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The pathway of gene expression in higher eukaryotes involves a highly complex network of physical and
functional interactions among the different machines involved in each step of the pathway. Here we
established an efficient in vitro system to determine how RNA polymerase II (RNAP II) transcription is
functionally coupled to pre-mRNA splicing. Strikingly, our data show that nascent premessenger RNA
(pre-mRNA) synthesized by RNAP II is immediately and quantitatively directed into the spliceosome
assembly pathway. In contrast, nascent pre-mRNA synthesized by T7 RNA polymerase is quantitatively
assembled into the nonspecific H complex, which consists of heterogeneous nuclear ribonucleoprotein
(hnRNP) proteins and is inhibitory for spliceosome assembly. Consequently, RNAP II transcription results in a
dramatic increase in both the kinetics of splicing and overall yield of spliced mRNA relative to that observed
for T7 transcription. We conclude that RNAP II mediates the functional coupling of transcription to splicing
by directing the nascent pre-mRNA into spliceosome assembly, thereby bypassing interaction of the
pre-mRNA with the inhibitory hnRNP proteins.
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In higher eukaryotes, pre-mRNAs are synthesized by
RNA polymerase II (RNAP II) as large precursors con-
taining multiple introns and exons. The premessenger
RNAs (pre-mRNAs) undergo several processing steps, in-
cluding capping at the 5� end, splicing to remove introns,
and polyadenylation at the 3� end. All of these processing
steps occur cotranscriptionally (Hirose and Manley 2000;
Cramer et al. 2001b; Maniatis and Reed 2002; Or-
phanides and Reinberg 2002; Kornblihtt et al. 2004;
Proudfoot 2004; Bentley 2005). In addition, the three pro-
cessing steps appear to be functionally coupled to RNAP
II transcription (Proudfoot 2004; Bentley 2005). Func-
tional coupling of two processes has been defined as one
process affecting the rate and/or efficiency of another
(Moteki and Price 2002; Adamson et al. 2005). At pres-
ent, the most is known about functional coupling of
transcription to capping (Ho et al. 1998; Ho and Shuman
1999; McCracken et al. 1997a; Yue et al. 1997; Cho et al.
1997, 1998; Hirose and Manley 2000; Moteki and Price
2002). In this case, the capping complex interacts di-
rectly with the C-terminal domain (CTD) of RNAP II
and caps the nascent pre-mRNA when only ∼25 nucleo-
tides (nt) have emerged from the exit pore of the poly-
merase (for review, see Hirose and Manley 2000). This

functional coupling is thought to serve as an important
timing mechanism, which is required to prevent degra-
dation of the nascent transcript. The recent development
of efficient in vitro systems for functional coupling of
RNAP II transcription to 3�-end cleavage/polyadenyla-
tion has also led to insights into the mechanisms in-
volved in this coupling event (Yonaha and Proudfoot
1999, 2000; Adamson et al. 2005; Rigo et al. 2005). In
particular, the nascent pre-mRNA itself is thought to
play a key role in establishing an interaction between
RNAP II and the 3�-end cleavage machinery (Rigo et al.
2005).

Cotranscriptional splicing in metazoans has been di-
rectly visualized in electron microscopic studies of the
giant Balbiani ring of Chironomus tentans and of the
Drosophila melanogaster chorion genes (Beyer and Os-
heim 1988; Bauren and Wieslander 1994; Kiseleva et al.
1994; Wetterberg et al. 2001). Several lines of evidence
indicate that splicing in metazoans is also functionally
coupled to transcription (Bentley 1999, 2002; Hirose and
Manley 2000). For example, certain mutations in the
CTD specifically affect splicing, but not transcription or
other steps in RNA processing (McCracken et al. 1997b;
Fong and Bentley 2001). In addition, different promoters,
enhancers, and transcriptional activators can affect
the choice of splice sites in vivo (Cramer et al. 1997,
1999, 2001a; Monsalve et al. 2000; Auboeuf et al. 2002;
Kadener et al. 2002; Kwek et al. 2002; Nogues et al.
2002). Moreover, the rate of transcription elongation can
also affect the choice of alternative splice sites (de la
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Mata et al. 2003; Nogues et al. 2003a,b). At present, how-
ever, it is not understood how transcription exerts its
effects on splicing.

Advances in understanding the basic mechanism of
splicing were made possible by the development of an in
vitro splicing system in which pre-mRNAs synthesized
with bacteriophage RNA polymerase (T7 or SP6) are
spliced in HeLa cell nuclear extract (Krainer et al. 1984).
These studies revealed that splicing takes place in two
catalytic steps after the pre-mRNA assembles into the
large and highly dynamic spliceosome (Burge et al. 1999;
Black 2003). To determine how RNAP II transcription is
functionally coupled to splicing, we developed an effi-
cient in vitro system in which pre-mRNAs are synthe-
sized by RNAP II and spliced in the same nuclear extract.
Using this system, we show that RNAP II transcription
is functionally coupled to spliceosome assembly, which
in turn results in an increase in both the rate and effi-
ciency of splicing. By coupling transcription to an early
step in the splicing pathway (i.e., formation of the spli-
ceosome), the nascent pre-mRNAs avoid improperly as-
sociating with highly abundant splicing inhibitors such
as heterogeneous nuclear ribonucleoprotein (hnRNP)
proteins, which can only access the nascent transcript by
free diffusion.

Results

In previous work, significant progress was made in es-
tablishing an in vitro system for coupling RNAP II tran-
scription to splicing, but the efficiency of this system
was not sufficient to investigate the mechanisms of cou-
pling (Ghosh and Garcia-Blanco 2000). To establish an

efficient coupled system, we first fused the CMV pro-
moter to a DNA template encoding AdML pre-mRNA
(Fig. 1A). This template (designated Derivative of AdML,
DoA1) was then used to optimize conditions for tran-
scription and splicing in HeLa cell nuclear extracts (see
Materials and Methods). Using the RNase protection as-
say, we found that a discrete band corresponding to un-
spliced pre-mRNA accumulates to picogram levels un-
der optimized conditions (Fig. 1B). When the nuclear ex-
tract was incubated directly in 32P-UTP, this RNAP II
transcript was detected as one main band (Fig. 1C, lanes
1,3). This band was not present when the general tran-
scription inhibitor Actinomycin D or the RNAP inhibi-
tor �-amanitin was added at the start of the reaction (Fig.
1C, lanes 2,4), or when DNA was omitted from the re-
action (Fig. 1D, lanes 1,2) (as observed previously, the
endogenous U6 snRNA and tRNA in the extract are la-
beled; see Reddy et al. [1987]). Previous work has shown
that the three RNAPs are differentially sensitive to
�-amanitin with RNAP I being refractory, RNAP II sen-
sitive to low concentrations (0.10–1 µg/mL), and RNAP
III inhibited at higher levels. When we carried out a ti-
tration of �-amanitin, we found that transcription is sen-
sitive in the range that inhibits RNAP II, as we observe
strong inhibition at 40 ng/mL (data not shown) and com-
plete inhibition at 400 ng/mL (e.g., Fig. 1C). We conclude
that RNAP II is responsible for the observed transcrip-
tion.

When the reaction was incubated for 60 min, a band
was detected that comigrates with spliced mRNA gen-
erated from the corresponding T7 pre-mRNA (Fig. 1D,
lane 4; data not shown). In contrast, using a CMV DNA
template containing a GG substitution for the AG at the

Figure 1. RNAP II transcription and pre-mRNA splic-
ing in vitro. (A) Structure of the DoA1 DNA template
used to optimize transcription and splicing. The sizes of
the exons and intron are indicated. The line below the
DoA1 DNA template indicates the SP6 RNA probe,
which protects 234 nt of T7-AdML and CMV-DoA1 (54
nt of exon 1, the entire intron, and 57 nt of exon 2). (B,
lanes 1,2) RNase protection of known amounts of
AdML T7 transcript. (Lanes 3–6) RNase protection of
RNAP II transcript, which was generated by incubating
the DoA1 DNA template in HeLa nuclear extract for
the indicated times. The arrow indicates the protected
transcript. (C, lanes 1,3) 32P-UTP and the CMV DNA
template were incubated under transcription/splicing
conditions for 15 min. �-Amanitin (lane 2) or Actino-
mycin D (lane 4) was added at the beginning of the
transcription/splicing reaction and incubation was con-
tinued for 60 min. (D) 32P-UTP and the DoA1 DNA
template were incubated under transcription/splicing
conditions for 15 min (lane 3) or 60 min (lane 4). The
DNA was omitted in the reactions shown in lanes 1 and
2. (E) Same as D, except that the CMV GG and wild-
type (WT) DNA templates were compared. Asterisk in-
dicates a nonspecific band. The endogenous U6 snRNA
and tRNA are indicated. RNA was fractionated on an
8% denaturing polyacrylamide gel and detected by
PhosphorImager.
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3�-splice site, the second step of splicing is blocked, and
the lariat intermediate and exon 1 accumulate (Fig. 1E,
lanes 1–6), as has been well established for T7 pre-
mRNAs. All RNA species in this study were identified
based on comigration with known size markers and/or
the corresponding T7 transcripts (data not shown). We
conclude that pre-mRNA is synthesized by RNAP II in
our system, as the transcription is both �-amanitin-sen-
sitive and requires the RNAP II-dependent CMV pro-
moter. The RNAP II transcripts are then spliced in this
transcription/splicing system.

Transcription by RNAP II is functionally coupled to
spliceosome assembly

Cotranscriptional splicing of long pre-mRNAs has been
well-documented in vivo (Beyer and Osheim 1988;
Bauren and Wieslander 1994; Kiseleva et al. 1994; Wet-
terberg et al. 2001). We have not yet established condi-

tions for detecting such cotranscriptional splicing in
vitro. However, the goal of our present work is not to
recapitulate cotranscriptional splicing, but rather to ad-
dress the unanswered question of how RNAP II tran-
scription is functionally coupled to splicing. To investi-
gate this question, we first asked whether transcription
by RNAP II has any effect on spliceosome assembly. Us-
ing optimized conditions (see Materials and Methods),
no specific complexes were detected on a native agarose
gel in the absence of the CMV-DoA1 DNA template (Fig.
2A, lanes 1,2) or in the presence of the DNA template
and �-amanitin (data not shown). Using a CMV �5��3�
DoA1 DNA template, which lacks functional splice
sites, one small complex was detected after 15 or 60 min
of incubation (Fig. 2A, lanes 3,4). This small complex
contains only unspliced pre-mRNA and comigrates with
the nonspecific H complex that assembles on the corre-
sponding T7 �5��3� AdML pre-mRNA (Das and Reed
1999; data not shown).

Figure 2. RNAP II transcription is functionally
coupled to spliceosome assembly. (A) Nuclear ex-
tract was incubated under transcription/splicing
conditions for the indicated times in the absence of
DNA template (lanes 1,2) or presence of CMV-DoA1
�5��3� DNA template (lanes 3,4) or CMV-DoA1
DNA template (lanes 5,6). Heparin was added to
each sample, which was then loaded on a 1.2% low-
melting-point agarose mini-gel. Bands were detected
by PhosphorImager. (B) RNA was extracted from the
indicated regions (i–v) of the gel shown in A and
fractionated on an 8% denaturing polyacrylamide
gel (lanes 2,4–7); 15 and 60 min transcription/splic-
ing reactions were run as markers (lanes 1,3). (C)
Naked DoA T7 pre-mRNA or the corresponding
CMV-DoA DNA template was incubated under
transcription/splicing conditions for the times indi-
cated. For the CMV-DoA DNA template, Actinomy-
cin D was added at time 0 and incubation continued
for 60 min (lane 5), or Actinomycin D was added at
15 min and incubation was continued for 0 min
(lane 6), 15 min (lane 7), or 45 min (lane 8). Heparin
was added to each sample, which were then fraction-
ated side-by-side on a 1.2% low-melting-point aga-
rose gel. The spliceosome, spliced mRNP, and non-
specific H complex are indicated. (D) DoA CMV
DNA template was incubated under transcription/
splicing conditions for the indicated times, and total
RNA was fractionated on an 8% polyacrylamide gel.
(E) DoA CMV DNA template was incubated under
transcription/splicing conditions for the indicated
times; heparin was added to each sample, which was
then run on a 1.2% low-melting-point agarose gel.
(F) T7 DoF DNA template with T7 polymerase or
corresponding CMV-DoF DNA template was incu-
bated under transcription/splicing conditions for the
indicated times; heparin was added to each sample,
which was then fractionated on a 1.2% low-melting-
point agarose gel. (G) RNA was extracted from the
bands indicated (left of i–iii) of the gel shown in F
and fractionated on an 8% denaturing polyacryl-
amide gel.
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When the CMV DNA template containing wild-type
splice sites is incubated in the RNAP II transcription/
splicing system, a large complex is detected after 15 min
of incubation and a smaller complex by 60 min (Fig. 2A,
lanes 5,6). Analysis of the RNA in the large complex
revealed that it contains unspliced pre-mRNA (Fig. 2B,
lane 2), whereas the small complex mainly contains
spliced mRNA (Fig. 2B, lanes 6,7). In addition, the large
complex precisely comigrates with spliceosomes as-
sembled on T7 transcripts (see below, Fig. 2C). We con-
clude that the large and small complexes assembled on
the wild-type CMV DNA template correspond to the
spliceosome and spliced mRNP, respectively.

To carry out a side-by-side comparison of a time
course of spliceosome assembly on T7 versus RNAP II
transcripts, we constructed PCR templates encoding the
corresponding T7 and CMV pre-mRNAs (designated T7-
DoA and CMV-DoA, respectively; see Materials and
Methods). Virtually all of the CMV-DoA pre-mRNA gen-
erated in the RNAP II transcription/splicing system as-
sembles into the spliceosome by 15 min of incubation,
and little if any of the nonspecific H complex is detected
(Fig. 2C; the smaller complex detected at the 15-min
time point contains spliced mRNA). In contrast, the T7-
DoA pre-mRNA is quantitatively assembled into the H
complex, and then a portion of it subsequently as-
sembles into the spliceosome (Fig. 2C). A striking feature
of spliceosome assembly on the RNAP II transcript is the
absence of the nonspecific H complex. To determine
whether the H complex could be detected at all on the
RNAP II transcript, we analyzed spliceosome assembly
at earlier time points. Significantly, as early as the RNAP
II transcript is synthesized (4 min) (Fig. 2D), the spliceo-
some is detected, and its levels increase as the level of
transcript increases (Fig. 2E). Moreover, little if any of
the H complex is detected on the RNAP II transcript at
any time point (Fig. 2E).

To determine whether the immediate and quantitative
assembly of the spliceosome on the RNAP II transcript is
simply transcription-dependent or is instead directed by
RNAP II, we added a DNA template containing the T7
promoter and encoding Ftz pre-mRNA (designated T7-
DoF) to the extract together with T7 RNA polymerase or
added the corresponding CMV-DoF DNA template to
the extract. Significantly, only the H complex was de-
tected on the T7 pre-mRNA at early times, whereas the
spliceosome, but not the H complex, was detected on the
RNAP II pre-mRNA (Fig. 2F,G). The same results were
obtained comparing T7-DoA and CMV-DoA (data not
shown). We conclude that the rapid and efficient spliceo-
some assembly on the RNAP II transcript occurs gener-
ally and is directed by RNAP II.

Yields of spliced mRNA are dramatically increased
in the RNAP II transcription/splicing system

To determine whether there is a correlation between the
efficient spliceosome assembly observed in our RNAP II
transcription/splicing system and splicing of the nascent
transcripts, we first compared splicing of a naked T7 pre-

mRNA with the corresponding RNAP II transcript gen-
erated in the transcription/splicing system (Fig. 3). To
establish a “zero” time point for the RNAP II transcrip-
tion/splicing system, the DoA transcript was synthe-
sized for 15 min and then Actinomycin D was added (Fig.
3A, lane 2). Incubation was then continued to allow
splicing (Fig. 3A, lanes 3,4). For comparison, an equiva-
lent amount of T7-DoA transcript (∼10 pg) was used in
an identical side-by-side splicing reaction (Fig. 3B). As
revealed by the quantitation, ∼38% of the RNAP II pre-
mRNA was detected as spliced mRNA by 60 min. In
contrast, only ∼3% of the T7-DoA pre-mRNA was de-
tected as spliced mRNA by 60 min (Fig. 3B, lanes 1–4).
Thus, the yield of mRNA is increased ∼14-fold in the
RNAP II transcription/splicing system relative to the T7
system. The difference in mRNA yield is not due to the
presence of Actinomycin D (data not shown).

A large increase in yield of mRNA was also observed
when the corresponding DoF (derivative of Ftz) RNAP II
and T7 transcripts were compared, with yields of ∼66%
and ∼9%, respectively (Fig. 3C,D). Moreover, a Smad-Ad
pre-mRNA containing four Smad exons and three AdML
introns also generated more spliced mRNA when the
transcript was produced by RNAP II than when the cor-
responding T7 transcript was spliced (Fig. 3E,F). We con-
clude that the yield of spliced mRNA is greatly increased
with pre-mRNAs containing one or more introns in the
RNAP II transcription/splicing system relative to the
corresponding T7 transcripts. This difference in overall
mRNA yield is general, as it has been observed with all
transcripts compared in the two systems (this study; data
not shown). The difference in mRNA yield does not ap-
pear to be due to 5� capping of the T7 versus RNAP II
transcript as T7-AdML transcripts that are capless or
capped with GpppG or the anti-reverse m7GpppG
(Stepinski et al. 2001) all have the same stability, and the
yields of spliced mRNA are the same (Fig. 3G,H). More-
over, we excised from a gel DoA or DoF RNAP II tran-
scripts, which should be capped during transcription in
the nuclear extract, and used these transcripts for splic-
ing. The data reveal that they are spliced with the same
efficiency as their T7 counterparts, providing further evi-
dence that the cap is not responsible for the enhanced
splicing observed in the RNAP II transcription/splicing
system (data not shown).

Increased yield of spliced mRNA is directed by RNAP
II transcription

In the data presented above (Fig. 3) and in previous stud-
ies of splicing in vitro, T7 transcripts are added all at
once to the nuclear extract. In contrast, RNAP II tran-
scripts are synthesized over time in the extract. Thus, to
determine whether the difference in yield of spliced
mRNA is simply transcription-dependent or instead is
directed by RNAP II, a DNA construct containing the T7
promoter was added to the extract together with T7
RNA polymerase. Actinomycin D, which blocks T7
transcription (Fig. 4A), was used so that splicing of T7
and RNAP II transcripts could be directly compared.

Coupling transcription to splicing
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Strikingly, although both DoF transcripts were effi-
ciently synthesized (Fig. 4B, lanes 3,5), barely any spliced
mRNA was generated from the T7 transcript, whereas
high levels of mRNA were generated from the corre-
sponding RNAP II transcript (Fig. 4B, cf. lanes 4 and 6).
Thus, whether T7 transcripts are directly added to the
extract (Fig. 3) or synthesized in the extract (Fig. 4), the
yield of spliced mRNA is low relative to its RNAP II
counterpart. The same results were obtained comparing
DoA T7 versus CMV constructs (data not shown). In all
cases, the same amount of T7 transcript and RNAP II
transcript were synthesized and were assayed under the
same conditions, side-by-side. On the basis of the �-am-

anitin sensitivity and RNAP II promoter specificity of
the RNAP II transcription (Fig. 1) and the observation
that transcription with T7 RNA polymerase does not
result in increased yields of spliced mRNA, we conclude
that these increased yields observed in the RNAP II tran-
scription/splicing system are directed by RNAP II and
not simply the process of transcription itself.

Splicing kinetics are increased by RNAP II
transcription

To determine whether the quantitative spliceosome as-
sembly observed in the RNAP II transcription/splicing

Figure 3. Yields of spliced mRNA are
dramatically enhanced in the RNAP II
transcription/splicing system. DoA (A),
DoF (C), and Smad-Ad (E) CMV DNA tem-
plates or the corresponding DoA (B), DoF
(D), and Smad-Ad (F) T7 transcripts were
incubated side-by-side in nuclear extracts
under the same reaction conditions (see
Materials and Methods). For DoF and DoA
CMV DNAs, Actinomycin D was added at
time 0 and incubation continued for 60
min (lane 1), or Actinomycin D was added
at 15 min and incubation was continued
for 0 min (lane 2), 15 min (lane 3), or 45
min (lane 4). For Smad-Ad CMV DNA, Ac-
tinomycin D was added at time 0 and in-
cubation was continued for 120 min (lane
1), or Actinomycin D was added at 15 min
and incubation was continued for 0 min
(lane 2), 45 min (lane 3), and 105 min (lane
4). For the T7 transcripts, DoA (10 pg), DoF
(10 pg), and Smad-Ad (1 ng) were incubated
for the times indicated, which correspond
to the total incubation times used for the
CMV DNAs. Total RNA was fractionated
on an 8% denaturing polyacrylamide gel.
The indicated RNA species were detected
and quantitated by PhosphorImager. (*)
Nonspecific band; (ori) gel origin. The line
on the right side of the gel in C indicates
breakdown of the lariat intron. The bands
between the pre-mRNA and spliced
mRNA in E are intermediate species con-
taining one or two introns. These interme-
diates are readily resolved on a lower per-
centage gel (6.5%) (data not shown). The
first-step products are not detected be-
cause they are so efficiently converted into
second-step products. The yield of spliced
mRNA was calculated as the percentage of
spliced mRNA relative to pre-mRNA at
the start of the reaction. (We note that T7-
DoA splices approximately twofold less ef-
ficiently than the T7-AdML pre-mRNA used in our previous studies [e.g., Zhou et al. 2002]; see G [lanes 1–4] and B [lanes 1–4] for a
comparison of T7-AdML and T7-DoA splicing efficiencies). (G) T7-AdML pre-mRNA either containing or lacking the GpppG cap
(added during transcription) was incubated under transcription/splicing conditions for the times indicated and then fractionated on an
8% gel. The total counts per minute (cpm) for the pre-mRNA and mRNA are indicated at each time point for the capped and capless
RNAs. (H) T7-AdML pre-mRNA containing the m7GpppG anti-reverse cap, GpppG, or no cap was incubated under standard splicing
conditions for the times indicated and then fractionated on a 8% denaturing gel. The total counts per minute (cpm) for the pre-mRNA
at 0 min and for mRNA at 60 min was quantitated by PhosporImager and is shown in graph.
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system enhances the kinetics of splicing, we incubated
the CMV DNA for 5� and then carried out a splicing time
course. For comparison, we used an equal amount of T7
pre-mRNA generated by adding T7 RNA polymerase and
T7 DNA template to the nuclear extract. As shown in
Figure 4C, splicing of the RNAP II transcript begins at 15
min and is spliced by the 30-min time point. In contrast,
the corresponding T7 transcript has barely started to
splice by the 30-min time point (Fig. 4C, lane 6). The
faster kinetics observed with the RNAP II transcript may
occur because the spliceosome is recruited more quickly
to RNAP II transcripts and/or because the T7 transcript
assembles into the spliceosome after the H complex,
which may require dissociation of inhibitory hnRNP
proteins followed by recruitment of the spliceosome.

Discussion

In this study we investigated the basis for functional
coupling of RNAP II transcription to pre-mRNA splicing
using an efficient in vitro system for the coupling reac-
tion. We found that the spliceosome assembles on RNAP
II transcripts as rapidly as the transcripts are synthe-
sized. The immediate spliceosome assembly, in turn, re-
sults in increased yields of spliced mRNA and a dramatic
increase in the kinetics of splicing. Indeed, when the
pre-mRNA is synthesized by RNAP II for 5 min, splicing
is completed by 30 min. To our knowledge, there are no
known examples of splicing kinetics even approaching
these with the currently used T7 splicing system. The
dramatic enhancement of splicing/spliceosome assem-

bly is directed by RNAP II based on the observations that
the transcription is specific to RNAP II promoters, is
�-amanitin-sensitive, and is not a general property of
transcription as it does not occur on nascent transcripts
generated by adding a T7 DNA template and T7 RNA
polymerase to the nuclear extract.

In contrast to the nascent RNAP II transcripts, naked
T7 pre-mRNAs and nascent T7 transcripts assemble
quantitatively into the nonspecific H complex, which
results from the immediate binding of the highly abun-
dant nuclear hnRNP proteins to naked RNA (Bennett et
al. 1992). This complex is not splicing-specific, as it as-
sembles not only on T7 pre-mRNAs but also on T7
RNAs lacking functional splice sites (Konarska and
Sharp 1986; Michaud and Reed 1991; Bennett et al.
1992). It is well known that at least some hnRNP pro-
teins inhibit splicing and that these proteins compete
with essential splicing factors for binding to pre-mRNA
in vitro (Caputi et al. 1999; Wagner and Garcia-Blanco
2001; Zhu et al. 2001; Black 2003; Rooke et al. 2003; Fu
2004; Shen et al. 2004; Wang et al. 2004; Han et al. 2005;
Rothrock et al. 2005). Consistent with this conclusion,
previous studies indicate that the H complex is not a
functional precursor to the spliceosome (Michaud and
Reed 1991, 1993). Specifically, when the H complex is
isolated and added back to nuclear extract, only a small
portion is capable of assembling into the spliceosome
(Michaud and Reed 1991). The rest is either degraded or
remains as H complex, depending on the transcript (Mi-
chaud and Reed 1991). It is not known whether the low
level of spliceosomes that do assemble after H complex

Figure 4. Transcription by RNAP II results in an
increase in mRNA yield and splicing kinetics. (A) T7
RNA polymerase and T7 DNA template were incu-
bated in nuclear extract for 30 min in the absence
(lane 1) or presence (lane 2) of Actinomycin D. (B)
T7-DoF DNA template was incubated in nuclear ex-
tract in the absence (lane 1,2) or presence (lane 3,4)
of T7 RNA polymerase. Actinomycin D was added
at 30 min and incubation continued for 0 min (lanes
1,3) or 40 min (lanes 2,4). The corresponding CMV-
DoF DNA template was incubated for 30 min; Ac-
tinomycin D was added and incubation continued
for 0 min (lane 5) or 40 min (lane 6). Total RNA was
fractionated on an 8% denaturing polyacrylamide
gel. The percent pre-mRNA spliced (mRNA at each
time point/pre-mRNA at 30 min) was quantitated
by PhosphorImager and is shown in the graph. (C)
Same as B except that transcriptions were carried
out for 5 min, followed by the addition of Actino-
mycin D and continued incubation for 15 and 30
min.

Coupling transcription to splicing

GENES & DEVELOPMENT 1105



assembly results from the H complex falling apart and
reassembling into the spliceosome, or whether a portion
of the H complex contains hnRNP proteins that are
bound to regions of the pre-mRNA that do not preclude
spliceosome assembly. In either case, the net result of H
complex assembly is an overall reduction in yields of
spliced mRNA. The observation that transcription by
RNAP II directs immediate spliceosome assembly and
results in a bypass of the nonspecific H complex indi-
cates that RNAP II transcription is functionally coupled
to spliceosome assembly in metazoans. Recent studies
show that spliceosome assembly occurs cotranscription-
ally in Saccharomyces cerevisiae, but it is not yet known
whether these two processes are functionally coupled
(Gornemann et al. 2005; Lacadie and Rosbash 2005).

As previous studies in metazoans indicate that muta-
tions in the RNAP II CTD affect splicing (Fong and Bent-
ley 2001), it is possible that the effect of RNAP II tran-
scription on spliceosome assembly results from associa-
tion of specific spliceosome components with the CTD.
These components, by associating with RNAP II, have
immediate access to the nascent pre-mRNA as it
emerges from the RNAP II exit pore and thereby readily
out-compete inhibitory proteins such as hnRNP pro-
teins, which can only access the pre-mRNA by free dif-
fusion. As a consequence, the RNAP II transcripts are
efficiently directed into the spliceosome assembly path-
way rather than into the inhibitory H complex. A num-
ber of spliceosomal proteins that associate with RNAP II
or the CTD in vitro have been identified, including
Prp40, SCAFs, PSF, p54, SR proteins and all of the spli-
ceosomal small nuclear RNPs (snRNPs) (Mortillaro et al.
1996; Yuryev et al. 1996; Corden and Patturajan 1997;
Kim et al. 1997; Patturajan et al. 1998; Morris and Green-
leaf 2000; Tian 2001; Emili et al. 2002; Robert et al. 2002;
Kameoka et al. 2004; Phatnani and Greenleaf 2004), but
a function for these proteins in coupling remains to be
demonstrated.

Previous studies have provided detailed mechanistic
insights into the coupling between transcription and
capping, and significant advances have recently been
made in understanding the mechanisms that couple
transcription and polyadenylation (Yonaha and Proud-
foot 1999, 2000; Adamson et al. 2005; Rigo et al. 2005).
By establishing an efficient in vitro system for coupling
transcription to splicing, and showing that functional
coupling of these two steps in gene expression occurs
during spliceosome assembly, it should now be possible
to identify the factors involved.

Materials and methods

Plasmids and transcription DNA templates

Plasmid DoA1 was constructed by inserting a KpnI and XbaI
fragment from AdML HMS81 (Michaud and Reed 1993) into
pcDNA3.1, which contains the CMV and T7 promoters (Invit-
rogen). The DoA1 plasmid encodes a splicing substrate consist-
ing of exon 1 (133 base pairs [bp]), intron 1 (123 bp), and exon 2
(130 bp). Plasmid DoF1 was constructed by inserting a HindIII

and EcoRI fragment from Ftz HMS404 (Luo and Reed 1999) into
pcDNA3.1. The DoF1 plasmid encodes a splicing substrate con-
sisting of exon 1 (331 bp), intron 1 (147 bp), and exon 2 (277 bp).
Plasmid Smad-Ad1 containing three introns was constructed by
inserting the AdML intron (123 bp) into three exon junctions of
an EcoRI and XbaI fragment containing Smad cDNA, which was
then inserted into the same sites of pcDNA3.1. PCR products
were generated from plasmids DoA1, DoF1, and Smad-Ad1 to
yield T7 or CMV transcription templates designated DoA, DoF,
and Smad-Ad, respectively. Exon 1, intron 1, and exon 2 gener-
ated by transcription of T7-DoA PCR product are 84, 123, and
130 bp, respectively, and for DoF are 281, 147, and 277 bp,
respectively. The pre-mRNA generated using the CMV pro-
moter putative start site corresponds to the pre-mRNA gener-
ated by the T7 promoter except for the presence of three addi-
tional nucleotides at the 5� end of the T7 pre-mRNA. For Smad-
Ad, the RNAP II transcript from the Smad-Ad PCR product
contains exons 1, 2, 3, and 4 of 241, 89, 193, and 135 bp, respec-
tively. The T7 transcript from this PCR product is identical
except for 49 fewer nucleotides in the first exon of the T7 tran-
script. T7-AdML HMS 81 was used for the splicing assays with
the capped and capless pre-mRNA (Fig. 3). The GG CMV-DoA1
plasmid was constructed by inserting a KpnI–XbaI fragment into
the same site in pcDNA3.1. In vitro transcriptions with T7
polymerase were carried out using standard procedures in the
presence of GpppG, anti-reverse m7GpppG (Stepinski et al.
2001), or no cap (Fig. 3G,H). For Figure 3H, the cap analogs were
present at a 10:1 molar ratio over GTP and in Figure 3G, a 2.5:1
molar ratio.

RNAP II transcription and splicing

In vitro transcription/splicing reactions were performed at 30°C
for the indicated times in 25 µL of reaction mixtures containing
200 ng DNA template, 1 µL 32P-UTP (800 Ci/mmol; Perkin
Elmer Life Sciences catalog #BLU507x), 0.5 mM ATP, 3.2 mM
MgCl2, 20 mM creatine phosphate (di-Tris salt), and 15 µL stan-
dard HeLa nuclear extract used for splicing (Krainer et al. 1984).
The buffer conditions and extract used for the RNAP II tran-
scription/splicing system are the same as those previously used
for in vitro splicing of T7 transcripts. Omitting the final 20-min
10,000-rpm spin that follows the 4-h dialysis of the extract re-
sults in increased levels of transcription. The RNAP II-coupled
transcription/splicing reactions work with similar efficiency in
multiple preparations of nuclear extract. It is not necessary to
add UTP, CTP, or GTP to the reaction mixture as they are not
limiting for transcription in the extract. These nucleotides are
not removed by dialysis due to binding to proteins present in the
extract. The addition of extra NTPs does not increase the levels
of transcription. The efficiency of transcription depends on the
quality of the DNA template. Specifically, a PCR product with-
out nicks and that has minimal sequences flanking the tran-
scribed region generates the highest level of specific transcript.
Nicks result in promoter-independent transcription at the site
of the nick (Slattery et al. 1983). The amount of DNA used in
the transcription/splicing system must be optimized for maxi-
mal transcription in different preparations of nuclear extract.
Splicing of naked T7 transcripts was carried out under identical
conditions except that the DNA template and 32P-UTP were
omitted, and 10 pg (DoA and DoF) or 1 ng (Smad-Ad) 32P-UTP
labeled pre-mRNA was added. T7 RNA polymerase transcrip-
tion/splicing reactions were performed under identical condi-
tions except that 0.5 µL T7 RNA polymerase (50, 000 U/mL,
NEB) was added per 25 µL reaction mixtures. Actinomycin D
(250 ng/25 µL reaction) or �-amanitin (400 ng/25 µL reaction)
was used to block transcription. RNase protection assays were
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carried out using an RPA kit (Ambion). The probe for RNase
protection was generated using SP6 RNA polymerase to tran-
scribe the AdML HMS81 plasmid that was cut with EcoR1. The
probe is 264 nt, and the protected region of the RNAP II tran-
script and T7 AdML is 234 nt. The protected region contains 54
nt of exon 1, the entire intron, and 57 nt of exon 2.

Spliceosome assembly

Spliceosomes were assembled on AdML pre-mRNAs by incu-
bating the indicated T7 transcripts or the indicated CMV DNA
templates under RNAP II transcription/splicing conditions.
Spliceosomes were also assembled using T7-DoF template and
T7 polymerase and the corresponding CMV-DoF template un-
der transcription/splicing conditions. After the reactions, G-50
micro columns (Amersham Biosciences) were used to remove
unincorporated 32P-UTP. One microliter of heparin (6.5 mg/mL)
was added to 10 µL of G-50 column-purified reactions prior to
loading on 1.2% low-melting-point agorose gels (Das and Reed
1999). The RNA species in the complexes were eluted and ana-
lyzed on an 8% denaturing polyacrylamide gel as described (Das
and Reed 1999).
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