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Interaction between transcription and pre-mRNA processing via binding of polymerase II (Pol II) to factors
involved in capping, splicing, and polyadenylation has recently been demonstrated. The C-terminal domain
(CTD), a highly phosphorylated repeat sequence of the largest subunit of Pol II, has been implicated in this
interaction because deletion of this domain affects downstream RNA processing events and because it is the
binding site for numerous processing factors. Here we show that recombinant CTD, free of other components
of Pol II, activated in vitro splicing and assembly of the spliceosome in nuclear extracts if, and only if, the
assayed precursor RNA was recognized via exon definition, i.e., if the substrates contained complete exons with
both 3’ and 5’ splice sites. Furthermore, depletion of intact Pol II inactivated splicing of this set of precursor
RNAs and addition of recombinant CTD restored activity. The added recombinant CTD was quickly hyper- and
hypophosphorylated in extract, became associated with the precursor RNA, and stimulated the association of
U1 snRNPs but not ASF/SF2 with substrate RNA. These observations suggest that the mode of interaction
between the CTD and splicing factors is integrally tied to exon definition and the mechanism whereby distal

exons can be recognized and brought into juxtaposition during assembly of the spliceosome.

Recent reports have suggested the involvement of polymer-
ase II (Pol II) in the splicing and polyadenylation steps of
mRNA production (reviewed in references 3, 11, 18, 34, 42,
and 43). Critical findings bolstering this hypothesis were ob-
servations that in vivo expression of a form of Pol II lacking the
full-length C-terminal domain (CTD) of the largest subunit
partially depressed capping, splicing, and polyadenylation of
pre-mRNA (30, 31). The mammalian CTD, consisting of 52
imperfect repeats of the consensus sequence YSPTSPS (re-
viewed in reference 10), has the capacity to bind to known
polyadenylation factors and has been shown to activate in vitro
polyadenylation reactions (22, 30). Similarly, the CTD binds
capping enzymes, SnRNPs, and serine-arginine (SR)-like pro-
teins (8, 9, 23, 26, 31, 33, 38, 47, 48). Even more striking, the
ability of an SR protein to affect exon inclusion has been shown
to be promoter dependent, suggesting a tight link between
transcription and alternative splicing (12).

Purified Pol II activates splicing in an in vitro system uncou-
pled from transcription by using a cytoplasmic S100 extract
supplemented with recombinant SR proteins (22), suggesting a
direct role for Pol II in splicing in this system. A recombinant
CTD fragment of the Pol IT large subunit would not function in
these assays, suggesting involvement of other portions of Pol II
during interactions between transcription and splicing. The
CTD itself, however, in the form of short peptides has been
shown to inhibit both in vitro and in vivo splicing. Anti-CTD
antibodies also inhibit splicing (15, 48), supporting a role for
the CTD in the communication between Pol II and compo-
nents of the splicing machinery.

A role for Pol II in pre-mRNA splicing must accommodate
the need for multiple rounds of splicing per precursor RNA
and the need to link exons located distally on the precursor. In
mammalian pre-mRNAs, introns are usually quite large and
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exons are much smaller. Experiments with model precursor
RNAs have suggested that the exon is used as the unit of initial
recognition in such precursor RNAs via interactions between
the factors that recognize the 3" and 5’ splice sites of internal
exons, the cap and 5’ splice site of 5'-terminal exons, and the
3’ splice site and poly(A) site of 3'-terminal exons in a process
termed exon definition (reviewed in references 4, 6, and 40).
The CTD becomes an attractive target as a mediator of exon
definition by virtue of its uncommon repetitive structure and
its ability to bind snRNPs and SR-related proteins (26, 48). To
test this idea within a nuclear context, we asked if addition of
recombinant mammalian CTD could affect in vitro splicing of
substrate RNAs. The utilized precursor RNAs comprised a set
containing the same 3’ and 5’ splice site sequences differing
only in their intron-exon architecture and their ability to access
exon definition because of the presence of intact exons. We
observed a consistent three- to fivefold activation of spliceo-
some assembly and splicing activity by using substrates that
contained complete internal exons and which therefore could
be recognized by exon definition. In contrast, no activation was
observed using substrates that lacked complete internal exons
and in which pairs of splice sites could necessarily be found
only in an intronic polarity. In support for a direct role for the
CTD in exon recognition, partial depletion of Pol II from a
nuclear extract depressed the splicing of the same exon-defi-
nition-dependent substrate RNAs but had little impact on sub-
strates not accessing exon definition. Addition of recombinant
CTD restored activity to the depleted extracts. Furthermore,
the supplemental recombinant CTD became stably associated
with the assembled spliceosome, suggesting a direct role in
assembly. These results suggest that the CTD may be a stage
for exon recognition and hold exons until subsequent exons are
recognized and can be ligated.

MATERIALS AND METHODS

Plasmids and antibodies. The utilized CTD-gluathathione S-transferase
(CTD-GST) expression construct was kindly supplied by Bill Dynan (Medical
College of Georgia). Recombinant CTD and GST were purified from Esche-
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FIG. 1. Supplemental recombinant CTD-GST stimulates in vitro splicing. (A) Gel of a time course of a standard splicing reaction using the Ad 600 substrate
(diagrammed in panel B) and extract preincubated for 15 min with 100 pmol of recombinant CTD-GST or GST under splicing conditions at room temperature. At
15, 22.5, 30, 37.5, and 45 min, RNAs were removed and displayed on 5% denaturing gels. The intermediate and product RNAs of the splicing reaction mixture are
indicated. Different vertical portions of the same gel are juxtaposed to permit display of a larger image. (B) Quantification of the appearance of spliced product RNA
(v axis) at each time point (x axis) from three parallel experiments. Radioactivity in individual RNA bands was measured using the PhosphorImager, and the percentage

of spliced product RNA was plotted. Bars, 1 standard deviation.

richia coli lysates by chromatography using glutathione columns (Pharmacia).
Protein eluates of the recombinant CTD were concentrated to ~3 mg/ml by
centrifugation in a Biomax-Ultrafree filter device (Millipore). Monoclonal anti-
bodies (MAbs) 8SWG16, HS, and H14 were previously described by Thompson et
al. (45) and Bregman et al. (7).

The precursor RNA constructs in this study contain sequences derived from
the human adenovirus type 2 late transcription unit and are based on the MINX
construct made in our laboratory (41). The two-intron construct Ad 100 and
MT16 Short (MT16-S) substrates were described previously (44). The MT16
Long (MT16-L) construct is an extension of MT16-S at its incomplete third exon
with the addition of an EcoRI-HindIII fragment from MINX that contains a 5’
splice site. Ad 600 is an intronic expansion at the HindIII site of Ad 100 with an
insertion of 500 nucleotides derived from human hypoxanthine phosphoribosyl-
transferase intron 1.

In vitro RNA processing. ?P-labeled precursor RNAs were in vitro tran-
scribed by SP6 RNA polymerase (Gibco-BRL). Precursors were capped during
synthesis in the presence of diguanosine triphosphate. Standard in vitro splicing
assays using HeLa nuclear extracts were described previously (41). To observe
the maximum effect of the Pol II CTD, HeLa nuclear extract was reduced to a
final concentration of 14% in all assays. Unless otherwise specified, reactions
contained 100 pmol of purified recombinant full-length CTD-GST or GST.
Assembled spliceosome complexes under splicing conditions were analyzed by
the addition of heparin to a final concentration of 2 mg/ml and electrophoresis
on native RNP gels.

Immunodepletion. Three Pol IT CTD-specific antibodies were combined for
immunodepletion of endogenous Pol II from HeLa nuclear extracts. MAb
8WG16 (immunoglobulin G [IgG]) was directly bound to protein G-Sepharose
beads. After a wash with phosphate-buffered saline, antibody and beads were
cross-linked in the presence of dimethyl pimelidate (Pierce) for 30 min as
previously described (19). To cross-link IgM antibodies H5 and H14, a rabbit
anti-mouse IgM antibody was first bound to protein A-Sepharose beads and then
HS5 and H14 were added to react with anti-IgM. This sandwich binding was then
conjugated to beads by addition of dimethyl pimelidate. Immobilized CTD-
specific IgG and IgM antibodies were then mixed in a 1:1 ratio for immunodeple-
tion. The same binding and cross-linking protocols were used in the mock
depletion experiments to control for extract proteins capable of binding to both
of the utilized IgG and IgM antibodies. Two sets of nonspecific antibodies
containing both IgG and IgM in each group were cross-linked to protein G and
protein A beads. In set 1, mouse anti-tubulin Tu9B (IgG) and 5H1 (IgM) were
employed, and in set 2, purified mouse IgG (Jackson Immuno-Research) and
IgM (Sigma) were used. For immunoabsorption, HeLa nuclear extract was di-
luted 1:1 with water and was then added to premixed antibody-beads (3:1,
vol/vol) with gentle shaking at 4°C for 20 min. At the end of the depletion,
absorption mixtures were allowed to sit in ice for sedimentation for at least 15
min and the supernatants were utilized as depleted nuclear extracts. The bead
pellets were washed five times with NET buffer (0.15 M NaCl, 0.05 M Tris [pH
7.9], 0.05% NP-40, and 2 mM EDTA) and were used as antibody-bound frac-
tions.

Immunoprecipitation. For immunoprecipitation using MAbs against ASF/SF2
or U1l 70-kDa protein, antibodies were prebound to protein G-Sepharose. Splic-

ing reaction mixtures diluted with NET buffer were transferred to antibody-
beads and incubated at 4°C with gentle rocking for 1.5 to 4 h. For immunopre-
cipitation using the antibody against the GST tag, purified anti-GST antibody (1
pg/pl; Zymed) was directly added to splicing reaction mixtures containing *>P-
labeled precursors at required time points. After incubation in ice for 20 to 60
min, 15 pl of standardized Pansorbin cells (Calbiochem) was added to each
reaction mixture for another 20 min of incubation in ice. The reaction mixture
was then diluted with NET buffer to 400 wl and was gently rocked at 4°C for 1.5
to 4 h. Final immunocomplexes were extensively washed with NET buffer, and
RNA was resolved on a 5% denaturing acrylamide gel. The precipitated RNA
bands were quantified using PhosphorImager SI (Molecular Dynamics).

RESULTS

Full-length recombinant mammalian CTD activates in vitro
splicing. A few years ago it was demonstrated that short pep-
tides containing eight CTD consensus repeat units were inhib-
itory to in vitro splicing (48). While trying to reproduce these
studies using a full-length recombinant murine Pol II fragment
containing the entire CTD sequence with its 52 consensus
repeats linked to GST, we noticed an enhancement of in vitro
splicing rather than inhibition (Fig. 1). Using standard in vitro
splicing extracts from HeLa cells and a two-exon precursor
RNA derived from adenovirus, a consistent three- to fivefold
activation of splicing was observed in comparison with the
control. Both products and intermediates of the splicing reac-
tion were affected by addition of recombinant CTD. The ad-
dition of recombinant CTD did not shorten the time required
for the initial appearance of lariat exon 2. It did, however,
increase the amount of observable lariat exon 2, suggesting
that the presence of the CTD facilitates recruitment of more
precursor RNA into productive complexes. Enhancement by a
fragment of Pol II suggested that the CTD can activate RNA
processing, at least in part independently of the rest of the
enzyme. Interestingly, instead of being an antagonist of native
Pol II as was observed with short peptides, the recombinant
full-length CTD fragment appears to provide a simplified sub-
stitute for Pol II during in vitro RNA splicing.

The experiment in Fig. 1 used recombinant GST as a control
for the GST-tagged recombinant CTD. Similar results were
observed using other proteins, such as bovine serum albumin,
as a control. Ideally, one would like to use mutant CTD con-
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FIG. 2. Partial depletion of Pol IT depresses in vitro splicing, and activity can
be rescued by addition of recombinant CTD-GST. (A) Splicing of Ad 600 after
immunodepletion of Pol II from HeLa extracts and addition of complementing
proteins. Extract was absorbed on Sepharose beads to which either Pol II anti-
bodies or two different mixtures of control IgG and IgM antibodies were bound.
To ensure removal of multiple forms of Pol II that differ in phosphorylation and
therefore recognition by existing Pol II CTD-specific antibodies, multiple Pol II
antibodies were used simultaneously (see Materials and Methods). The partially
depleted nuclear extracts were assayed for splicing activity in the absence or
presence of complementing recombinant CTD-GST or GST. *, experimental
samples using extracts with a partial depletion of Pol II; lanes 1, 2, and 6, control
depletions. Antibodies used in immunoabsorption are indicated above the panel:
lane 1, mouse anti-tubulin antibodies Tu9B (IgG) and SH1 (IgM); lane 2, com-
mercial purified mouse IgG and IgM; lanes 3 to 5, mouse anti-Pol II antibodies
8WG16 (IgG), HS (IgM), and H14 (IgM); lane 6, beads alone. Complementing
CTD-GST or GST (100 pmol) was added to reaction mixtures in lane 4 or 5,
respectively. Following a 15-min preincubation, Ad 600 splicing substrate RNA
was added, and the reaction was continued for 40 min. Different vertical portions
of the same gel are juxtaposed to permit display of a larger image. Reaction
products and intermediates are indicated. (B) Detection of nuclear factors in
immunodepleted extracts by immunoblotting. Extract was depleted using one of
four antibody mixtures bound to beads as indicated above the H5 blot (the
anti-Pol II antibodies contained the same mixture of antibodies as that in panel
A). The supernatants from the depletions were tested for the presence of dif-
ferent proteins by Western blotting. The different forms of Pol II in the depleted
extract were assayed using the HS5, H14, or 8WG16 antibodies in separate
blottings as indicated. Sm-containing snRNP proteins (the snRNP B and B’
protein region of the gel is shown) or SR proteins reactive with the 104 MAb
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trols. However, given the repeated nature of the CTD, partic-
ularly the extremely high number of amino acid sites being
potentially phosphorylated, construction of an appropriate
mutant full-length CTD was problematic. As demonstrated
below, the ability of recombinant GST-CTD to affect splicing
activity was substrate specific. Thus, compared to the same
control proteins, recombinant GST-CTD was able to affect the
splicing activity of only some of the tested substrates. The
utilized substrates were a related set with identical splice sites
and intron and exon sequences that differed only in their ar-
chitecture. Any potential artificial activation of splicing by re-
combinant CTD would not be predicted to differ among this
set of substrates. Therefore, we considered the observed acti-
vation of splicing by the GST-CTD to be interesting enough to
warrant further investigation.

Pol II is required for maximal in vitro splicing in nuclear
extracts. Observation of enhancement of splicing by addition
of recombinant CTD suggested that native Pol II may actively
participate in in vitro splicing via its CTD. To examine this
possibility, we asked if addition of antibodies specific for en-
dogenous Pol II could deplete splicing activity in a fashion that
could be rescued by addition of recombinant CTD. We per-
formed immunodepletion experiments targeting all forms of
nuclear Pol II using a mixture of immobilized Pol II antibodies
8WG16, H5, and H14 (Fig. 2). As detected by immunoblotting,
significant amounts of endogenous Pol II were removed from
nuclear extract by this immunoabsorption protocol (Fig. 2B).
Because antibody SWG16 is IgG and both H5 and H14 are
IgM, multiple control immunodepletions were performed us-
ing both IgG and IgM nonspecific antibodies. To ensure that
the depletions were not removing constitutive splicing factors,
we examined the levels of remaining proteins that were reac-
tive with Sm- and SR-specific antibodies. Although slight de-
pressions in the amounts of both Sm and SR proteins were
detected, the bulk of these factors remained following immu-
noabsorption.

The partially depleted extracts were tested for their ability to
support splicing of an adenovirus-based precursor RNA (Ad
600, the substrate utilized in Fig. 1) both in the presence and in
the absence of supplemental recombinant CTD-GST or GST.
As shown in Fig. 2A, splicing of Ad 600 significantly decreased
using the partially depleted nuclear extract (Fig. 2, compare
lane 3 to lanes 1 or 2). Supplementation of the depleted extract
with recombinant CTD resulted in recovery of splicing activity
to the level seen in the control depletions (compare lanes 3 and
4). Addition of GST alone had no ability to rescue splicing
(compare lanes 3 and 5). These data provide supporting evi-
dence that nuclear Pol II participates in splicing and that re-
combinant full-length CTD fragment can supply this function.

Enhancement of RNA processing by recombinant CTD is
exon definition dependent. During this study, we tested the
effect of supplementation of nuclear splicing extract with re-
combinant CTD by using a variety of precursor RNAs. Stim-
ulation of in vitro splicing by the CTD was limited to only a
subset of the utilized pre-mRNAs. For certain substrates, the
CTD had no effect on splicing. One representative of the

were detected in the indicated blots. Lane numbers on each blot used the same
depleted extracts as indicated on the H5 blot; thus, lane 3 (indicated by stars) on
each blot corresponds to the supernatant from the immunodepletion using an-
tibodies specific for Pol II. For the H5 blot, both supernatant and bound fractions
were assayed by blotting. Lanes 1 to 4, nuclear extract supernatants after ab-
sorption on the indicated antibodies; lane 5, nuclear extract without immunoab-
sorption; lanes 6 to 9, proteins bound to the antibody beads. Equal amounts of
nuclear extract were loaded in all lanes.
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FIG. 3. Enhancement of RNA processing by recombinant CTD requires the presence of intact internal exons within the substrate RNA. (A) Splicing of the MINX
precursor RNA containing an incomplete second exon (diagrammed in panel B) using regular nuclear extracts supplemented with recombinant CTD. Supplementation
conditions were as described for Fig. 1. RNA was removed at 10 (lanes 1 and 6), 15 (lanes 2 and 7), 20 (lanes 3 and 8), 25 (lanes 4 and 9), and 30 (lanes 5 and 10)
min and displayed on 5% denaturing gels. Reaction substrates, intermediates, and products are indicated. (B) Quantification of the splicing of the MINX substrate from
three experiments similar to that shown in panel A. Percentage of product RNA was calculated for the duplicate experiments and displayed with error bars as in Fig. 1.

nonreactive substrates is MINX, shown in Fig. 3. This precur-
sor contains the same splice sites as those in Ad 600 but has
only one set of splice sites in an intronic configuration (i.e.,
exon 2 is incomplete, having only a 3’ splice site). No splicing
activation was observed upon supplementation of nuclear ex-
tract with recombinant CTD (Fig. 3). Furthermore, partial
immunodepletion of endogenous Pol II in an experiment sim-
ilar to that in Fig. 2 resulted in little inhibition of splicing
activity compared to the control depletion using nonspecific
antibodies, and addition of recombinant CTD had minimal
capacity to increase activity (data not shown).

The above results strongly suggested that the precursor
structural frame, i.e., the presence or absence of complete
pairs of splice sites in either an intronic or an exonic polarity,
played a critical role in the response of the substrates to re-
combinant CTD. As we collected examples of different sub-
strates within a series of adenovirus-based constructs that con-
tained identical splice sites but differed in the geometry of
these splice sites, we saw a consistent pattern of sensitivity to
the CTD. Figure 4 shows the CTD sensitivity of three addi-
tional substrates. Two of these three precursors were respon-
sive (Ad 100 and MT16-L) and one was not responsive
(MT16-S) to supplemental CTD. All 3’ splice sites in these
precursor RNAs are identical, as are all 5" splice sites. Intron
lengths are also similar (diagrammed in Fig. 4C). Thus, the
only difference among the set is the number and arrangement
of the splice sites. For example, the Ad 100 and MINX pre-
cursor RNAs have identical introns and the 5’ splice site (with
flanking exon and intron sequences) added at the end of Ad
100 is the same site present at the end of exon 1. A similar
relationship exists between the two substrates, MT16-L and
MT16-S, having two introns. The characteristic differentiating
between the sensitive and insensitive precursor RNAs is the
presence of matching pairs of splice sites in an exonic polarity
in the former and their absence in the latter (replaced instead
with matching pairs of splice sites in an intronic polarity). This
difference suggests both that the CTD effect is a direct effect on
the splicing of the responsive substrates and that something

about the presence of an intact exon renders a substrate re-
sponsive to exogenous CTD.

The exon definition hypothesis suggests that splice sites are
paired either exonically to define exons or intronically to define
introns. In vitro substrates with exonic pairs of splice sites can
access exon definition via the cap-mediated recognition of the
first exon and standard exon definition interactions across the
subsequent exons (diagrammed in Fig. 4C). Substrates with an
incomplete last exon can only pair splice sites across introns
because of the absence of a final 5" splice site after the last
exon. Thus, the responsiveness of the substrates with complete
exons and the lack of response of substrates with incomplete
exons suggests that the CTD is involved during exon definition.
In support of this hypothesis, we tested the ability of the CTD
to stimulate the splicing of a precursor RNA that does not
utilize exon definition pathways. For this purpose, we used
substrates containing exons from the human alpha globin gene.
In vivo, the splicing of this gene appears to use intron defini-
tion rather than exon definition because mutation of the 5’
splice site in intron 2 results in intron inclusion rather than
exon skipping (32). The splicing of an in vitro substrate RNA
containing the second alpha globin intron was refractory to the
effect of the CTD (data not shown), again suggesting that
utilization of exon definition is required for visualization of the
CTD effect.

It should be noted that the unresponsive MT16-S substrate
does contain an intact internal exon which might be expected
to exon define. If it were to be recognized by this route, the 3’
splice site of the last exon would not have a partner 5’ splice
site. Thus, this substrate could splice by two pathways: (i) exon
definition to remove intron 1 and intron definition to remove
intron 2 or (ii) intron definition to remove both introns. Anal-
ysis of the phenotype resulting from mutation of the 5" splice
site within intron 2 indicates that the substrate accesses both of
these pathways (data not shown). Thus, one would predict an
effect of the CTD on the splicing of intron 1 for those mole-
cules undergoing splicing via pathway 1 but no effect on the
removal of intron 2. None of the substrate molecules recog-
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FIG. 4. Response to recombinant CTD is related to exon definition. (A) Splicing reactions using the precursor RNAs diagrammed above each gel in the presence
of recombinant CTD. These precursor RNAs contain splice sites derived from adenovirus and are similar to the substrates used in Fig. 1 and 3 except for the geometry
of the exons and introns. Supplementation with recombinant CTD and quantification of reactions were performed as described for Fig. 1. Below each graph is that
portion of the gels that contained fully spliced product RNA created in these reactions. (B) The complete gel for the reactions of the three-exon substrates MT16-L

and MT16-S shown in panel A. Substrates and fully spliced three-exon product RNAs

are indicated. (C) Exon and intron structures of the adenovirus-based precursor

RNAs compared in this study. The internal exon in all constructs is from exon 2 of the adenovirus major late transcription unit. Containing complete internal exons,
Ad 100, Ad 600, and MT16-L can utilize exon definition recognition mechanisms (depicted by arrows). In contrast, MINX and MT16-S have incomplete exons and
pairing of splice sites is only possible in an intronic polarity, leading to recognition via intron definition.

nized via pathway 2 would be expected to be affected by the
CTD for the removal of either intron. Because these substrates
splice via an almost completely stepwise pathway in which
intron 1 is removed before intron 2, it is possible to separate

the effects on the splicing of the two introns. As shown in Fig.
4, the major effect observed was the removal of intron 2 which
would occur by intron definition using either pathway. There is
a small effect on the removal of intron 1 (observed at the
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FIG. 5. Supplemental recombinant CTD enhances initial ATP-dependent spliceosome assembly. (A) Assembly of a precursor RNA containing the intact adenovirus
second exon and flanking splice sites (Ad exon) in the presence of recombinant GST or CTD-GST. Standard splicing reaction mixtures were supplemented with
recombinant CTD proteins as described for Fig. 1. At the indicated times, spliceosome complexes were visualized by electrophoresis of reaction mixtures on native
complex gels in the presence of 2 mg of heparin/ml. ATP-dependent spliceosomal complex A is denoted. (B) Depletion of Pol II and rescue of assembly activity in the
depleted extract by recombinant CTD-GST. Immunodepletion conditions are identical to those in Fig. 2. The antibodies used for the depletion are indicated at the
top. The complementing proteins added to the depleted extract are indicated for each lane. Reaction mixtures with depleted extracts were incubated for 4 or 10 min

as shown in panel A to produce two sample lanes for each condition.

earliest time point before appreciable intron 2 removal has
occurred), suggesting that a subpopulation of the substrate
molecules are being recognized by exon definition of exon 2
and are thus sensitive to the CTD.

CTD promotes assembly of spliceosomes. If the CTD is
involved during exon definition, one predicts an effect during
assembly of the ATP-dependent spliceosome. To test the effect
of the CTD on assembly, we asked if the CTD would stimulate
the assembly of a precursor RNA containing an intact internal
exon with flanking splice sites but no complete intron (dia-
grammed in Fig. 5). Such substrates assemble only the first
ATP-dependent spliceosome complex, complex A, and are de-
pendent upon the entire exon and exon definition for maximal
assembly (41). As demonstrated in Fig. 5A, supplemental CTD
promotes in vitro spliceosome formation. Enhancement of as-
sembly by recombinant CTD was also seen when other sub-
strates containing complete exons were used, including Ad 600.
In this case, the assembly of both complexes A and B was
significantly increased by the addition of supplemental recom-
binant CTD (data not shown). As seen with splicing, addition
of the CTD had minimal impact on the assembly of the MINX
one-intron precursor that lacked a complete second exon (data
not shown).

To confirm the involvement of endogenous Pol II during
formation of splicing complexes, nuclear extract with a partial
immunodepletion of Pol II as described for Fig. 2 was also used
in assembly assays (Fig. 5B). As with splicing activity, reduction
of the level of endogenous Pol II depressed spliceosome as-
sembly. More importantly, addition of recombinant CTD-
GST, but not GST, rescued assembly. These observations sug-
gest a direct role of the Pol II CTD in promoting exon
assembly during exon definition.

Recombinant CTD becomes associated with the spliceo-
some. If supplemental CTD directly participates in in vitro
splicing, it might be predicted to become incorporated into the
spliceosome. To search for such an interaction, we asked if

antibodies specific for the recombinant CTD could coimmu-
noprecipitate RNA substrates after their assembly into the
spliceosome. Use of the CTD-specific antibodies SWG16, H14,
and HS5 for this purpose was problematic because of their
potential ability to prevent association of the CTD with inter-
acting factors by virtue of their affinity for the multiple repet-
itive domains of the CTD. Indeed, we and others have ob-
served that direct addition of the antibodies to in vitro reaction
mixtures inhibits activities of splicing and polyadenylation (48;
data not shown). Therefore, to do this experiment, we utilized
an antibody against the GST tag to immunoprecipitate com-
plexes containing recombinant CTD-GST (Fig. 6A). As dia-
grammed in Fig. 6A, three adenovirus-based substrate RNAs
were employed—a precursor containing two exons (Fig. 1, Ad
600), an RNA containing only a complete internal exon (Fig. 5,
Ad exon), and an RNA containing only a complete first exon
(Ad 5’). An RNA containing no splicing signals was also used
as a control. Three- to sevenfold more RNA was immunopre-
cipitated when recombinant CTD-GST was used to supple-
ment the reaction mixtures than when GST alone had been
added. The ability of an antibody directed towards the supple-
mental recombinant CTD to precipitate substrate RNA con-
taining splicing signals but not a control RNA suggests incor-
poration of the recombinant CTD into assembled complexes.

We also performed immunoprecipitations at later times dur-
ing the splicing reaction to see if reaction intermediates and
products were associated with the exogenously added CTD.
Figure 6B shows a comparison of the relative amounts of
splicing intermediates and products in the total reaction mix-
ture and in the immunoprecipitates. From this figure, it is
obvious that only small amounts of lariat exon 2 RNA were
immunoprecipitable and that lariat and final spliced product
RNAs were not. Thus, the interaction of the CTD appears to
occur only during the earliest steps of precursor RNA recog-
nition.
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FIG. 6. Supplemental recombinant CTD associates with substrate RNA in the spliceosome. (A) Radiolabeled RNA substrates were incubated in an in vitro splicing
assay supplemented with either GST-CTD or GST, and reaction mixtures were immunoprecipitated with an anti-GST antibody to detect the association of the CTD
and substrate RNA. Immunoprecipitated RNAs were displayed on 5% denaturing acrylamide gels, and the radioactivity in each band was quantified in the phos-
phorimager. Substrates were as diagrammed. All sequences were derived from adenovirus exon 1 or 2. Antibodies were added to reaction mixtures at 4 and 10 min
(nonspecific and Ad 5 RNAs), 15 min (Ad exon), or 19 min (Ad 600). (B) Relative immunoprecipitation of substrates, intermediates, and products using anti-GST
antibodies from reaction mixtures supplemented with GST-CTD. Reaction RNAs were quantified in both the total reaction mixture and the immunoprecipitate by using
the phosphorimager. The percentage of each RNA in the total reaction mixture is compared to the percentage of each species in the anti-GST antibody immuno-

precipitate.

CTD facilitates binding of certain splicing factors to splice
sites. One hypothesis for the function of the CTD is that it
recruits of splicing factors to the site of spliceosome assembly.
It is already known that the CTD binds snRNPs (26, 33). We
asked if the supplementation with recombinant CTD stimu-
lated association of the Ul snRNP with substrate RNA (Fig.
7). A single first exon-Ad 5’ was incubated in a standard splic-
ing reaction mixture supplemented with either recombinant
CTD or GST and immunoprecipitated with an antibody spe-

cific for the U1l 70-kDa (70k) protein. Compared to reactions
with a nonspecific RNA without splice sites, a significant
amount of Ad 5" RNA was precipitated by the Ul 70K anti-
body with or without supplemental CTD. However, two- to
fourfold more RNA was precipitated in the reaction mixtures
containing the CTD than in reaction mixtures containing the
control GST (Fig. 7, compare lanes 1 and 2; quantified in Fig.
7B). Addition of the CTD did not prevent the natural disso-
ciation of Ul snRNP from the complex as the reaction pro-
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FIG. 7. CTD facilitates early recruitment of Ul snRNPs but not the SR
protein ASF/SF2 to cap-proximal exons. (A) Standard splicing reactions were
performed in the presence of either CTD-GST (C) or GST (G) by using a capped
substrate RNA containing a cap-proximal exon and its flanking splice site (Ad 5")
or a nonspecific RNA. At 8 min, reaction mixtures were immunoprecipitated
using antibodies specific to Ul 70K and ASF/SF2. (B) Quantification of the
relative amount of immunoprecipitation using the Ul 70K antibody. Relative
radioactivity was determined in the phosphorimager for the precipitated RNA
from three experiments and plotted versus reaction time. Error bars represent 1
standard deviation.

gressed, as observed by the decrease in immunoprecipitability
after 10 min of reaction, suggesting that the CTD is only
involved in stimulating early assembly but does not provide
extra stabilization for complexes associated with CTD. Similar
results were also seen when the two-exon-containing substrate
Ad 600 was used (data not shown). These observations suggest
that the CTD facilitated addition of the Ul snRNP to the
spliceosome.

Recently, certain SR-rich proteins were demonstrated to
associate with the Pol IT CTD (48). SR proteins are known to
facilitate association of Ul snRNPs with 5’ splice sites; there-
fore, it was possible that the ability of the CTD to facilitate U1
snRNP association with substrate was mediated by an interac-
tion with SR proteins. One of the major SR proteins with a
pronounced ability to stimulate U1 snRNP association with 5’
splice sites is the small SR protein ASF/SF2 (17, 24, 29, 46). To
test if addition of exogenous CTD stimulated ASF/SF2 asso-
ciation with precursor RNA, we precipitated reaction mixtures
with the Ad 5’ substrate RNA with an MAb specific for only
ASF/SF2. As shown in Fig. 7A, anti-ASF/SF2 precipitated Ad
5" RNA intensively, indicating a strong binding of this SR
protein to the substrate. However, binding of ASF/SF2 to the
substrate was not stimulated by supplemental CTD. Similar
results were also seen using the substrate Ad 600 (data not
shown), suggesting that the Pol II CTD only facilitates recruit-
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ment of certain splicing factors to splice sites and traditional
SR proteins are probably not targets of CTD activation during
spliceosome assembly.

Recombinant Pol II CTD is actively phosphorylated by the
nuclear extract. The phosphorylation state of the Pol II CTD
has been implicated as important in interaction of the CTD
with processing factors (21, 22, 30, 31, 33). The experiments in
this study included a 15-min preincubation of the CTD with
nuclear extract prior to the addition of precursor RNA to
permit nuclear kinases to phosphorylate the CTD. As shown in
Fig. 8, recombinant CTD was actively phosphorylated within
these 15 min as detected by [**P]ATP incorporation or im-
munoblotting of phosphorylated forms by antibodies specific
for the Pol II CTD. Three antibodies were used in immuno-
blotting—MAb 8WG16, which recognizes nonphosphorylated
CTD epitopes (45), and MAbs HS and H14, which recognize
different phospho-epitopes (7, 26). All three antibodies recog-
nized the large subunit of endogenous Pol II in nuclear extract
(Fig. 8B, arrowhead). H5 and 8WG16 normally recognize the
forms with the highest and lowest apparent molecular masses,
respectively. H14 typically recognizes Pol II forms having in-
termediate states of phosphorylation and gel migration. For
the recombinant CTD, both hyper- and hypophosphorylated
fragments were formed during incubation in extract, as indi-
cated by the appearance of higher-molecular-weight forms of
the recombinant protein detectable with the CTD antibodies,
indicating that hyperphosphorylation of CTD can occur with-
out concomitant involvement in transcription. In addition, de-
tection of a wide range of CTD forms with increased molecular
weight after phosphorylation suggests that multiple phosphor-
ylated forms of recombinant CTD were generated by kinases in
the nuclear extract. However, the majority of the recombinant
protein was hypophosphorylated, as revealed by [*?P]phos-
phate labeling of the intact CTD-GST protein (Fig. 8A and C).
Although our CTD preparation usually contained partial CTD
peptide fragments, as detected in immunoblotting, these de-
graded peptides are only a small portion of the recombinant
CTD as shown by Coomassie blue staining (Fig. 8) and they
appeared not to be substrates for phosphorylation, suggesting
both that the observed phosphorylation is not random and that
the fragments are not probable participants in subsequent
events.

DISCUSSION

Participation of Pol II CTD in splicing. The involvement of
Pol II in splicing and the inherent communication between
splicing and transcription indicated by this involvement has
received recent interest (reviewed in references 3, 11, 18, 34,
42, and 43). We show here that just the CTD portion of the
large subunit of Pol II can function to stimulate splicing in vitro
in an assay uncoupled from transcription. Perhaps most inter-
estingly, we observed that only substrate RNAs with intact
exons (and their flanking splice sites) were subject to enhance-
ment by the CTD. Combined with the observation that partial
depletion of endogenous Pol II inhibits in vitro splicing such
that readdition of a recombinant CTD fragment of Pol II
restores activity, our results suggest a direct involvement of Pol
II during splicing. Our observation is consistent with a recent
study of Hirose et al. who reported stimulation of in vitro
splicing and spliceosome assembly by purified RNA Pol Il in a
CTD-dependent manner (22). Compared to the 10-fold stim-
ulation of splicing afforded by intact Pol II observed in their
study, it is perhaps not surprising that we observed a weaker
effect (three- to fivefold) using a recombinant CTD fragment.

In vitro approaches to the role of the CTD in splicing using
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FIG. 8. The recombinant Pol II CTD fragment is in vitro phosphorylated to form multiple phosphorylated forms. (A) Incorporation of [*?P]phosphate into
recombinant CTD-GST in HeLa nuclear extract under splicing conditions. Splicing reaction mixtures contained 14% HeLa nuclear extract (lanes 1 to 6) and 20 pmol
of GST (lanes 1, 3, 5) or 20 pmol of CTD-GST (lanes 2, 4, 6). Total incubation was for 0, 15, or 45 min. For the 15-min time point and the first 15 min of the 45-min
time point, the reactions were performed at room temperature; the remainder of the incubation was at 30°C. Radioactive proteins were displayed on sodium dodecyl
sulfate-6% polyacrylamide gels. The full-length CTD-GST fusion protein has an apparent molecular mass of 90 kDa. (B) Immunodetection of the CTD using Pol 1I
antibodies HS5 (lanes 1 to 6), H14 (lanes 7 to 12), and 8WG16 (lanes 13 to 18). Star, position of full-length recombinant CTD-GST; arrow, hyperphosphorylated
CTD-GST; arrowheads, endogenous Pol II. Tlo is the hyperphosphorylated form of Pol II; IIa is the non- or hypophosphorylated form of Pol II. Concentrations of
CTD-GST or GST and incubation times are as in panel A. (C) Coomassie blue staining of the samples in panel A.

reactions uncoupled from transcription present problems for
the interpretation of results that indicate stimulation by the
addition of intact Pol II or portions thereof to a reconstituted
reaction. The potential exists for the CTD to bind splicing
factors and thereby concentrate reagents in dilute extracts and
indirectly enhance the splicing reaction via concentration ef-
fects. Although such effects may be an important part of the in
vivo role of the CTD in splicing, they could also occur artifi-
cially in diluted in vitro extracts. Designing experiments to
distinguish such effects from a more direct role of the CTD in
splicing is nontrivial. We suggest that the substrate dependence
observed in this study is difficult to reconcile with a concentra-
tion effect and implicates a more direct role for Pol II in exon
recognition.

Exon definition and Pol II. An important aspect of our
results is that recombinant CTD free of other components of
Pol II activated in vitro splicing and assembly of the spliceo-
some only if the assayed precursor RNA contained complete
exons. This feature of the CTD effect may at least partially
suggest why CTD length differs among species. Introns in Sac-
charomyces cerevisiae pre-mRNAs are small, and there are only
two pre-mRNAs with more than one intron. Recognition of
exons does not appear to operate in yeast; instead, introns are
the recognition unit, with interactions spanning the intron (via
intron definition; reviewed in references 4, 5, and 40). Yeast
Pol II has the shortest number of CTD consensus sequence

repeats (26 compared to 52 in mammals). In contrast, higher
vertebrates have pre-mRNAs with multiple short exons sepa-
rated by large introns and have been demonstrated to use the
exon as the basic recognition unit (i.e., exon definition). Cor-
respondingly, they have the longest CTD and the most variable
CTD sequence.

We suggest a model in which the CTD functions as a stage
for exon assembly as exons are revealed by the transcriptional
machinery (Fig. 9). Such a model easily fits with interpretations
of microscopic studies that have suggested cotranscriptional
splicing in vivo (2, 5). If correct, it would suggest a preferred
removal of introns in a general 5’ to 3’ polarity within a large
pre-mRNA. Although such a polarity has not always been
observed in reverse transcription-PCR experiments on steady-
state RNA populations (25), it remains possible that steady-
state nuclear RNA populations may not represent a good
model for the active transcription splicing machinery in which
adjacent introns may only fleetingly exist in a single RNA. The
models in Fig. 9 suggest that the CTD remains associated with
a recently defined exon until the next exon in the precursor
RNA is revealed during transcription and assembled. Al-
though completely speculative at this point, such association
might facilitate exon juxtaposition as well as exon recognition.

Use of exon definition in pre-mRNA recognition implies a
two-step process during assembly of the active spliceosome—
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FIG. 9. Proposed model of the involvement of the Pol II CTD in exon definition. The participation of the CTD is shown in two steps. In step one, the CTD mediates
association of splicing factors with the newly transcribed exon. In step two, the polymerase translocates to the next exon, which also binds to the CTD close to the first

exon, thereby facilitating splicing.

exon definition and exon juxtaposition. If the Pol II CTD acts
as a platform for recruitment of splicing factors to exons, a
logical inference is that CTD-bound exons facilitate exon jux-
taposition. Exon definition is most commonly observed in ver-
tebrate genes with small exons and large introns, occasionally
extremely large introns. One unresolved problem in spliceo-
some assembly is how two distal exons can be juxtaposed over
extremely long introns. The unique repetitive structure of CTD
and its ability to bind exons make it an ideal candidate as the
bridge for exon juxtaposition (Fig. 9).

Tying the role of the CTD to exon definition leads to several
predictions. The first is that the role of the CTD in splicing may
be limited or at least different in organisms that do not utilize
exon-based recognition mechanisms, such as yeast. In yeast,
therefore, one might predict a relationship between Pol II and
capping but not between Pol II and splicing. Secondly, if the
CTD recognizes exons, one might predict that the CTD also
binds the pseudo-exons within introns that have recently been
reported to function as splicing regulators or as intermediates
in the splicing of long introns (20). Thus, CTD-spliceosome
interactions could be part of the mechanism whereby higher
eukaryotes handle extremely long introns. Also, using the CTD
to recognize exons raises the possibility of an interplay between
transcription and splicing factors during alternative processing,
as has recently been suggested by the observation that SR-

dependent alternative splicing is promoter-dependent (12).
Thirdly, the CTD could play a role in recognition of three types
of exons—cap-proximal first exons, internal exons, and 3'-ter-
minal exons with poly(A) sites. Experimental evidence for an
interaction between 3’-terminal exon definition and transcrip-
tion has recently been reported (16, 21). Although not yet
directly linked to exon definition, the binding of capping en-
zymes to the CTD (9, 23, 30, 47) and the need for caps in
5’-terminal exon definition (28) suggest a role here also.

CTD and splicing factors. How might the CTD function
during exon definition? We and others have viewed exon def-
inition as an ATP-dependent process in which interactions
between U2AF, Ul snRNPs, U2 snRNPs, and SR proteins
bound to either constitutive splicing signals or enhancer ele-
ments serve to identify exons and create stable initial spliceo-
somal complexes. The relationship between this process and
initial interactions that occur across introns is still not known
but the former is thought to utilize the small subunit of U2AF
and SR proteins whereas the latter usually invokes interactions
of the large subunit of U2AF and SF1.

This study deliberately used precursor RNAs with strong
vertebrate splice sites capable of both types of interactions.
The 3’ splice site used in these substrates is capable of associ-
ating with U2 snRNPs and forming complex A in the absence
of a 5’ splice site in either polarity although complex formation
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is assisted by the presence of a 5’ splice site in either an
intronic or an exonic polarity. Addition of the CTD had no
effect when a 5’ splice site was added upstream of the 3’ splice
site but had an effect when the same 5’ splice site was placed
downstream of the 3’ splice site. Thus, strong splicing sub-
strates that bind splicing factors well and assemble with rela-
tively equal efficiency into stable complexes responded differ-
ently to the CTD. We also observed that the addition of the
CTD stimulated U1 snRNP binding to the substrate RNA but
not the binding of either ASF/SF2 or U2AF. These obser-
vations suggest that the CTD affects the efficiency with
which snRNPs bind to exons during exon definition. This
model fits well with the pivotal role that 5’ splice sites and
U1l snRNPs have been demonstrated to play in exon defi-
nition and suggests a fundamental difference between this
process and the mechanism whereby Ul and U2 snRNPs
interact across introns.

Phosphorylation of Pol II CTD during splicing. CTD phos-
phorylation is closely related to the engagement of Pol II
during transcription and a shift of the transcription machinery
from initiation to elongation (reviewed in references 13 and
14). In sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis, the largest subunit of Pol II appears as two differently
migrating species. The isoform with the slowest gel mobility,
Pol Ilo, is considered hyperphosphorylated and the isoform
with the faster gel mobility, IIa, is considered to be hypo- or
nonphosphorylated. In vitro phosphorylation experiments
demonstrate that incorporation of 15 to 25 phosphates into the
CTD is able to cause a mobility shift in electrophoresis (27,
49). A recent study has revealed that MAb HS (binding Pol ITo
specifically) and MAb H14 (binding Pol IIa) recognize phos-
phorylated serine 2 or serine 5, respectively, within the heptad
CTD repeat, implying that in addition to the intensity of Pol II
phosphorylation, ITo and Ila may differ in phosphorylation of
preferred sites (39). This observation may also suggest that
phosphorylation of serine 2 is important for CTD effects on
splicing. However, both we and others have observed that in
vitro RNA processing is inhibited by the CTD-specific anti-
body 8WG16, whose epitope is nonphosphorylated (47; data
not shown).

Given the presence of multiple phosphorylation sites on the
CTD, it is unclear which form of the phosphorylated CTD is
actively involved in splicing. The presence of such a high num-
ber of phosphorylation sites is further complicated by the non-
consensus repeats present in the C-terminal portion of the
vertebrate CTD. Recent reports have suggested that hyper-
phosphorylated Pol II has affinity for RNA processing factors
involved in both capping and polyadenylation (2, 22, 30, 33);
similarly purified Pol ITo but not ITa stimulates in vitro splicing
in an S100 extract supplemented with SR proteins (22). In this
study, using nuclear extract, we observed the rapid production
of multiple bands of recombinant CTD with slower migration
in electrophoresis, indicating the occurrence of both hyper-
and hypophosphorylation and considerable diversity in the
phosphorylation state of the final CTD protein. However, as
indicated by [*?P]phosphate incorporation (Fig. 8), the major-
ity of the supplemental recombinant CTD was hypophosphor-
ylated. We do not know which form of the CTD afforded
stimulation in our experiments given the rapid changes in
phosphorylation that occurred in extract. Our data do suggest
that phosphorylation of the CTD is a dynamic process in nu-
clear extracts and that forms of the CTD can be generated that
participate in the splicing process.
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