as a control for functional studies involving the dephosphorylated pro-
tein. Immunoblot analysis was performed by separating phosphorylated and
dephosphorylated proteins by SDS–8% polyacrylamide gel electrophoresis
(PAGE), followed by immunoblotting with H14, H5, or 8WG16 antibodies
(Covance). Unless specifically stated otherwise in the text, recombinant ASF-
CTD and ASF�RS-CTD proteins are referred to as ASF-CTDO and ASF�RS-
CTDO, respectively, and the recombinant ASF�RS-CTD protein treated with
CIP and repurified is referred to as ASF�RS-CTDA.

In vitro splicing and spliceosome assembly.32P-labeled pre-mRNA substrates
were prepared as described previously (54). Nuclear extract and cytoplasmic
S100 were prepared by the method of Dignam et al. (15). Fractionation of HeLa
nuclear extract to obtain a 20 to 40% ammonium sulfate fraction of nuclear
extract (NF20-40) was performed as described previously (53). In vitro splicing
reactions were performed in either 12.5- or 25-�l reaction mixtures, which
contained 12 to 16% nuclear extract or 20% S100 supplemented without or with
purified proteins as described in the figure legends. The final concentrations of
buffer components were 12 mM HEPES (pH 7.9), 40 to 60 mM KCl, 0.12 mM
EDTA, 0.30 mM DTT, 12% glycerol, 3 mM MgCl2, 20 mM creatine phosphate
(di-Tris), 1 mM ATP, 3% polyvinyl alcohol (PVA), and 0.5 U of RNasin (Pro-
mega), with the exception that, in experiments involving dephosphorylated
ASF�RS-CTD, urea was present at a final concentration of 0.16 mM. In addi-
tion, for ATP-dependent spliceosome assembly assays, PVA was omitted from
the splicing reactions and heparin (0.8 mg/ml) was added prior to loading the
samples on native agarose gels as described previously (13). For ATP-indepen-
dent E complex assembly, PVA, ATP, creatine phosphate, and MgCl2 were
omitted from splicing reactions and the samples were loaded on 1.5% native
agarose gels (13). The adenovirus major late (AdML) pre-mRNA was utilized in
these studies due to better resolution of E complexes. Experiments were re-
peated two to four times and were highly consistent with the representative data
shown.

RESULTS

ASF/SF2-CTD fusion proteins expressed in baculovirus-in-
fected insect cells are phosphorylated on Ser-2 and Ser-5 of
the heptapeptide repeats. To study the functional properties of
the CTD relevant to splicing, the CTD was expressed as a
C-terminal fusion protein with ASF/SF2 and the RS domain
deletion mutant protein, ASF�RS (68). ASF/SF2, ASF�RS,
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ASF-CTD, and ASF�RS-CTD proteins were purified from
baculovirus-infected insect cells, and aliquots were examined
by SDS-PAGE (Fig. 1A). Although the expected molecular
masses of ASF-CTD and ASF�RS-CTD are 68 and 62 kDa,
respectively, the apparent molecular masses observed by SDS-
PAGE were approximately 116 and 110 kDa, respectively (Fig.
1A, lanes 3 and 4). Since CTD phosphorylation imparts a dra-
matic decrease in gel mobility (64), it was likely that the CTDs
of these proteins were highly phosphorylated during expres-
sion. Treatment of ASF�RS-CTD with CIP shifted the pro-
tein’s gel mobility to approximately 80 kDa (Fig. 1B, compare
lane 1 to 4 or 5) or resulted in intermediate-mobility forms at
midrange concentrations of CIP (Fig. 1B, lanes 2 and 3).

Since the CTD is predominantly phosphorylated at serines 2
and 5 during transcription in vivo, the CTD of ASF�RS-CTD
was tested for phosphorylation at these positions by Western
blotting using H5 and H14 antibodies, which are specific for
heptads phosphorylated at Ser-2 or Ser-5, respectively. A Coo-
massie blue stain of ASF�RS-CTD during a CIP time course
is shown in Fig. 1C. The same samples were also immunoblot-
ted with CTD-specific antibody 8WG16, which recognizes un-
phosphorylated epitopes in the CTD (Fig. 1C, lanes 5 to 8), H5
(Fig. 1C, lanes 9 to 12), and H14 (Fig. 1C, lanes 13 to 16). Ser-2
phosphorylation was strongly detected at the 0-min time point
of CIP incubation (Fig. 1C, lane 9) but was undetectable at
later times (Fig. 1C, lanes 10 to 12). Ser-5 phosphorylation, in
contrast, was detected not only at the 0-min time point (Fig.
1C, lane 13) but also at the 1- and 2-h time points and was

detected in the intermediate- and even high-mobility forms of
ASF�RS-CTD (Fig. 1C, lanes 14 and 15). These results indi-
cate that H5 reactivity can be completely lost before H14
reactivity is affected. The ability of H14, but not H5, to detect
intermediate levels of CTD phosphorylation has also been
observed with authentic RNAP II (44) and, together with the
observation of discrete bands for the untreated protein and the
dephosphorylated isoform, supports the view that these forms
are analogous to the IIO and IIA isoforms of RNAP II. The
CTDs of our recombinant proteins are designated below either
CTDO or CTDA to differentiate the native phosphorylated and
the CIP-dephosphorylated recombinant proteins, respectively.

Fusing the CTD to ASF/SF2 increases splicing rate in S100.
We showed previously that RNAP IIO can stimulate splicing
of several pre-mRNAs in cell extracts but that, when GST-
CTD was added to splicing reactions under similar conditions,
no enhancement was observed (26). This result was somewhat
unexpected since the CTD is sufficient both to activate 3�
cleavage in vitro (25) and to associate with a number of splicing
factors (10, 31, 40). We speculated that GST-CTD may not
enter spliceosomes formed in vitro, because it is unable to
interact in the appropriate way with the pre-mRNA. Given
that SR proteins both interact with the pre-mRNA and func-
tion, as appears to be the case with RNAP IIO, at a very early
stage (21), it seemed reasonable to hypothesize that fusing the
CTD with an SR protein may allow for the participation of the
CTD in splicing. Alternatively, it could be that other regions in

FIG. 1. Characterization of histidine-tagged ASF-CTD fusion proteins purified from baculovirus-infected insect cells. (A) Silver-stained
gradient (4 to 20%) SDS-polyacrylamide gel containing 40 ng of purified ASF�RS (lane 1), ASF (lane 2), ASF�RS-CTD (lane 3), and ASF-CTD
(lane 4). (B) Coomassie-stained SDS–8% polyacrylamide gel containing purified ASF�RS-CTD treated with 0.0 (lane 1), 0.25 (lane 2), 1.0 (lane
3), and 5.0 U (lanes 4 to 6) of CIP for 3 h at 30°C. Phosphatase activity was inhibited by addition of 50 mM �-glycerophosphate (lane 6). (C) Time
course (0, 1, 2, and 3 h) of ASF�RS-CTD dephosphorylation analyzed by Coomassie staining and immunoblotting with 8WG16, H5, and H14
antibodies.
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the multisubunit RNAP II are necessary for its function in
splicing.

We first examined splicing of a �-globin pre-mRNA sub-
strate in S100 extract complemented with either ASF/SF2 or
ASF-CTDO. Since S100 lacks SR proteins but contains all
other essential splicing factors, splicing does not occur in S100
unless supplemented with exogenous SR proteins such as ASF/
SF2. To examine the effect of the CTD on ASF/SF2 activity, a
splicing time course was performed with the �-globin pre-
mRNA, S100, and either ASF/SF2 or ASF-CTDO (Fig. 2A).
Both ASF/SF2 and ASF-CTDO at 100 nM concentrations ac-
tivated splicing. Most interestingly, the reactions with ASF-
CTDO showed an increase in the rate of splicing, as shown by

the formation of the first-step intermediates or final products.
Quantitation (Fig. 2B) revealed that reactions with ASF-CTDO

displayed a reduction in splicing lag time of approximately 20 min
(from 40 to 20 min) compared to reactions with ASF/SF2. Rela-
tive to ASF-CTDO, both ASF�RS and ASF�RS-CTDO stimu-
lated splicing much less efficiently (Fig. 2C, compare lanes 2 to 7
with lane 1), suggesting that the RS domains in both ASF/SF2 and
ASF-CTDO were functionally important in this assay. Neverthe-
less, like the comparison between ASF-CTDO and ASF/SF2, a
comparison between ASF�RS-CTDO and ASF�RS showed that
ASF�RS-CTDO stimulated splicing more efficiently than did
ASF�RS (Fig. 2C, compare lanes 5 to 7 with 2 to 4). These results
suggested that the CTDs of both ASF-CTDO and ASF�RS-

FIG. 2. In vitro splicing of �-globin pre-mRNA in S100 extract complemented with ASF/SF2 or ASF-CTDO. (A) Time course in S100
complemented with 100 nM ASF/SF2 (lanes 1 to 8) or ASF-CTDO (lanes 9 to 16). Time points are at 0, 20, 30, 40, 50, 60, 70, and 80 min.
(B) Quantitative analysis of �-globin spliced product (mRNA) and spliced intermediate (lariat/exon 2) shown in panel A. (C) The RS domains of
both ASF/SF2 and ASF-CTD are required for efficient splicing activity in S100. Splicing with 200 nM ASF-CTDO (lane 1) was compared to that
in reaction mixtures containing 20, 80, or 200 nM ASF�RS (lanes 2 to 4) and 20, 80, or 200 nM ASF�RS-CTDO (lanes 5 to 7). (D) High con-
centrations of ASF/SF2 did not compensate for the difference in early splicing product formation. Splicing kinetics for reactions with 80 nM ASF-
CTDO (lanes 2 to 4) were compared to those for reactions with 80 nM ASF/SF2 (lanes 5 to 7), 200 nM ASF/SF2 (lanes 8 to 10), or 480 nM ASF/SF2
(lanes 11 to 13). Time course reactions were terminated at 30 (lanes 2, 5, 8, and 11), 60 (lanes 3, 6, 9, and 12), or 90 min (lanes 4, 7, 10, and 13).
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CTDO are stimulatory in the splicing of �-globin pre-mRNA
substrate in S100 extract and that the CTDO can play a functional
role in splicing that is distinct from that of the RS domain.

To extend these results, we next compared the splicing ki-
netics of reactions with ASF-CTDO (Fig. 2D, lanes 2 to 4) with
those of reactions with either the same amount (lanes 5 to 7),
2.5-fold more (lanes 8 to 10), or 6-fold more (lanes 11 to 13)
ASF/SF2. We observed that, even with sixfold more ASF/SF2,
the first appearance of splicing intermediates (approximately
30 min) lagged behind that seen in reactions with ASF-CTDO

(Fig. 2D, compare lanes 5, 8, and 11 with 1). These data
indicate that higher ASF/SF2 levels did not substantially in-
crease the reaction rate prior to the first catalytic step. In
addition, at later times in the reaction (30 to 60 min), the ratio
of final spliced product to lariat/exon 2 intermediate was no-
ticeably higher in the reactions with ASF-CTDO than in all of
the reactions with ASF/SF2 and this ratio did not change
significantly in the ASF/SF2 reactions regardless of the amount
of ASF/SF2 included (for example, compare lanes 7, 10, and 13
in Fig. 2D). We conclude from these data that the CTD alters
qualitatively the effect of ASF/SF2 on splicing.

Splicing activity of ASF-CTDO is not specific to �-globin
pre-mRNA and S100 extracts. To test both the generality of
the above findings and the response of a pre-mRNA with a
more specific requirement for ASF/SF2, we examined the
splicing of the human immunodeficiency virus type 1 (HIV-1)
tat pre-mRNA (34). In contrast to that of �-globin, the tat pre-
mRNA can be specifically committed to splicing by ASF/SF2,
but not by other SR proteins (21). A time course of splicing in
S100 extract (Fig. 3A) shows that ASF-CTDO (lanes 8 to 14)
again increased the splicing rate compared to ASF/SF2 at an
identical concentration (lanes 1 to 7). Quantitation revealed
that the splicing lag time was decreased by approximately 30
min when either splicing intermediates or final products were
quantitated (Fig. 3B). The splicing of tat pre-mRNA in nuclear
extracts, which unlike S100 extracts contain all of the essential
splicing factors, is unusual because it is inhibited by endoge-
nous hnRNP A1 (5, 66). However, this inhibition can be over-
come, at least in part, by addition of exogenous ASF/SF2 (34)
or RNAP IIO (26). Addition of ASF-CTDO to nuclear extract
not only enabled tat pre-mRNA splicing but again increased
the splicing rate compared to that for ASF/SF2 (Fig. 3C, com-

FIG. 3. In vitro splicing of the HIV tat pre-mRNA substrate is stimulated more efficiently by ASF-CTDO than ASF/SF2 in both S100 and
nuclear extracts. (A) Time course of tat pre-mRNA splicing in S100 containing 280 nM ASF/SF2 (lanes 1 to 7) or ASF-CTDO (lanes 8 to 14). Time
points are at 0, 30, 60, 90, 120, 150, and 180 min. (B) Quantitative analysis of tat pre-mRNA spliced product (mRNA) and splicing intermediate
(exon 1) shown in panel A. (C) Time course of tat pre-mRNA splicing in nuclear extract supplemented with 240 nM ASF/SF2 (lanes 1 to 7) or
ASF-CTDO (lanes 8 to 14). Time points are at 0, 30, 45, 60, 120, and 150, and 180 min. A band unrelated to splicing (�) is an artifactual cleavage
product (34). (D) Quantitative analysis of tat pre-mRNA splicing products shown in panel C.
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pare lanes 8 to 14 with 1 to 7). Remarkably, ASF-CTDO de-
creased the long lag time of tat pre-mRNA splicing in nuclear
extract by nearly 60 min (from 120 to 60 min) compared to
ASF/SF2 (Fig. 3D).

CTDO-dependent splicing enhancement correlates with
ATP-dependent spliceosome assembly, but not ATP-indepen-
dent prespliceosome assembly. We next wished to investigate
at which step the CTD functioned to accelerate splicing. To
this end, we utilized an AdML pre-mRNA, which has fre-
quently been used to study spliceosomal complex formation in
reaction mixtures containing nuclear extracts (13). As with
other pre-mRNAs tested, the AdML pre-mRNA was also
spliced with increased kinetics when nuclear extracts were sup-
plemented with ASF-CTDO (Fig. 4A and B). When spliceo-
some assembly was examined by native gel electrophoresis, the
formation of prespliceosomal A complexes as well as early
spliceosomal B complexes was more efficient in reactions with
ASF-CTDO than in reactions with ASF/SF2 or nuclear extract
alone (Fig. 4C and D). This was most clearly seen with the A
complexes at the earliest (2- and 5-min) time points (Fig. 4C
[compare lanes 14 and 15 to 8 and 9] and D), and with B
complexes at later (15- and 30-min) time points (Fig. 4C [com-
pare lanes 16 and 17 to 10 and 11] and D).

The data with ASF-CTDO were very similar to results ob-
tained with purified RNAP IIO (26) and are consistent with
the possibility that the CTD may facilitate U1 and/or U2 bind-
ing to the pre-mRNA. However, the first discrete splicing com-
plex detectable in HeLa extracts is the E complex (39, 50),
which forms in the absence of ATP and which is believed to be
a functional precursor of the A complex. Therefore, we next
examined whether ASF-CTDO could specifically enhance E
complex assembly by examining prespliceosome formation in
nuclear extract in the absence of ATP and creatine phosphate.
Unlike nonspecific H complexes, E complexes require incuba-
tion at 30°C and can be separated from H complexes by native
agarose gel electrophoresis as long as heparin is not added to
the reactions (13). Surprisingly, we observed no differences in
the rate of E complex assembly between ASF-CTDO and ASF/
SF2 (Fig. 4E, compare lanes 11 to 15 to lanes 6 to 10). This
evidence suggests that the CTDO may not be involved in ATP-
independent U1 binding to the 5� splice site, as has been
suggested for ASF/SF2 (28, 32), and rather may facilitate the
stable binding of U2 to the branch site (see Discussion).

Addition of a nuclear fraction to S100 stimulates IgM-A3
splicing in a CTDO-dependent manner. An important question
is whether CTD function involves cofactors distinct from com-
ponents of the general splicing machinery. To begin to address
this, we took advantage of the fact that, while high concentra-
tions of ASF/SF2 can activate splicing of the IgM-A3 substrate
(an immunoglobulin M pre-mRNA-based substrate containing
consensus ASF/SF2 binding sites) in S100 (54, 58), at lower
concentrations, neither ASF/SF2 nor ASF-CTDO had any ef-
fect on splicing (Fig. 5A, compare lanes 5 and 9 to 1). How-
ever, when we added increasing amounts of NF20-40 (53),
ASF-CTDO, but not ASF/SF2, activated IgM-A3 splicing (Fig.
5A, compare lanes 10 to 12 to 6 to 8). The effect of NF20-40 on
the splicing of other pre-mRNAs was also examined, but the
stimulation was significantly less than that observed with the
IgM-A3 pre-mRNA (data not shown). These findings suggest
that a splicing factor or cofactor that cooperates specifically

with the CTD and not with ASF/SF2 is present in NF20-40. To
confirm this, we performed an ASF/SF2 titration in the ab-
sence or presence of NF20-40. Increasing amounts of ASF/SF2
resulted in a dose-dependent increase in splicing of IgM-A3
pre-mRNA (Fig. 5B, lanes 4 to 6), but addition of a constant
amount of NF20-40 had no significant effect at any ASF/SF2
concentration (Fig. 5B, compare lanes 8 to 10 with 4 to 6). This
is in sharp contrast to the significant effect that NF20-40 had on
ASF-CTDO-activated splicing (Fig. 5B, compare lanes 1 and 2).
These data provide strong evidence that a splicing cofactor(s)
can specifically cooperate with the CTDO to activate splicing.

The RS domain and CTD have distinct functions in splicing.
The above data suggest that the CTD and RS domain perform
qualitatively distinct functions in splicing. However, because
both the ASF/SF2 RS domain and the RNAP IIO CTD consist
of highly phosphorylated repetitive motifs, we wished to fur-
ther examine differences and similarities between them. In
nuclear extract, both ASF-CTDO and ASF�RS-CTDO en-
hanced splicing of IgM-A3, whereas ASF/SF2 and ASF�RS
could not (Fig. 6A). This suggests that the RS domains of these
proteins did not contribute to splicing under these conditions,
which was not surprising since SR proteins exist naturally in
nuclear extracts to perform this function. In stark contrast to
what was found for IgM-A3 splicing in nuclear extracts, in
reaction mixtures containing S100 and NF20-40 we observed a
strong dependency on both the RS domain and the CTD of
ASF-CTDO (Fig. 6B). Under conditions where neither ASF-
CTDO nor ASF�RS-CTDO activated splicing in S100 alone
(Fig. 6B, lanes 1 to 3), the addition of an equal amount of
NF20-40 to these reactions stimulated only those with ASF-
CTDO (Fig. 6B, compare lane 5 with 4 and 6). Therefore, it
seems that the very limited amount of SR proteins in NF20-40,
which from Western blots we estimate to be similar to the
amount detected in S100 (53) (data not shown), requires the
addition of exogenous SR proteins with intact RS domains in
order to activate splicing of the IgM-A3 substrate and that the
CTDO is unable to perform this function. These data also
suggest that the factor(s) in NF20-40 that cooperates with the
CTDO is not SR proteins.

CTD phosphorylation is necessary for CTDO splicing activ-
ity. The importance of CTD phosphorylation in pre-mRNA
splicing is supported by the observation that RNAP IIO but
not RNAP IIA enhances in vitro splicing (26). Since our ASF-
CTDO fusion proteins were purified in a highly phosphorylated
state, we wished to determine if CTD phosphorylation is nec-
essary for ASF-CTDO splicing activity. However, since ASF/
SF2 itself is highly phosphorylated in its RS domain, we chose
to use ASF�RS-CTD in these studies, so that dephosphoryla-
tion would affect only the CTD. To examine this, we dephos-
phorylated ASF�RS-CTDO in vitro with CIP and repurified
the resultant protein. A silver-stained SDS gel of the dephos-
phorylated protein, ASF�RS-CTDA, shows the large mobility
shift compared to that for the phosphorylated protein,
ASF�RS-CTDO (Fig. 7A).

The splicing activity of ASF�RS-CTDA was first tested with
the IgM-A3 substrate by addition of increasing amounts of
ASF�RS-CTDA (Fig. 7B, lanes 4 and 5) or ASF�RS-CTDO

(Fig. 7B, lanes 2 and 3) to nuclear extract. ASF�RS-CTDA was
unable to activate splicing, whereas ASF�RS-CTDO again
produced a dose-dependent increase in splicing activity. We also
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tested splicing of the �-globin pre-mRNA in nuclear extract sup-
plemented with either ASF�RS-CTDO or ASF�RS-CTDA, and
again only ASF�RS-CTDO produced increased splicing activ-
ity (Fig. 7C, lanes 2 to 4 compared to 5 to 7). Importantly,
GST-CTD, either phosphorylated or dephosphorylated, had

no detectable effect on the splicing of IgM-A3 at any concen-
tration tested (Fig. 7D). These data together show that CTD
phosphorylation is necessary for ASF�RS-CTD-enhanced splic-
ing in vitro and further strengthens the view that CTD fused to
ASF/SF2 and CTD in its natural context function similarly.

FIG. 4. ASF-CTDO facilitates spliceosome assembly and splicing product formation in reaction mixtures containing AdML pre-mRNA.
(A) Time course of AdML pre-mRNA splicing in reaction mixtures containing nuclear extract (N.E.; lanes 1 to 5) and in reaction mixtures
supplemented with 100 nM ASF/SF2 (lanes 6 to 10) or ASF-CTDO (lanes 11 to 15). Reaction mixtures were incubated for 0, 20, 45, 60, or 90 min.
(B) Quantitative analysis of AdML spliced product (mRNA) shown in panel A. (C) Time course of AdML pre-mRNA spliceosome assembly in
reaction mixtures containing nuclear extract (lanes 1 to 6) and in reaction mixtures supplemented with 100 nM ASF/SF2 (lanes 7 to 12) or
ASF-CTDO (lanes 13 to 18). Incubation times were 0, 2, 5, 15, 30, and 60 min, after which heparin (0.8 �g/�l) was added, and reaction mixtures
were electrophoresed on a native 2% agarose gel (13). (D) Quantitative comparison of spliceosomal A and B complex formation shown in panel
C for ASF/SF2 reactions (lanes 7 to 11) and ASF-CTDO reactions (lanes 13 to 17). (E) ASF-CTDO has no effect on ATP-independent
spliceosomal-complex formation. AdML pre-mRNA was incubated in ATP-depleted nuclear extract in the absence (lanes 1 to 5) or presence of
ASF/SF2 (lanes 6 to 10) or ASF-CTDO (lanes 7 to 15). Reaction mixtures were incubated for 0, 10, 20, 40, or 60 min, after which they were chilled
on ice and loaded directly onto a 1.5% native agarose gel.
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DISCUSSION

Considerable evidence has established that RNAP II, and
specifically the CTD, can play a positive role in the splicing of
mRNA precursors. However, there has been very little prog-
ress in understanding how it actually functions in this process.

This is due to the complexity both of the splicing reaction and
of RNAP IIO itself. As we showed previously and confirmed
here, and unlike the situation with capping and 3� end forma-
tion, the isolated CTD does not function in standard splicing
assays. We hypothesized that this might reflect the inability of
the isolated CTD to be targeted to the substrate and/or splicing
machinery, and the data presented here support that idea. Our
findings are significant because they not only indicate that the
CTD is sufficient to enhance splicing when targeted to the
pre-mRNA but also provide a means for more readily analyz-
ing CTD function in splicing. Below we discuss the evidence
that the ASF-CTD fusion protein indeed recapitulates the
behavior of RNAP II and the new insights it provides into how
the CTD enhances splicing.

It is essential that the ASF-CTD fusion proteins function
similarly to RNAP IIO if they are to provide insights into how
the CTD functions in splicing. All the data presented here
strongly support this. For example, our results showing that the
fusion proteins function early in splicing are consistent with
previous work in our laboratory which showed that RNAP IIO
enhanced the splicing of several pre-mRNA substrates at an
early step of spliceosome assembly. We also showed previously
that CTD function could not be performed by excess SR pro-
teins (26), which is consistent with our finding here that the
CTD and RS domain have distinct functions. Additionally, in
agreement with previous studies involving RNAP IIO and
RNAP IIA (26), the CTD required phosphorylation in order to
enhance splicing.

To understand the mechanism by which the CTD enhances
splicing, it was important to determine where within the spli-
ceosome assembly pathway CTDO performs this function. Pre-
vious evidence with RNAP IIO suggested a CTD-sensitive step
during or prior to A complex formation (26). The results pre-
sented here are in agreement with this conclusion and extend
our understanding by deemphasizing a CTDO role in ATP-
independent E complex formation and more specifically impli-
cate ATP-dependent A complex formation as a CTDO-sensi-
tive step. At the snRNP level, E complex is characterized by
the base pairing of the U1 snRNP to the 5� splice site whereas
the U2 snRNP is not yet base paired and is loosely associated
with the complex (14). We conclude that the CTDO is most
likely not involved in stabilizing the U1-5� splice site interac-
tion that occurs without ATP and is instead involved in the
later events that occur in the presence of ATP, such as the base
pairing of U2 to the branch site.

Our data have provided evidence that the phosphorylated
CTD performs a function distinct from that of the RS domain.
This is in fact consistent with our finding that the CTDO had no
effect on E complex formation since SR proteins are important
for the commitment of pre-mRNAs to splicing by stabilizing
U1 binding to the 5� splice site through the combined interac-
tions between the RBD and pre-mRNA and RS domain and
protein components of U1 snRNP (28, 32). This is additional
evidence to support the theory that the CTDO is involved in
ATP-dependent transition to the A complex by facilitating U2
base pairing to the branch site, although we can’t rule out an
involvement in later stages of B and C complexes. Although we
never observed any effect of CTDO on E complex formation in
our in vitro assays, it remains unclear if, in the presence of
ATP, the CTDO might play a role in the initial interactions

FIG. 5. Addition of NF20-40 to S100 strongly stimulates in vitro
splicing of IgM-A3 in the presence of ASF-CTDO but not ASF/SF2.
(A) Titration of NF20-40 into splicing reactions does not complement
S100 alone (lanes 1 to 4) or S100 supplemented with 200 nM ASF/SF2
(lanes 5 to 8), but NF20-40 stimulates splicing of IgM-A3 in the
presence of 200 nM ASF-CTDO (lanes 9 to 12). The amounts of
NF20-40 used in the titrations were 0, 1, 3, and 6 �l. (B) Three
microliters of NF20-40 stimulates splicing in S100 in the presence of
100 nM ASF-CTDO (lane 2). Larger amounts of ASF/SF2 stimulate
splicing of IgM-A3 equally well in either the absence (lanes 3 to 6) or
presence (lanes 7 to 10) of 3 �l of NF20-40. Concentrations of ASF/
SF2 used in titrations were 0, 200, 400, and 600 nM.
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between the components of E complex and the pre-mRNA.
This seems plausible since it has been demonstrated that ATP
alters the composition of large snRNP/RNAP IIO complexes
that form on short 5� splice site RNAs (30). Notably, in these
studies, ATP allowed for the incorporation of U2 into U1-
containing complexes. In any event, our results were surprising
because they suggest that the CTD, while functioning early in
splicing, does not affect the earliest known step, i.e., E complex
formation.

It remains an important question what CTD-binding pro-
teins are necessary for CTD-enhanced splicing. However, our
data suggest that different CTD-binding proteins have unique
splicing functions, as illustrated by the strong nuclear protein
requirement for CTD-activated splicing of IgM-A3, but not of
�-globin or tat pre-mRNAs. Since CTDO did not show any
effect on IgM-A3 splicing in S100 unless NF20-40 was added,
CTDO-enhanced splicing of a subset of pre-mRNAs may be
more strongly enhanced by cofactors that are absent from
S100, whereas other pre-mRNAs may be less dependent on
these factors due to specific strengths and weaknesses of a
particular pre-mRNA. Therefore, the CTD may coordinate the
actions of two or more CTDO-associated splicing regulators
that have discrete functions. Accordingly, it is interesting that
the CTD has also been shown to bind to the splicing factor PSF
(17). In addition to linking CTDO to early spliceosomeal com-
plex assembly (43), PSF has been shown to be required much
later in the splicing reaction, during the second catalytic step
(22). It is tempting to speculate that CTDO can, in a substrate-
specific manner, remain associated with spliceosomes from
prespliceosome formation through catalysis. In line with this

possibility, RNAP IIO has been shown to form stable com-
plexes with the late spliceosomal component U5 snRNP and
the [U4/U6.U5] tri-snRNP (6, 57).

Our data confirm our previous suggestion that the isolated
CTD cannot activate splicing in vitro. This contrasts with the
ability of the CTD alone to function in in vitro capping (8, 27)
and 3� processing (25) and indicates that another property of
RNAP IIO is necessary for CTDO-enhanced splicing. Fusion
of the CTD to ASF/SF2, which normally enters spliceosomes,
should localize the CTD closely with the pre-mRNA, perhaps
in a manner analogous to that for a nascent transcript and the
CTD of elongating RNAP IIO. Because we observed splicing
enhancement by ASF-CTD, with or without the RS domain,
we believe that it is most likely that the RNA binding activity
of ASF/SF2 is in fact important for CTDO splicing activity, by
providing an RNA targeting function. In possible contrast to
our results, it has been reported previously that GST-CTD can
enhance in vitro splicing, through the exon definition mode of
splicing (62). We observed no requirement for having the ex-
ons in our substrate pre-mRNAs defined at both ends by splice
sites. Perhaps the suggested exon definition role of the isolated
CTD is bypassed by having the CTD fused to ASF/SF2, which
itself is involved in identifying splice sites through interactions
with U1 and U2AF (28, 32, 55, 59). Another difference is that
our ASF-CTD was a highly phosphorylated protein prepara-
tion compared to the mostly unphosphorylated GST-CTD
used by Zeng and Berget (62). Additionally, in our experi-
ments, we never tested the high GST-CTD concentrations
employed by these authors.

The splicing-stimulatory activity of ASF�RS-CTDO, like

FIG. 6. The RS domain in ASF-CTDO is not necessary for enhanced splicing of IgM-A3 in nuclear extract, but the RS domain ASF-CTDO is
required for splicing of IgM-A3 in S100 plus NF20-40. (A) Standard in vitro splicing reaction mixtures were incubated in nuclear extract (NE) alone
(lane 1) or in nuclear extract containing supplemental ASF/SF2 (lane 2), ASF-CTDO (lane 3), ASF�RS (lane 4), or ASF�RS-CTDO (lane 5) at
a concentration of 200 nM. (B) Standard in vitro splicing reaction mixtures were incubated in S100 alone (lane 1) or in the presence of additional
proteins and NF20-40 as indicated above the gel. All reaction mixtures were incubated for 80 min at 30°C. The migration of pre-mRNA and splicing
products is indicated at the left.
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that of RNAP II, requires CTD phosphorylation, and therefore
phosphorylated CTD heptads are likely to interact specifically
with a component of the splicing machinery. Studies using yeast
two-hybrid assays have revealed phospho-CTD-binding proteins
that contain an RS domain, an RNA recognition motif, and a
distinct CTD-binding domain (45, 61); however, the functional
relevance of these proteins in splicing remains to be determined.
The phosphorylated CTD has been shown to interact directly with
splicing factors such as PSF (17) and the yeast splicing factor
Prp40 (40). Nevertheless, the importance of these protein-protein
interactions for CTD-enhanced splicing in our in vitro system
requires further investigation.

CTD phosphorylation undergoes dynamic changes during
transcription, and it is likely that this is critical for transcrip-
tion-coupled RNA processing. For example, it has been shown
that CTD Ser-5 phosphorylation is observable near the pro-
moter and Ser-2 phosphorylation is seen throughout the gene
(7). TFIIH kinase (16, 56) is involved in phosphorylation of
Ser-5 during promoter escape, yielding a CTD that is compe-
tent for 5� capping of the nascent transcript, and the transcrip-
tion elongation factor P-TEFb (49, 65) is responsible for at
least a fraction of the Ser-2 phosphorylation during the tran-
script elongation phase. The correlation between the timing of
Ser-2 phosphorylation and the entry of elongating RNAP II

FIG. 7. Phosphorylation of ASF�RS-CTD is necessary for enhanced splicing activity in nuclear extract. (A) Silver-stained SDS-polyacrylamide
gel of 50 ng of purified phosphorylated ASF�RS-CTDO (lane 2) and dephosphorylated and repurified ASF�RS-CTDA (lane 3). Protein molecular
mass markers are shown in lane 1 (New England Biolabs; broad range, 7702S). (B) Addition of 15 (lane 2) or 30 nM (lane 3) ASF�RS-CTDO
stimulates splicing of IgM-A3 in nuclear extract (NE). Addition of 15 (lane 4) or 30 nM (lane 5) ASF�RS-CTDA has no effect on splicing of
IgM-A3. (C) Addition of ASF�RS-CTDO (lanes 2 to 4) stimulates splicing of �-globin, but ASF�RS-CTDA (lanes 5 to 7) has no effect on splicing.
(D) Neither GST-CTDA (lanes 2 to 4) nor GST-CTDO (lanes 5 to 7) stimulates splicing of IgM-A3 under conditions where ASF�RS-CTDO (lanes
8 to 10) enhances splicing. Reaction mixtures for panel D contained a titration of 5, 20, or 80 nM respective recombinant proteins and were
incubated for 75 min at 30°C.

542 MILLHOUSE AND MANLEY MOL. CELL. BIOL.



into coding regions suggests the possibility that Ser-2 phos-
phorylation may be important for CTD-enhanced splicing. P-
TEFb interacts with RNAP II and the HIV-1 Tat cofactor and
general elongation factor, Tat-SF1 (19). Intriguingly, P-TEFb
has also been shown to interact with snRNPs through a Tat-
SF1–snRNP complex (20). It was demonstrated that this com-
plex promotes transcription elongation and supports splicing in
nuclear extracts depleted of snRNA. In yeast, the CUS2 pro-
tein was identified as a suppressor of a U2 snRNA mutation
and, intriguingly, is homologous to Tat-SF1 (46, 60). The re-
lationship between the Ser-2 kinase P-TEFb, RNAP IIO, Tat-
SF1, and snRNPs (U2 in particular) is generally consistent with
our suggestion that the CTDO may function during prespliceo-
somal A complex formation. The detection of P-TEFb, RNAP
IIO, and snRNPs in large complexes formed on short 5� splice-
containing RNAs lends additional support for this hypothesis
(30). Consistent with this model, purified ASF-CTDO used in
our studies is phosphorylated on Ser-2, but we do not know if
there is a Ser-2-specific splicing function because Ser-5 is also
phosphorylated. Why purified ASF-CTDO expressed in insect
cells maintains CTD phosphorylation at both Ser-2 and Ser-5 is
unclear, since it should not be directly involved in transcription
elongation. However, fusion of the CTD with a splicing factor
such as ASF/SF2 may aid in localizing the CTD within regions
of the nucleus that either contain CTD kinase activity or are
deficient in CTD phosphatase activity.

In conclusion, our results strongly suggest a model in which
the phosphorylated CTD is a functionally independent domain
that, when targeted to the pre-mRNA, interacts with the splic-
ing machinery to facilitate the formation of the prespliceoso-
mal A complex. This is reflected in a significant decrease in the
lag time typically seen in in vitro splicing reactions. The CTDO

splicing function is distinct from that of the RS domain, con-
sistent with evidence showing that CTDO must interact with
protein domains different from those that interact with RS
domains. For the future, this experimental system provides a
means to examine not only splicing factors that functionally
associate with the CTDO but also the role of specific heptads in
splicing. Our results extend previous studies involving purified
RNAP IIO and support the idea that the phosphorylated CTD
can function as a general activator of splicing, provided it is
properly recruited to the RNA substrate.
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