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ABSTRACT

The concept of a tight integration of transcription and splicing of mRNA precursors has been supported with increasing
evidence in recent years. However, the mechanism and functional consequences of this integration remain largely unknown.
We have examined how these processes impact upon one another when they occur together in HeLa nuclear extract. While
both processes do in fact occur in parallel reactions in the extracts, we found no evidence that one process affects the other,
under a variety of conditions tested. For example, neither the kinetics nor efficiency of splicing is significantly enhanced by
de novo RNA polymerase II-mediated transcription, relative to that of presynthesized RNA added exogenously to the extract.
Our results indicate that the act of transcription by RNA polymerase II in vitro is not sufficient to enhance splicing of the newly
made RNA.
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INTRODUCTION

The gene expression pathway in eukaryotes involves exten-
sive modification of primary transcripts prior to their
export to the cytoplasm. In the case of mRNA, these in-
clude attachment of a 7mGppp group to the mRNA 59-end
(capping), removal of noncoding introns (splicing), and
cleavage of the nascent transcript at the 39 end followed by
synthesis of a poly(A) tail (polyadenylation). All of these
reactions can take place in isolation, in the absence of
transcription and the other RNA processing events in vitro,
and each was initially assumed to be functionally indepen-
dent of the others. However, increasing evidence has
emerged suggesting that these processes are tightly linked
and are initiated and coordinated during transcription (for
review, see Hirose and Manley 2000; Maniatis and Reed
2002; Proudfoot et al. 2002; Bentley 2005).

Early evidence consistent with close integration of
transcription and splicing came from the studies of
chromatin spreads of Drosophila melanogaster embryos
(Osheim et al. 1985), which revealed assembly of protein
particles on nascent transcripts and cotranscriptional

shortening of these RNAs, presumably through splicing.
Further studies generated a wealth of evidence of close
interaction between the two processes. Microscopic obser-
vations revealed that splicing factors are recruited to sites
of active transcription (Jiménez-Garcı́a and Spector 1993),
and that introns can be detected only in proximity of the
original gene (Zhang et al. 1994), suggesting that intron
removal takes place at, or in the immediate vicinity of, sites
of transcription. In addition, functional studies in vivo
demonstrated that promoter sequences can affect both
constitutive splicing efficiency (Rosonina et al. 2003) and
the alternative splicing pattern of the transcript (Cramer
et al. 1997; Kadener et al. 2002; Nogues et al. 2002), as well
as modulate the effect of protein factors involved in splicing
regulation (Cramer et al. 1999). These and other results
suggest that the molecular events that underlie integration
of transcription and processing take place within, or at least
involve, the RNA polymerase II (RNAP II) transcription
elongation complex.

The premise that transcription and splicing are coupled
in vivo is reinforced by the dramatic differences in
properties of splicing in vitro and in vivo. Thus, in cells,
multiple introns, some longer then 20,000 nucleotides (nt),
are efficiently removed from all transcripts. In addition, the
half-life of an intron in vivo has been estimated as 0.4–
7.5 min (Audibert et al. 2002). In contrast, in the currently
available in vitro splicing systems, few substrates have
introns longer than 300 nt, and splicing reactions must
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be allowed to proceed for over an hour in order to process
more than 50% of available substrate.

Splicing presents a particular challenge in the study of
integration of transcription and RNA processing. Unlike
capping or 39 processing, splicing is typically repeated
multiple times in every transcription event. Furthermore,
the splicing reaction is considerably more complex than
either of the other two processing reactions. Thus the
mechanisms and functional consequences of coupling of
splicing and transcription are not well understood. While
certain problems, such as the order of cotranscriptional
spliceosome assembly, have been addressed using chroma-
tin immunoprecipitation assays in vivo (Görnemann et al.
2005; Tardiff and Rosbash 2006), further details, such as
the identity of factors that mediate this process, cannot be
elucidated without in vitro biochemical assays.

Coupling of transcription and splicing has the poten-
tial to alter several of the properties of the splicing reac-
tion. First, transcription may target RNA to splicing,
ensuring that transcribed introns will be recognized, com-
mitted to the splicing pathway, and removed, resulting in
an improved overall efficiency of splicing. Such an effect
has been observed in vivo, where splicing of a synthetic
RNA injected into X. laevis oocytes was less efficient than
cotranscriptional processing (Bird et al. 2004). Second,
splicing kinetics may be improved, if the transcription
elongation complex delivers some or all components of the
spliceosome to splicing signals; this could reduce the time
needed for splicing complex formation and speed up all the
steps of the process that precede the catalytic steps. Third,
transcription could stimulate splicing of ‘‘difficult’’ sub-
strates, or substrates that contain long introns or multiple
introns. Some models of transcription–splicing integration
postulate that splice sites are committed to each other and
even brought into close proximity within the transcription-
processing complex, which will compensate for the initial
distance between the splice sites on presynthesized splicing
substrates that contain long introns (Goldstrohm et al.
2001). In addition, if the introns are committed to splicing
cotranscriptionally, the transcription-processing complex
can recognize several consecutive introns with equal effi-
ciency. It is likely that any of these properties arising in
a transcription-specific manner in a combined in vitro
transcription–splicing reaction are the result of functional
coupling between the two processes.

In the experiments described in this study, we charac-
terized the transcription–splicing reaction in HeLa cells
nuclear extracts and explored whether this reaction displays
any properties expected of a functionally coupled reaction.
Our experiments demonstrate that multiple properties of
the splicing reaction in this transcription–splicing system
are indistinguishable from those of a splicing reaction that
uses a presynthesized substrate. Thus the linkage of RNAP
II transcription and splicing is by itself not sufficient to
enhance splicing in a detectable way.

RESULTS

Due to limitations of in vivo techniques, strategies for
studying the integration of transcription and processing
have shifted to development of combined in vitro tran-
scription–processing systems that recapitulate the coupling
mechanisms. In the past few years successful attempts were
made to develop systems that coupled transcription and
capping (Moteki and Price 2002), as well as transcription
and polyadenylation (Adamson et al. 2005; Rigo et al.
2005). In vitro systems that combine transcription and
splicing have also been described (Ghosh and Garcia-
Blanco 2000; Ibrahim et al. 2005; Das et al. 2006). However,
while both transcription and splicing were shown to take
place in these studies, it is unclear whether there was a
functional coupling between the two processes, that is,
whether the properties of the splicing reaction were affected
in a significant way by transcription.

Indeed, there exists some confusion as to the definition of
functional coupling (Ares and Proudfoot 2005). We there-
fore propose the following definitions for transcription–
splicing reactions displaying different levels of integration.
We term the reaction parallel if pre-mRNA is released from
the transcription elongation complex before splicing and
enters the splicing pathway in the same manner as a typical
presynthesized splicing substrate used in in vitro splicing
assays (Fig. 1A). In a concurrent reaction nascent RNA enters
the splicing pathway in the same fashion as presynthesized
RNA but prior to release from the transcription elongation
complex (Fig. 1B). Finally, we term the reactions coupled if
properties of the splicing reaction are specifically altered in a
transcription-dependent manner (Fig. 1C).

General properties of transcription–splicing in vitro

In the earliest in vitro studies of splicing the RNA substrate
was generated in a transcription reaction by endogenous
RNAP II from viral promoters (Kole and Weissman 1982).
In subsequent studies the splicing substrate was presynthe-
sized using bacterial or phage promoters and polymerases
(Green et al. 1983; Padgett et al. 1983). Separation of the
two processes made it possible to find conditions that are
optimal specifically for splicing. We chose these conditions
as the starting point in our attempt to analyze coupled
transcription–splicing using HeLa nuclear extract (NE).

Transcription was readily obtained under conditions
optimized for RNA splicing (see Materials and Methods).
Several promoters and substrates in different combinations
have been tested (data not shown), and the most efficient
transcription and splicing were obtained with a construct
containing the cytomegalovirus (CMV) promoter fused to
the 59 portion of the human b-globin gene. This template
generates a transcript consisting of a 282 nt exon I followed
by a 129 nt intron I and a 364 nt fragment of exon II
(see Fig. 2A). When analyzed in a time course, bands
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corresponding to splicing products and intermediates were
easily identifiable (Fig. 2A). These species disappeared
when splicing was specifically inhibited by addition of a
59 splice site RNA oligonucleotide (see below for details) or
by mutation of the 59 splice site (data not shown; Fig. 2A,
lane7). Under the initial conditions tested, the NE main-
tained both transcription and splicing activity for at least
3 h at 30°C (data not shown). Over this time period the
total yield of RNA reached 2–3 fmol, as determined by
quantifying gel bands against known amounts of synthetic
b-globin RNA. The overall splicing efficiency typically
ranged from 25% to 45% after 2 h depending on the prepa-
ration of NE. Attempts to improve both transcription and
splicing by further optimization of the reaction conditions
were unsuccessful. While changing some of the conditions
had little effect on the efficiency of either reaction (for
example, polyethylene glycol could be substituted for poly-
vinyl alcohol), altering other conditions resulted in opposite
effects on transcription or splicing. For example, increasing

the concentration of MgCl2 to 5–6 mM dramatically
increased the yield of transcription, consistent with earlier
data, but it was detrimental to splicing. Conversely, in-
creasing the ATP concentration markedly improved splic-
ing while inhibiting transcription (data not shown).

We have also tested the properties of transcription–
splicing reactions under conditions that were very similar
to those used in other efforts to develop coupled transcrip-
tion–splicing systems (Ghosh and Garcia-Blanco 2000;
Hicks et al. 2006). We found that relative efficiencies of
transcription and splicing were not significantly different
from those observed under our initial conditions (data not
shown). After exhaustive testing, we concluded that the
conditions described above gave rise to the best relative
efficiencies of transcription and splicing.

Splicing in the presence of downstream signals

According to the exon definition model (Berget 1995),
mutation of the 59 splice site of an internal exon will result
in skipping of that exon. A more dynamic version of this
model (Goldstrohm et al. 2001) posits that the upstream
59 splice site may be tethered to the RNAP II transcription
complex, and the downstream 59 splice site may act as
signal for initiation of splicing of the preceding intron. In
such a case, the model b-globin construct used above
would provide a poor substrate for transcription-coupled
splicing, since it lacks a downstream 59 splice site. Accord-
ingly, an elongated version of the CMV-b-globin template
containing an additional 148 nt at its 39 end, including a
downstream 59 splice site and portion of b-globin intron II,
was tested in a transcription–splicing reaction. This elon-
gated transcription product was spliced to the same extent
and with similar kinetics as the b-globin product lacking
the downstream 59 splice site. In fact, the properties of the
two RNAs were so similar in both splicing and transcrip-
tion–splicing reaction that they could be used interchange-
ably (for example, the experiment in Fig. 2B used this
template). We conclude that the presence of a downstream
59 splice site does not confer any advantage in splicing
efficiency in a transcription–splicing reaction in NE.

RNAP II-generated and presynthesized RNAs undergo
splicing with equal efficiency

In the time course experiments described, the primary
transcription products accumulated earlier and at a greater
rate than splicing products. The constant production of
potential splicing substrate could have resulted in obscuring
the true efficiency of splicing in this reaction. In some
experiments, the increase of RNA production sufficiently
outpaced splicing to result in an apparent stall of splicing
(see, for example, Fig. 2B, time points 709,909,1209). In order
to obtain a more accurate measure of the overall efficiency of

FIGURE 1. Possible levels of integration between transcription and
splicing. In a parallel reaction, the splicing-related interaction occurs
after pre-mRNA has been released from DNA template. In a
concurrent reaction, the splicing-related interactions occur before
release, while transcription is still in process, but independently of
transcription elongation. In a coupled reaction, splicing is stimulated
in a transcription-specific manner.
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splicing, a pulse-chase assay was used. In these experiments
production of labeled RNA was stopped at an early time point
by inhibiting RNAP II with a-amanitin and the efficiency
of splicing was monitored. A significant increase in splic-
ing efficiency was observed, averaging 80%–85% after 2 h
(Fig. 2B). Moreover, in some assays nearly all RNA (>90%)
was spliced after 2 h (Fig. 2C, time point 1209 in the presence
of a-amanitin). To ensure that this result was not due to the
presence of a-amanitin or the inhibition of ongoing tran-
scription per se, the experiment was repeated chasing the
labeled RNA with a 100-fold molar excess of unlabeled GTP.
The increase in splicing efficiency was still detected, although
its extent was slightly less dramatic (Fig. 2D). These results
show that efficient splicing was indeed masked by even more
efficient transcription in our initial experiments.

One possible explanation for the increase in splicing
efficiency detected above was that RNA is specifically
targeted for splicing in the coupled reaction. If this were
the case, then the highly efficient splicing, such as observed
in the above experiments, would be detected only in the
presence of RNAP II transcription. However, presynthe-
sized b-globin pre-mRNA displayed a splicing efficiency as
great as that observed in the pulse-chase experiments
described above (Fig. 3B, time point 1209). It is important
to note that the initial amount of splicing substrate in these
reactions (z600 fmol) was at least two orders of magnitude
greater than the total amount of RNA produced in 2 h of an
uninterrupted transcription–splicing reaction (Fig. 3A,B),
indicating that overall RNAP II transcription yield is
insufficient to saturate the splicing machinery. Decreasing

FIGURE 2. Properties of in vitro transcription-splicing reactions. (A) Time course of RNAP II transcription in HeLa nuclear extract.
Transcription–splicing reactions have been incubated for indicated times. In the right lane, 59SS RNA was added to a final concentration of 4 mM.
(B) Summary of transcription–splicing pulse-chase assays. Here and in all other experiments the extent of splicing was determined by measuring
the intensities of relevant phosphorimager bands and calculating the percentage of spliced mRNA relative to the total mRNA at the end of
the reaction. The graph represents cumulative data from four independent experiments. (C) Sample transcription–splicing pulse-chase
assay. Transcription from elongated b-globin templates (containing a downstream 59 splice site) was allowed to proceed for 15 min, and the
incubations were interrupted; a-amanitin was added to a final concentration of 1 ng/mL in order to inhibit RNAP II in the indicated reactions.
The samples were incubated further to the times indicated. (D) Same as C, except that GTP and MgCl2 were added to final concentrations
of 1 mM and 4 mM, respectively, in order to compensate for chelating of Mg2+ by GTP. (E) Spermidine concentration screen. Standard
transcription–splicing reactions were incubated for a total of 2 h in the presence of different concentrations of spermidine as indicated on the
top of the panel.
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the amount of presynthesized substrate in splicing assays
had only a negligible effect on splicing efficiency (results
not shown). Thus while RNAP II synthesized pre-mRNA
can be spliced with high efficiency during a chase, this
efficiency is no greater than observed with the identical
presynthesized substrate.

It is important to note that a significant fraction of the
RNA is degraded in both splicing reactions with presynthe-
sized pre-mRNA and during a chase in transcription–
splicing reactions. Degradation, however, appears to be
nonspecific, as it affects RNA in both reactions equivalently
(for example, see Fig. 3). We conclude that in our experi-

ments RNAP II transcription does not
confer any additional stability to the
RNA (see Discussion).

In the course of our attempts to
improve the general properties of the
transcription–splicing reaction, we dis-
covered that the efficiency of transcrip-
tion markedly increased in the presence
of spermidine. The maximal stimulation
(approximately fivefold) was achieved at
a final concentration of 1 mM (Fig. 2E).
Importantly, spermidine had no effect
on splicing of the T7- generated pre-
mRNA at that concentration (data not
shown). Thus it was surprising that the
spermidine-mediated increase of RNA
production was accompanied by a small
but significant decrease in splicing effi-
ciency in transcription–splicing reactions
(Fig. 2E). In addition, when the a-
amanitin-mediated pulse-chase assay
was repeated in the presence of 1 mM
spermidine, the extent of splicing fell to
z50% from 80% to 90% (data not
shown). This indicates that either
increasing the amount of RNAP II-tran-
scribed RNA saturates some component
of the splicing machinery or, alterna-
tively, that this RNA enters the splicing
pathway less efficiently than presynthe-
sized RNA. The former possibility
appears to be less likely, as the total
amount of RNAP II-transcribed RNA
(15–20 fmol) is still much lower than
the initial amount of presynthesized
splicing substrate used in splicing reac-
tions. We therefore conclude that under
these conditions RNAP II-transcribed
and presynthesized pre-mRNAs are
directed to splicing through different
pathways, of which the latter is some-
what more efficient. These results
strengthen our conclusion that the pro-

duction of splicing substrate via RNAP II transcription does
not enhance the overall extent of splicing relative to that of
presynthesized substrates.

Splicing rates are unaffected by the origin
of the substrate

Next we examined whether RNAP II transcription
improves the kinetic characteristics of splicing. When the
progress of splicing in a transcription-splicing reaction was
monitored in time course assays, the cleaved 59 exon was
first observed after 20 min and splicing products were first

FIGURE 3. Comparative time course of transcription–splicing and splicing reactions. (A)
Transcription–splicing time course with standard CMV-b globin template. Transcription was
allowed to proceed for 15 min and the incubations were interrupted; a-amanitin was added to
a final concentration of 1 ng/mL in order to inhibit RNAP II in the indicated reactions. The
samples were incubated further for the times indicated. Precursors, products, and intermedi-
ates of the transcription–splicing reactions are indicated to the left of the panel. (B) Splicing of
T7-synthesized standard b-globin substrate. Precursors, products, and intermediates of the
splicing reactions are indicated to the right of the panel. (C) RT-PCR analysis of reactions
shown in panel B. (D) RT-PCR analysis of reactions shown in panel A.
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observed after 30 min (Fig. 3A). In splicing of presynthe-
sized RNA, the intermediates were first observed as early
as 15 min, although products were detected, like in the
transcription–splicing reaction, after 30 min (Fig. 3B).
However, the total amount of labeled RNA is very small
at the earliest stages of the transcription–splicing reaction,
making detection of possible intermediates and/or products
difficult. Therefore, samples from the time course experi-
ments were analyzed by RT-PCR specifically targeting the
spliced RNA products. In contrast to the autoradiographic
data, the PCR products derived from spliced b-globin RNA
were first observed at the 20-min time point in both
splicing of the presynthesized substrate (Fig. 3C) and in
the transcription–splicing reaction (Fig. 3D). The appar-
ently similar kinetics of splicing in the presence or absence
of transcription under such conditions leads us to conclude
that RNAP II transcription neither enhances the rate of the
splicing reaction nor affects a rate-limiting step of splicing
under the conditions tested.

Splicing in the transcription-splicing reaction is
susceptible to competitive inhibition

As mentioned above, one of the possible features of a
functionally coupled transcription–splicing reaction might
be enhanced resistance to competitive inhibition of splic-
ing. Among the best characterized competitive inhibitors

of splicing is a short RNA oligonucleotide containing the
consensus sequence of the mammalian 59 splice site (Hall
and Konarska 1992). A 59 splice site oligonucleotide (59SS
RNA) specifically inhibits splicing at the earliest steps (E
complex formation) by assembling U2/U4/U5/U6 snRNPs
into a stable complex and thus sequestering these snRNPs
from the splicing substrate. If the RNAP II elongation
complex is involved in delivery of splicing factors to the
nascent pre-mRNA and actively facilitates recognition and
binding of splicing signals, one would expect that splicing
factors associated with the elongation complex would bind
nascent RNA and recruit splicing factors from solution
with greater specificity than 59SS RNA. However, when
59SS RNA was titrated into a transcription–splicing reac-
tion, splicing was completely abolished at concentrations
greater than 1 mM (Fig. 4A). In contrast, some of the
presynthesized RNA substrate still underwent splicing when
the concentration of 59SS RNA was as high as 4 mM
(Fig. 4B).

The above results indicate unexpectedly that an RNAP
II-synthesized pre-mRNA was more susceptible to com-
petitive inhibition of splicing than a presynthesized pre-
mRNA. The apparent increase in sensitivity to inhibition
can be explained by the lower amount of pre-mRNA in
transcription–splicing reactions, by less efficient commit-
ment of RNAP II-synthesized pre-mRNA to the splicing
pathway, or by the existence of a different mechanism of

FIGURE 4. 59SS-Mediated inhibition of splicing. Transcription–splicing (A) or splicing (B) reactions were carried out for 2 h in the presence of
increasing concentrations of 59SS RNA oligonucleotide (UCACAGGUAAGUACUUAUUUUCCCAGGCC) or mutated 59MutSS RNA oligonu-
cleotide (UCACAGCCAAGUACUUAUUUUCCCAGGCC). Oligonucleotide concentrations are indicated on the top of the panels. Precursors,
products, and intermediates of the transcription–splicing reactions are indicated to the left of the panel (A), and those of the splicing reactions are
indicated to the right of the panel (B).
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59SS-mediated inhibition of splicing of RNAP II-synthe-
sized pre-mRNA. We tested the last possibility by repeating
the above experiments with an RNA oligonucleotide in
which the sequence was altered to substitute the GU residues
critical to the 59 splice site consensus. In line with previous
findings (Hall and Konarska 1992), inhibition was signifi-
cantly weakened in both assays (Fig. 4A,B). In addition,
splicing did not recover in the presence or absence of RNAP
II transcription after the 59SS–U2/U4/U5/U6 complex was
allowed to form by preincubating the 59SS RNA in NE
without RNA substrate or transcription template (Fig. 5A,
lanes 2,4,6,8). These results suggest that 59SS RNA inhibits
splicing via the same mechanism in both reactions. We
therefore conclude that RNAP II transcription confers no
resistance to 59SS-mediated splicing inhibition.

The presynthesized and RNAP II-transcribed RNAs
are committed to the splicing pathway
with similar efficiencies

The potency and highly specific nature of 59SS-mediated
splicing inhibition enabled us to measure the rate of the
steps of spliceosome formation that take place prior to
catalysis and thus to gauge the efficiency of commitment of
RNA to the splicing pathway. Standard splicing reactions

were allowed to proceed for 5, 10, or 15 min, and then all
further splicing was inhibited by addition of 59SS RNA and
the reaction was allowed to proceed further to 2 h. In these
assays, after 5 min, z4% of input RNA has progressed
through the splicing pathway past the stage where the
reaction was susceptible to 59SS RNA-mediated inhibition.
This fraction increased to z15% after 15 min (Fig. 5B) and
increased further at longer incubation times (data not
shown). In the corresponding transcription–splicing experi-
ments, transcription was inhibited, along with splicing, by
addition of a-amanitin. If RNAP II transcription efficiently
targets RNA to splicing, then one would expect that most of
the newly transcribed RNA would be committed to the
splicing pathway regardless of the duration of transcription.
In our experiments, however, the data did not agree with
this prediction: When both processes were inhibited at
early time points, most of the RNA remained unspliced
upon further incubation (Fig. 5C). The extent of commit-
ment to splicing during the pulse in the transcription–
splicing reaction (z12%–14%) showed no substantial
variation with the length of the pulse and was close to
the value observed with presynthesized pre-mRNA
(z15%). The apparent lack of commitment of RNA to
splicing can be explained by significantly faster rates of
transcription compared to commitment to splicing, similar

FIGURE 5. 59SS-Mediated splicing inhibition and commitment to splicing pathway. (A) Transcription does not facilitate recruitment of splicing
factors from complexes that form on 59SS RNA oligonucleotides. Splicing (left panel) or transcription–splicing reactions (right panel) were either
carried out normally (lanes 1,2,5,6) or preincubated for 15 min in the presence (lanes 4,8) or absence of 59SS RNA oligonucleotide (lanes 3,7).
Following preincubation either b-globin RNA or CMV-b globin DNA template was added and the samples were incubated further for a total of
2 h. Precursors, products, and intermediates of the splicing reactions are indicated to the left of the panel, and those of the transcription–splicing
reactions are indicated to the right of the panel. (B) Commitment of presynthesized RNA to the splicing pathway. Splicing reactions were allowed
to proceed for 5, 10, or 15 min; the incubations were interrupted and 59SS RNA oligonucleotide was added to 5 mM final concentration, and
the samples were incubated further for a total of 2 h. 59SS RNA was added to one of the reactions at the start of the incubation (09). Precursors,
products, and intermediates of the splicing reactions are indicated to the left of the panel. (C). Same assay as in B with transcription–splicing
reactions. Reactions were carried out for the indicated periods of time and were either stopped or the incubation was interrupted and a-amanitin
was added to a final concentration of 1 ng/mL or a-amanitin and 59SS RNA oligonucleotide were added together to 1 ng/mL and 5 mM final
concentrations, respectively. Samples were incubated further for a total of 2 h. 59SS RNA was added to one of the reactions at the start of the
incubation (09). Precursors, products, and intermediates of the transcription splicing reactions are indicated to the left of the panel.
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to the relatively low level of splicing observed in the
transcription–splicing time course experiments (Fig. 2C).
We conclude that RNAP II transcription is not sufficient to
stimulate the early steps of splicing or the commitment of
the pre-mRNA to the splicing pathway.

Splicing of long introns is equivalent in synthetic
and RNAP II-generated substrates

Another way that transcription could positively affect
splicing would be to facilitate the excision of longer introns.
It has been previously shown that the efficiency of splicing
in NE drops sharply when intron length exceeds 200 nt
(Fox-Walsh et al. 2005). Consequently, we investigated
whether splicing of long introns is enhanced by RNAP II
transcription. Rather than use natural constructs with
longer introns, we chose to extend the first intron of the
model b-globin substrate while minimally altering the
surrounding sequences. The intron was extended by insert-
ing a fragment of the second intron of human b-globin into
a unique restriction site in the first intron. The novel
constructs contained introns that were extended to 279 and
357 nt from the original 129 nt. Since this set of constructs
carries exactly the same splice sites and other splicing
signals as the natural b-globin construct used in previous
experiments, any change in splicing patterns is expected to
be primarily due to the intron length. In
addition, the insert was subcloned in
both orientations to ensure that any
effects observed were not due to the
presence of cis-acting splicing signals in
the insert.

The results indicate that doubling
and even tripling the length of the
intron had only a modest (about 1.5-
fold) negative effect on splicing (Fig. 6B,
lanes 1–3). The inserted fragments do
not appear to contain any functional
cis-acting sequences, since inserting
them in reverse orientation did not
affect splicing efficiency (data not
shown). Notably, the efficiency of splic-
ing was not improved by transcription;
in fact, the splicing of the 279- and 357-
nt introns in transcription–splicing
assays (Fig. 6A, lanes 3,5) was noticeably
poorer than in splicing assays using
presynthesized RNA (Fig. 6A, lanes
3,5). The final extent of splicing was
higher in pulse-chase assays (Fig. 6A,
lanes 4,6), but these results did not
represent a significant improvement
over those of control experiments
using presynthesized substrate (Fig. 6B,
lanes 1–4).

The splicing efficiency of a longer natural intron was also
tested by examining splicing of the 849-nt intron II in its
native context. To avoid any complications that may arise
from splicing of multiple introns, intron I and the
surrounding sequences were removed, generating a con-
struct consisting of 270-nt chimeric 59 exon, followed by
b-globin intron II and exon III. In this context, splicing of
intron II was detectable but inefficient (z5%) in reactions
using presynthesized substrate (Fig. 6B, lane 4). However,
no splicing products or intermediates were detected in
transcription–splicing assays (Fig. 6A, lanes 7,8). We
conclude that the splicing of longer introns, at least in
the size range tested, is not improved by RNAP II
transcription.

DISCUSSION

In the experiments described here we tested whether a
transcription–splicing reaction in HeLa NE displays any
properties expected of a functionally coupled reaction. We
find that, at least with our substrates and conditions,
transcription does not affect the properties of splicing in
a detectable way. Thus, both the overall extent of splicing
and its kinetics were similar for RNAP II-transcribed and
for presynthesized pre-mRNAs. In addition, RNAP II
transcription neither confers inhibitor resistance to the

FIGURE 6. Processing of expanded introns. (A) Transcription–splicing reactions were carried
out for 2 h on the b-globin templates encoding RNAs with varying length of the intron
(indicated on top of the panel). Where indicated, transcription was allowed to proceed for
15 min, at which point the incubations were interrupted and a-amanitin was added to a final
concentration of 1 ng/mL. The samples were incubated further for a total of 2 h. The precursors
and products of the splicing reactions are indicated to the left of the panel. (B) The
corresponding splicing assay using substrates with varying length of the intron (indicated
on top of the panel). Samples were incubated for 2 h. The precursors and products of the
splicing reactions are indicated on the left of the panel, except in the case of ßglobin-DInt
construct (849-nt intron), where precursors and intermediates are indicated on the right.
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splicing reaction nor improves removal of long introns that
are poorly spliced in control reactions that use presynthe-
sized RNA. Finally, we find that additional splicing signals
downstream of the 39 exon, proposed to be instrumental
for integration of transcription and splicing, do not
improve splicing of the upstream intron in our reactions.

These findings lead us to conclude that there is no
significant functional coupling between transcription and
splicing in HeLa NE under the variety of conditions tested.
Although both processes take place concurrently, we could
not detect any transcription-dependent effects on the
splicing process and its properties. Thus, it seems that
under these conditions the act of RNAP II transcription
may not be involved with splicing beyond producing the
substrate, and is certainly insufficient to stimulate splicing
efficiency. We therefore conclude that RNAP II-synthesized
pre-mRNA enters and progresses through the splicing
pathway in nearly the same manner as presynthesized
substrate. It follows that in this reaction RNAP II and
other components of the transcription initiation and
elongation complex either do not play a role in splice site
recognition and spliceosome assembly or are involved in
splicing in a manner that does not require a functioning
RNAP II transcription elongation complex. In accordance
with the terminology we proposed above, this is most likely
either a parallel or concurrent reaction, but it is does not
display the properties of a coupled reaction. The data
presented here are not sufficient to classify this reaction
as definitively either parallel or concurrent. However, we
speculate that it is mostly the former, since most RNA was
released into solution at early time points using DNA
templates immobilized on streptavidin beads (unpublished
data).

Several previous investigations of HeLa NE-based tran-
scription–splicing have suggested the possible existence of
functional coupling. However, in none of these experiments
were the fundamental properties of the splicing reaction
altered in an RNAP II transcription-specific manner.
Although it is possible that some functional coupling does
occur in one or more of these systems, by the definitions we
use here, this has not been conclusively established.

The earliest study suggesting functional coupling based
this conclusion on association of spliced RNA with immo-
bilized DNA templates (Ghosh and Garcia-Blanco 2000).
However, when we utilized such templates, we observed
that RNA, spliced or unspliced, nonspecifically bound
streptavidin beads (unpublished data), complicating any
conclusions of such studies. In any event, such an associ-
ation would at best only provide evidence for a concurrent
reaction. In subsequent work, the authors reported that
transcription could increase the extent of splicing, another
characteristic of functional coupling (Natalizio and Garcia-
Blanco 2005). However, the overall efficiency of splicing
observed was very low, even with presynthesized RNA,
making interpretation of this data difficult.

Another recent study proposed that coupling splicing to
transcription enhances splicing via stabilization of the pre-
mRNA (Hicks et al. 2006). Initial experiments suggested
that splicing of an RNAP II-synthesized transcript dis-
played improved kinetic parameters compared to splicing
of the identical transcript produced by T7 RNAP in NE.
Subsequent analyses, however, revealed that the apparent
enhancement of splicing, while dependent on splice sites
and splicing factors, was due to increased stability of the
RNAP II-synthesized transcript and not to any changes in
the kinetics of the splicing reaction. While stabilization is
likely an indication of an interaction between transcription
and splicing, it does not confer the very high rates of
splicing typically found in vivo. Hence stabilization can
only partially explain the differences in properties of
splicing in vivo and in vitro. Additionally, enhancement
of splicing resulting from stabilization could be viewed as a
passive or indirect effect of transcription, not the active
effect envisioned by our definition of functional coupling.
Although for unknown reasons we did not detect signifi-
cant stabilization of RNAP II-synthesized transcripts, the
results of Hicks et al. (2006) as they relate to functional
coupling are consistent with those described here.

Functional coupling has also been inferred in experi-
ments of Das et al. (2006). These authors reported an
apparent improvement in the kinetic parameters of splic-
ing, of RNAP II-synthesized transcripts, and rapid forma-
tion of a splicing- and RNAP II-specific high MW complex.
The results of kinetic assays were very similar to those of
Hicks et al. (2006), but the relative amounts of spliced and
unspliced RNA were calculated in a way that did not
account for possible alterations in RNA stability. Thus the
possibility that RNAP II-specific stabilization may be the
underlying cause of the apparent improvement in splicing
has not been ruled out. Consequently, in the absence of
conclusive evidence for an RNAP II transcription-specific
enhancement of splicing, the observed RNAP II-specific
high-MW complex may at best be viewed as evidence for a
concurrent reaction. Furthermore, this complex appeared
at early time points of the reaction, before splicing was
detectable, and dissipated while nearly all RNA was still
unspliced. Therefore, while the complex may represent
RNAP II elongation complex components interacting with
spliceosomes, or two complexes forming on the same RNA
molecule, its functional significance is currently unclear.

Our data suggest that under a variety of conditions the
NE based transcription–splicing reaction is insufficient to
functionally couple the two processes to the extent that
such coupling can be measured. One possible explanation
for this insufficiency is that the high rate and efficiency of
splicing in vivo are achieved in ways that are not directly
related to transcription. Although the currently available
data suggest that the two processes are integrated, direct
proof exists only for concurrent transcription–splicing,
as observed, for example, by Osheim et al. (1985) in
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D. melanogaster embryos. At the moment, there is no ex-
plicit functional evidence that RNAP II, or an RNAP II
elongation complex, is directly involved in splice site
recognition and selection or in spliceosome assembly. It
is therefore possible that the factors responsible for efficient
recognition of splicing signals and rapid spliceosome
assembly do not associate with the transcription complex
in a way that enhances their activity. By this scenario, it
could be that whatever factor(s) delimit the efficiency of
splicing in vitro are unrelated to transcription.

It is also possible that the absence of functional coupling
between transcription and splicing represents an innate
limitation of HeLa NE. The extraction procedure isolates
the soluble fraction of the nucleoplasm, removing a large
fraction of nuclear proteins that are either insoluble or are
tightly associated with the insoluble fraction, which is
discarded in the form of the nuclear pellet (NP). The NP
in fact contains a large fraction of the cell’s RNAP II, and
may also contain a significant portion of RNA processing
factors, possibly including the hypothetical factor(s) that
couple transcription and processing. We have made
attempts to recover proteins from the NP and add them
to transcription–splicing reactions. While some fractions
increased transcription, none improved splicing (unpub-
lished data), suggesting, if coupling factors are indeed
present in the NP, that either further fractionation or an
entirely different recovery approach may be necessary.

The dramatic difference of splicing properties in vivo
and in vitro may also be explained by the fundamental
differences between the two environments. In NE, the
template is linear naked DNA, while in cells DNA is
packaged into chromatin. In fact, factors involved in
chromatin remodeling have been suggested to be involved
in regulation of splicing both in yeast (Xiao et al. 2005) and
in humans (Batsché et al. 2005). Furthermore, splice sites
have been found to preferentially localize in regions
protected by nucleosomes in a genome-wide nucleosome
mapping study (Denisov et al. 1997). So far, nucleosomes
and other structural components of chromatin have not
been shown to associate with splicing complexes. This is
hardly surprising, since proteomic analyses of splicing
complexes (Neubauer et al. 1998; Jurica et al. 2002;
Makarov et al. 2002; Zhou et al. 2002) have been conducted
on purified spliceosomes formed in HeLa NE, which lacks
chromatin. One way to address the possibility that chro-
matin associated factors are responsible for enhanced
splicing efficiency would be to use DNA templates on
which chromatin has been reconstructed in vitro.

Potentially even more important for efficient coordina-
tion of transcription and splicing is the overall context of
nuclear skeleton (matrix), which is entirely disrupted in
NEs. There is a great deal of data pointing to a high level of
organization in the spatial distribution of transcription and
splicing factors relative to the sites of active transcription.
Thus U snRNPs, SR proteins, and nascent RNAs concen-

trate in regions positioned in the immediate vicinity of the
sites of active transcription, termed nuclear speckles (for
review, see Misteli and Spector 1998). The defined structure
of these domains suggests some sort of underlying scaffold,
which is most likely to be the nuclear skeleton. Since
splicing, unlike capping and polyadenylation, has to occur
multiple times for each transcription event, its coordina-
tion with transcription may be more dependent on the
local three-dimensional structure than the other processing
events. Destroying this structure during extract preparation
could disrupt the mechanism for delivery of necessary
factors and spliceosomal components in response to
splicing signals on the nascent transcripts. Presently there
is no technology to replace or restore this structure once it
is disrupted.

In summary, our experiments have demonstrated that
HeLa NEs capable of simultaneous transcription and
splicing do not provide the conditions that allow splicing
to attain the parameters observed in vivo. Importantly, the
act of promoter-dependent RNAP II transcription is not
sufficient to bring about functional coupling of transcrip-
tion and splicing. Development of an in vitro assay that
recapitulates in vivo conditions will be essential for estab-
lishing the specifics of functional coupling of transcription
and splicing.

MATERIALS AND METHODS

Plasmids and transcription templates

A fragment of b-globin open reading frame that included exon I,
intron I, exon II, and a portion of intron II was PCR-amplified
using the forward primer CGGGGGCTCGAGGCTTCTGACA
CAACTGTG and the reverse primer CGGGGGCTCGAGAAC
GATCCTGAGACTTCC. The resulting fragment was subcloned
into the unique XhoI restriction site of pcDNA3 expression vector
(Invitrogen) to generate a pCMV-ßglobin vector. The resulting
construct contained a T7 promoter positioned between the CMV
promoter and the b-globin sequences. DNA templates for tran-
scription experiments were generated by PCR using the forward
primer CAATTGCATGAAGAATCTGCTTAGGGTTAGG and the
reverse primer GGATCCACGTGCAGCTTGTCACAGTGCAGC
to obtain the standard template or the reverse primer used in
the initial amplification of b-globin sequences (see above) to
obtain the elongated template that includes the downstream 59

splice site. CMV transcription from these templates generated
RNAs consisting of a 282 nt exon I, a 130 nt intron I, and either a
209 nt exon II (standard template) or a complete 222 nt exon II
followed by 148 nt of b-globin intron II in the elongated template.
The T7 promoter located between the CMV promoter and the
b-globin sequences was used to generate splicing substrates for
control assays; the T7 transcripts are z30 nt shorter at the 59 end.

To extend intron 1 of the b-globin, a unique AflII site was
inserted into the pcDNA3-ßglobin construct by site directed
mutagenesis using the forward primer CAAGGTTACAAGACA
GGCTTAAGGAGACCAATAGAAACTGGGC and reverse primer
GCCCAGTTTCTATTGGTCTCCTTAAGCCTGTCTTGTAACCTTG.
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The inserts were amplified from the pCMVß-FL vector (pcDNA3
plasmid derivative containing the complete human b-globin gene
subcloned downstream of the CMV promoter, generously
provided by A. Tang, Columbia University). The 150-nt insert
(final intron length 270 nt) was generated using the forward
GGGGGCTTAAGGCTTATTTGCATATTCATAATCTCCC primer
and the reverse GGGGGCTTAAGCAAATGCAAAATTACCCTGA
TTTGG primer. The same reverse primer was used with GGGG
GCTTAAGTCTCTGAGATACATTAAGTAAC forward primer to
generate the 228 nt insert (final intron length 357 nt). Both inserts
were subcloned into the pCMV-ßglobin vector containing the AflII
restriction site.

The construct containing only the second intron of b-globin
was generated by digesting the pCMVß-FL plasmid with Bsu36I
restriction enzyme, filling in the overhangs with Klenow fragment
of DNA polymerase I (Invitrogen) and recircularizing the vector
to generate the pCMVß-DInt plasmid. The DNA template was
generated with forward CMV promoter primer and the reverse
GCAATGAAAATAAATGTTTTTTATTAGGCAGAATCCAGATGC
primer. The RNAP II transcript of this template consists of
the chimeric 270 nt exon I–II followed by the 898 nt intron II
and the 261 nt intron III. As before, T7 promoter was used to
generate control splicing substrate, which is z30 nt shorter on the
59 end.

Splicing substrates and transcription–splicing assays

Splicing substrates were generated by in vitro transcription with
bacterial T7 polymerase (Promega) in the presence of [a-32P]
GTP (Amersham). The transcripts were gel purified, and the
amounts were estimated using specific activity calculations.

In vitro splicing assays were carried out at 30°C in 15 mL
reactions containing 3 mM MgCl2, 20 mM Creatine Phosphate,
1 U of RNAsin (Promega), 3% PVA, 1 mM ATP, z600 fmol RNA
substrate, and 7 mL HeLa cells Nuclear Extract prepared exactly as
described by Dignam (1983). In transcription–splicing assays
RNA substrate was replaced with 50mM rNTPs, 10 mCi [a32P]-
GTP (3000 Ci/mmol), and 50 ng template DNA. Both splicing
and transcription–splicing reactions were stopped by addition of
200 mL proteinase K Mix (50 mM Tris-HCl at pH 7.5, 10 mM
EDTA, 100 mM NaCl, 1% SDS, 25 mg/mL proteinase K, 20 mg/mL
tRNA) immediately after incubation at 30°C, and incubating for
30 min at 37°C. The RNA was extracted and resolved on 6% 7 M
urea polyacrylamide gel. The bands were visualized using a Phos-
phorImager (Molecular Dynamics). The amounts of RNA gener-
ated by RNAP II transcription were estimated by loading known
amounts of T7-generated RNA onto assay gels, and comparing the
intensity of the relevant bands, after adjusting for different specific
activity.

RT-PCR assays

The splicing and transcription–splicing reactions were carried out as
described above, and the RNA products were resuspended in water.
The samples were treated with RQ DNAse (Promega) for 30 min, at
37°C, and subsequently DNAse was deactivated by 10 min incuba-
tion at 65°C in the presence of 10 mM EGTA. The first DNA strand
was reverse-transcribed using the GGTGCCCTTGAGGTTGTCCA
GGTGAGCCAGGCC primer and the SuperScript First-Strand
Synthesis kit (Invitrogen), according to the manufacturer’s instruc-

tions. The DNA fragments were amplified using Taq DNA poly-
merase (Invitrogen) with the GGTGGTGAGGCCCTGGGCAGGC
forward primer (the splice junction is underlined), and the reverse
primer used in first strand synthesis.
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