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Abstract

Transcription and splicing are coordinated processes in mammalian cells. We have used affinity
chromatography with immobilized transcription elongation factor Sl to purify a protein complex
that contains core RNA polymerase Il (RNA Pol 1), the general transcription initiation factors,
and several splicing factors, including the U1, U2, and U4 small nuclear RNPs, the U2AF%5, and
serine/arginine-rich proteins. The splicing factors and the transcription machinery co-purify
through a gel filtration column and co-immunoprecipitate in experiments using an anti-U2AF%
antibody, indicating that they are part of a unique complex. Although the RNA Pol Il-containing
complex does not possess splicing activity, it can complement small nuclear RNP-inactivated
extracts and can promote the formation of a pre-spliceosome complex. Because interactions
between components of the splicing and transcription machineries occur in the context of a
complex containing a hypophosphorylated RNA Pol Il capable of initiating transcription, our
results suggest that the coupling between transcription and splicing begins before transcription
initiation.

The splicing of pre-mRNA in mammalian cells is the nuclear process during which introns
are removed from primary transcripts synthesized by RNA polymerase 11 (RNA Pol II).1
Splicing is achieved by the spliceosome, a large macromolecular complex, composed of
small nuclear ribonucleoprotein (snRNP) particles and additional proteins including
members of the serine/arginine-rich (SR) protein family (reviewed in Refs. 1 and 2).
Cytological studies have revealed that splicing can occur in a co-transcriptional manner (see
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Refs. 3 and 4 for examples) and that factors necessary for splicing are recruited to sites of
transcription (5-7). A growing body of data indicates that coupling between transcription
and a variety of RNA maturation events may be achieved through the C-terminal domain
(CTD) of the RPB1 subunit of RNA Pol Il (reviewed in Refs. 8-11). The CTD is a seven-
amino acid motif tandemly repeated 52 times in humans and 26-27 times in yeast. It is
highly conserved among eukaryotic organisms and is subject to reversible phosphorylation
during the transcription cycle (reviewed in Refs. 12 and 13). Two isoforms of RNA Pol 11
exist in vivo, namely RNA Pol 1A and 110. RNA Pol 1A possesses a hypophosphorylated
CTD and preferentially enters the preinitiation complex, whereas RNA Pol 110 harbors an
extensively phosphorylated CTD and is found in the elongation complex (13, 14).
Biochemical studies indicate that RNA Pol 1 physically interacts with components involved
in capping (15-18), polyadenylation (19), and splicing (20-24). Whereas a phosphorylated
CTD is essential for the interaction with capping enzymes, the polyadenylation factor CPSF
is brought to the transcription complex through an interaction with TFIID and transferred to
the phosphorylated CTD after transcription initiation (19, 25). The phosphorylated RNA Pol
110 isoform has been found to associate with splicing factors and has been identified in
active spliceosomes (21-23). Truncation of the CTD leads to inefficient capping,
polyadenylation, and splicing in cultured mammalian cells (16, 19). Both the overexpression
of phosphorylated CTD peptides (26) and the use of antibodies directed against the CTD
have been shown to inhibit splicing (20, 23, 24). These results suggest that the
phosphorylated CTD of RNA Pol Il provides an interface for the recruitment of splicing
factors. Whereas the mechanisms by which the CTD presents splicing factors to the nascent
pre-mRNA remain unclear, a recent study suggests that the CTD might play an active role
(27).

Initiation of transcription by RNA Pol 11 can be achieved /in vivo by large multiprotein
complexes called RNA Pol Il holoenzymes (reviewed in Refs. 28 and 29). Various forms of
holoenzymes have been isolated from mammalian cells and all have been found to contain
core RNA Pol Il and a number of general transcription factors that are required for accurate
transcription initiation in vitro (30). Here, we report that sSnRNPs, U2AF5, and SR proteins
are part of a RNA Pol Il holoenzyme (hereafter called RNA Pol II-containing complex)
purified by affinity chromatography using transcription elongation factor Sll. The splicing
factors associated with this RNA Pol I1-containing complex can function in splicing
reactions and can promote the assembly of a pre-spliceosome complex /n vitro. Our data
support a model in which coordination between transcription and splicing begins prior to
transcription initiation by RNA Pol II.

EXPERIMENTAL PROCEDURES

Affinity Purification of RNA Polymerase Il-containing Complexes

RNA Pol Il-containing complexes were purified from HeLa whole cell extract as described
previously (31). Briefly, a HeLa whole cell extract in ACB buffer (10 mM Hepes, pH 7.9,
0.1 mM EDTA, 0.1 mM dithiothreitol, and 10% glycerol) containing 50 mM NaCl was
loaded on a GST-SII affinity column. The column was washed with ACB buffer containing
50 mM NaCl and eluted with ACB buffer containing 300 mM NaCl. An equivalent GST
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column was used as a control. The eluate from the GST-SII affinity column was further
purified by chromatography through a Sepharose CL2B gel filtration column in ACB
containing 50 mM NaCl and 20% glycerol (31). Samples were concentrated 5-10-fold
before use in Western blot and transcription assays. The RNA Pol Il-containing complexes
were found to elute slightly faster than blue dextran on the CL2B column.

Transcription Assay

Transcription reactions were performed as described by Pan ef al. (31) using the adenovirus
major late promoter fused to a G-less cassette as template (32). Run-off transcripts were
analyzed on 8% denaturating polyacrylamide gels.

Immunoprecipitation

The GST-SII column eluate (10 £g) was treated with RNase A (0.5 £g) for 30 min at room
temperature and then incubated with protein A-Sepharose beads (25 /1), which had
previously been bound to 5 /4 of either anti-U2AF® or preimmune rabbit serum in a final
volume of 1 ml of immunoprecipitation buffer (20 mM Hepes, pH 7.9, 150 mM KOAc, 1
mM dithiothreitol, 1 mM EDTA, 20% glycerol, and 0.5% Nonidet P-40) supplemented with
bovine serum albumin (625 1g). The beads were washed three times with
immunoprecipitation buffer, resuspended in loading buffer, and boiled for 5 min. The
proteins were separated using a 12.5% SDS gel and were transferred to polyvinylidene
difluoride filters, which were then probed with specific antibodies.

S100 Complementation Assay

The 32P-labeled RNA transcripts used in the splicing assays were prepared as described
(33). The S100 fraction (34) and the SR proteins (35) were prepared as previously described.
Either 87.5, 175, or 350 ng of purified SR proteins, or 2.5, 5, and 10 yg of GST-SII eluate
were used to complement the splicing activity of the S100 extract.

snRNA Complementation Assays

Specific sSnRNAs were removed from HeLa nuclear extracts and GST-SII column eluates by
incubation with oligonucleotides (25 ng//d) complementary to different snRNAs and RNase
H (1 unit/g4) for 90 min at 37 °C (36). For the U4 depletion, ATP (0.5 mM) and creatine
phosphate (20 mM) were also included in the depletion procedure. The sequences of the
oligonucleotides used are available upon request. Splicing assays were performed as
described for the S100 complementation assay, except that nuclear extracts or depleted
nuclear extracts were used as sources of splicing factors and were complemented using 10
g of either GST-SII eluates or sSnRNA-depleted GST-SII column eluates as described in the
figure legends.

Splicing Complex Formation

Radiolabeled adenovirus transcript (~5 fmol) (33) was incubated with nuclear extract (2.5
M), U2-depleted nuclear extract (2.5 /), GST-SII column eluate (2.5 1g), or U2-depleted
GST-SII column eluate (2.5 g) under conditions identical to those used for the splicing
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reactions. Aliquots were collected at different time points and analyzed on 3.5% acrylamide:
0.043% bisacrylamide native gels.

Affinity Purification of a Human RNA Polymerase II-containing Complex That Also
Contains Splicing Factors

The transcription elongation factor Sl (also called TFIIS) has previously been used as a
ligand in protein-affinity chromatography for the purification of a RNA Pol II-containing
complex that contains core RNA Pol Il and the general transcription factors (31) as well as
capping and polyadenylation factors (16, 19). The size of this complex is estimated to be in
the 2—4-MDa range, sedimenting as a 70 S particle (31). The RNA Pol lI-containing
complex is sensitive to high salt concentrations, and increasing the Na*/K* concentration
above 0.3 M causes its dissociation in subcomplexes (data not shown). We show here that
the eluate from a GST-SII column, but not from a GST control column, contains SR
proteins, at least one Sm protein, the Y12-68K polypeptide, and the U2AFS5 splicing factor
(Fig. 1). Although the eluate contains the bulk of U2AFS® and is enriched for a subset of SR
proteins, it contains a smaller proportion of the total Y12-68K and Sm proteins. In
agreement with Greenblatt and co-workers (31), the general transcription initiation factors
including TBP, TFIIB, TFIIE, TFIIF and TFIIH, and core RNA Pol Il are present in the
GST-SII column eluate (Fig. 1 and data not shown). As revealed by Western blot
experiments with the N-20 antibody that specifically recognizes the N terminus of RPB1
(Fig. 1, first panel), the RNA Pol Il in the complex corresponds to the hypophosphorylated
I1A form (/7.e. the form involved in transcription initiation), which we estimated to be 100-
fold more abundant than the hyper-phosphorylated 110 form in the complex preparation.
This observation was confirmed by Western blot experiments with antibodies that
specifically recognize either the 1A (Ab 8WG16) or the 110 (Ab CC3) forms of RNA Pol I1.
By comparing the ratios of RNA Pol I1A over the total amount of proteins in the whole cell
extract and the Sl column eluate, we estimated the purification factor of the Sl affinity
column to be approximately 1000-fold. The association of splicing factors with a complex
containing the hypophosphorylated 11A form of RNA Pol Il and capable of transcription
initiation (see below) contrasts with previous reports that have documented an interaction
between splicing factors and RNA Pol 110 or a phosphorylated CTD (20, 22).

To confirm that the splicing and transcription factors are part of the same multiprotein
complex, we submitted the GST-SII column eluate to a gel filtration column and an
immunoprecipitation experiment. Following a Sepharose CL2B gel filtration column, the
splicing factors continue to co-purify with core RNA Pol 11 and the general transcription
factors RAP74 and TFIIEa (Fig. 2A4), indicating that all these splicing and transcription
factors are either part of a unique complex or are distributed in a collection of complexes of
similar molecular masses. Virtually all the polypeptides that had bound to the GST-SII
column co-migrated on the Sepharose CL2B column (data not shown), again indicating that
the proteins that had bound to SlI are part of a single complex or a set of complexes of
similar molecular weight. As determined by the synthesis of a 400-nucleotide run-off
transcript accurately initiated from the adenovirus major late promoter /n vitro, the
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transcriptional activity found in the GST-SII column eluate also co-purifies with the splicing
factors, core RNA Pol 11, and the general initiation factors (Fig. 28). In addition, and
notably, core RNA Pol 11 is recovered from both the GST-SII column eluate and the crude
whole cell extract in immunoprecipitation experiments using an anti-U2AF5° antibody but
not a control antibody (Fig. 3). Extensive treatment with RNase A does not dissociate
U2AF® from RNA Pol Il in co-immunoprecipitation assays (Fig. 3), clearly demonstrating
that the splicing machinery is primarily associated with the complex via protein-protein
interactions. Together, these results provide compelling evidence that several components of
the splicing machinery are tightly associated with a RNA Pol lI-containing complex that is
fully capable of initiating transcription in vitro, suggesting that coordination between
splicing and transcription begins before transcription initiation.

The Splicing Factors Associated with the RNA Polymerase II-containing Complex Can
Function in Splicing Reactions

Although the RNA Pol Il-containing complex displays transcriptional activity and contains
many splicing factors, it failed to splice a simple pre-mRNA /n vitro (data not shown),
suggesting that at least one essential splicing factor is missing and/or that some factors in the
preparation are inactive. To assess the activity of the SR proteins present in the RNA Pol I1-
containing complex, we used the GST-SII column eluate to complement splicing reactions
performed with a HeL.a S100 extract. S100 extracts are known to contain all the factors
required for accurate splicing of a pre-mRNA /n vitro except the SR proteins (37). Fig. 4A
shows the human RNA Pol Il-containing complex complementing the S100 extract (/anes 7-
9) with an efficiency comparable with that of purified SR proteins (/anes 4-6), whereas the
eluate from a GST control column does not (/ane 10). Clearly, the SR proteins that are
associated with the RNA Pol Il-containing complex can function in pre-mRNA splicing /in
vitro.

The presence of the Y12-68K and the Sm proteins in the GST-SII column eluate, as detected
by Western blot analysis (see Fig. 1), suggests that at least the U1 snRNP particle is
associated with the RNA Pol Il-containing complex. To identify the snRNPs present in the
complex, we used a splicing assay performed with nuclear extracts that had specific ShRNAs
inactivated by treatment with RNase H and specific antisense oligonucleotides (36). Fig. 48
shows that the RNA Pol Il-containing complex preparation can stimulate the splicing
activity of nuclear extracts depleted of U1, U2, or U4 snRNAs (/anes 4, 8, and 12). In each
case, restoration of splicing activity was due to the presence of U1, U2, or U4 snRNAs in the
RNA Pol Il-containing complex, since GST-SII column eluates depleted of U1, U2, or U4
did not restore the splicing activity of nuclear extracts depleted of the same snRNA
(compare fane 3with fane 6, lane 7with lane 10, and lane 11 with /ane 14in Fig. 4B).
Because the bulk of U4 snRNA exists in association with U5 and U6 in the form of a tri-
snRNP complex (2), these data suggest that the human RNA Pol lI-containing complex is
associated with all the spliceosomal snRNPs.
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The Splicing Factors Associated with the RNA Polymerase II-containing Complex Can
Form a Pre-spliceosomal Complex

To determine whether the splicing factors associated with the RNA Pol l-containing
complex can support the assembly of splicing complexes, the GST-SII column eluate was
incubated with a radiolabeled transcript containing an adenovirus splicing cassette. Complex
formation was analyzed on native polyacrylamide gels. Fig. 5 shows that the factors in the
RNA Pol Il-containing complex can support the assembly of complexes with an efficiency
nearly comparable with that of a nuclear extract (compare /anes 2-5with fanes 10-13). One
of these complexes (RNA polymerase) nearly co-migrates with spliceosomal complex A,
and its formation is severely compromised by inactivation of U2 snRNA (compare /anes 6-9
with 74-17). These results indicate that the splicing factors present in the RNA Pol I1-
containing complex preparation can be efficiently utilized to promote the assembly of a pre-
spliceosomal complex.

DISCUSSION

Because the physical interaction between RNA Pol 11 and splicing factors was shown
initially to occur with a phosphorylated CTD (20-23), coupling between transcription and
splicing was thought to begin during transcription elongation. The fact that a RNA Pol IlI-
containing complex exists in association with various components of the splicing machinery
and that the CTD in the RNA Pol lI-containing complex is hypophosphorylated implies that
coupling can be initiated before transcription begins. Thus, a phosphorylated CTD is not
absolutely required for the interaction of splicing factors with transcription complexes,
suggesting that splicing factors can associate with an as yet unidentified component of the
transcription machinery. Interactions between splicing factors and the general transcription
machinery, including the transcription initiation factors TBP (38) and TFIIH,2 have been
reported. The splicing components that interact with the RNA Pol Il-containing complex
include SR proteins and snRNPs, factors that also associate with hyperphosphorylated RNA
Pol 11 (20, 22, 23). In addition, we document for the first time the interaction of U2AF5°
with transcription complexes. Thus, as shown by the capacity of the RNA Pol Il-containing
complex to support splicing complex formation, all the components required for committing
a pair of splice sites are part of the complex. However, the complex preparation cannot
support splicing of a pre-mRNA, as if it is lacking one (or some) component(s) of the
spliceosome. The identity of the splicing factor(s) that is lacking from the complex remains
unknown. As is the case for the polyadenylation factor CPSF (25), we propose that CTD
phosphorylation may trigger the transfer of splicing factors from the non-CTD site to the
phosphorylated CTD (see Fig. 6 for a model). Splicing factors may then escort the
elongating RNA Pol Il until they are loaded onto the nascent pre-mRNA when appropriate
RNA sites emerge from the elongating enzyme.

While our results suggest that the coupling between transcription and splicing occurs before
transcription is initiated, it is difficult to envision how the initial loading of splicing factors
can sustain the splicing of multiple introns on a single pre-mRNA. An attractive possibility

23 M. Egly, personal communication.

J Biol Chem. Author manuscript; available in PMC 2015 July 06.



1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHIO

1duosnue Joyiny gHID

Robert et al.

Page 7

is that the non-CTD portion of the RNA Pol Il-containing complex that interacts with
splicing factors facilitates the continuous recruitment of splicing factors to the elongating
enzyme as previous sets of splicing factors are transferred to the CTD (see Fig. 6). Because
the CTD and the RNA exit channel are closely juxtaposed in the initiation complex (39, 40),
transit through the CTD may facilitate their unloading to the nascent pre-mRNA. If not
loaded rapidly after transcription, secondary structure formation on the pre-mRNA may
compromise the recognition of splicing signals by splicing factors.

The association of splicing factors with a RNA Pol Il-containing complex capable of
initiating transcription also suggests that transcription initiation may play a critical role in
the control of splicing. Consistent with this view, Cramer et al. (41, 42) have shown that the
identity of the promoter can influence the SR-dependent alternative splicing of a fibronectin
pre-mRNA. Although recent studies have linked such effects to differences in the
processivity of polymerase complexes (43, 44), it remains possible that various forms of
RNA Pol Il-containing complexes with different subsets of splicing factors may be recruited
to different promoters in preparation for the accurate regulation of downstream splicing
events. However, regulatory splicing factors that are recruited in initiation complexes may be
used in the constitutive splicing of introns before the transcription machinery reaches the
alternative splicing unit. The continuous recruitment of the same subset of regulatory
splicing factors may be achieved if the assembly of transcription initiation complexes
localizes transcription sites near regions that are specifically enriched in such factors. Thus,
the model posits that the identity of the splicing regulators would be determined by
interactions with transcription factors bound to the promoter. During transcription
elongation, the phosphorylated CTD portion of RNA Pol 11 would act as a transit platform,
essential for the efficient downloading of splicing factors to the nascent pre-mRNA.
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Fig 1. Association of splicing factorswith a human RNA Pol 11-containing complex
SR proteins, the U2AFS5 factor, the Y12-68K polypeptide and Sm proteins co-purify with a

RNA Pol Il-containing complex on a GST-SII affinity column. Western blot analysis of
purified SR proteins (/ane 1), HeLa nuclear extract (NVE) (/ane 2), HeLa whole cell extract
(WCE) (lane 3), the GST-SII column eluate (/ane 4), and the GST column eluate (/ane 5)
was performed using antibodies directed against the N terminus of the RPB1 subunit of
RNA Pol Il (Ab N-20) and detecting both the hypophosphorylated (11A) and
hyperphosphorylated (110) forms. Antibodies directed against different general transcription
factors were also used (only experiments using anti-TBP and anti-RAP30 are shown). In
addition, the monoclonal Ab104 and Y12 antibodies revealed the presence of SR, Sm, and
Y12-68K proteins.
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Fig. 2. Co-migration of the SR splicing factorswith the RNA Pal 11-containing complex and
transcriptional activity on a gel filtration column

A, co-purification of SR proteins with the general initiation factors and core RNA Pol II.
The GST-SII column eluate was chromatographed through a Sepharose CL2B column, and
the resulting concentrated fractions were analyzed by Western blot using antibodies directed
against RPB1 (form I1A), RAP74, TFIIEa, and SR proteins. B, the RNA Pol Il-containing
complex is active in in vitro transcription. The GST-SII column eluate was chromatographed
through a Sepharose CL2B gel filtration column, and the resulting fractions were tested in
transcription assays /1 vitro. The position of the run-off transcript (400 nt) is indicated.
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Fig. 3. Immunoprecipitation of the RNA Pol |1-containing complex using anti-U2AFS before, or
following, an extensive treatment with RNase A
The SlI-column eluate (Zop panel) and the crude whole cell extract (WCE; bottom panel)

were either treated (+) or not treated (=) with RNase A and then immunoprecipitated using
either an anti-U2AF® (a U2AF%) or a pre-immune (Mock) antibody. A proportion (5%) of
the loading reactions (Load) and the whole pellets were then analyzed by Western blot using
an anti-Pol I1A antibody (Ab 8WG16).
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Fig. 4. Functional SR proteinsand U1, U2, and U4 snRNPs associated with the RNA Pol |1-
containing complex

A, the RNA Pol lI-containing complex (Holo) can complement the splicing activity of an
S100 extract. Splicing reactions were performed using either a HeLa nuclear extract (/ane 2)
or an S100 extract alone (/ane 3), or supplemented with increasing amounts of purified SR
proteins (/anes 4-6), the GST-SII column eluate (/anes 7-9), or the GST column eluate (/ane
10). Lane 1 contained the pre-mRNA alone. B, the RNA Pol Il-containing complex (Holo)
can complement the splicing activity of nuclear extracts depleted of U1, U2, and U4
snRNAs. Splicing assays were performed using either an untreated nuclear extract (NVE; lane
1) or nuclear extracts depleted using a mock oligonucleotide (NEAmock; /ane 2), the U1-
specific oligonucleotide (NEAU1L; /anes 3-6), the U2-specific oligonucleotide (NEAUZ;
lanes 7-10), or the U4-specific oligonucleotide (NEAU4; /anes 11-14). Some reactions were
complemented using the RNA Pol Il-containing complex (/anes 4, 8, and 12) or the RNA
Pol Il-containing complex depleted using the mock oligonucleotide (/anes 5, 9, and 13), the
U1-specific oligonucleotide (/ane 6), the U2-specific oligonucleotide (/ane 10), or the U4-
specific oligonucleotide (/ane 14). The positions of the splicing products are indicated.
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Fig. 5. Efficient formation of a U2-dependent complex by splicing factor s associated with the

RNA Pol I1-containing complex

Nuclear extracts (/anes 2-5) and the RNA Pol Il-containing complex (Holo; lanes 10-13)
were incubated with an adenovirus pre-mRNA containing a splicing cassette. A nuclear
extract (MEAUZ, lanes 6-9) and the RNA Pol Il-containing complex (HoloAUZ, lanes 14—

17) depleted of sSnRNA U2 were used as controls. Splicing complex formation was

monitored over time as indicated. The positions of the H and A complexes formed in nuclear
extracts are indicated. The RNA Pol I11-containing complex also leads to the assembly of a

U2-dependent complex (RAP) that nearly migrates with the A complex.
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Fig. 6. A model for transcription-coupled splicing
A, splicing factors (SF) involved in pre-spliceosomal complex formation are part of the RNA

Pol Il-containing complex in association with a non-CTD site located either on a
transcription factor ( 7/) or core RNA Pol Il (Pol /1). B, after transcription initiation, the
CTD of RNA Pol Il is phosphorylated, and the splicing factors are transferred to the
hyperphosphorylated CTD. The non-CTD site then becomes available for the recruitment of
a new set of splicing factors. C, the position of the CTD near the RNA exit channel of RNA
Pol Il allows binding and unloading of the splicing factors to the nascent transcript and
formation of the spliceosome. Splicing factors at the non-CTD site could be transferred to
the phosphorylated CTD in preparation for splicing of the next intron.
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