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ABSTRACT

Compelling in vivo studies suggest a tight functional linkage between RNA polymerase II transcription and pre-
messenger RNA splicing. At present, the specific interactions involved in this coupling are poorly understood and
deserve investigation. To this end, we developed an in vitro system that permits study of coupled transcription and
splicing. Transcripts generated by RNA polymerase II were accurately and efficiently spliced under reaction condi-
tions that permitted both transcription and splicing to occur simultaneously. The splicing of RNA-polymerase-II-
driven transcripts was accelerated relative to that of the same transcripts driven by T7 RNA polymerase. Moreover,
the product of exon ligation was found associated with the DNA template in reactions driven by RNA polymerase II.
These two findings indicate that transcription and splicing were coupled in the in vitro system driven by RNA
polymerase II, and suggest that this system will be useful for the biochemical study of this coupling.
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INTRODUCTION

In vivo studies strongly suggest that nascent tran-
scripts synthesized by RNA polymerase II (RNAP II)
are assembled into splicing complexes and undergo
splicing+ Miller chromatin spreads reveal assembly of
RNP particles, presumed to be spliceosomes, and short-
ening of nascent transcripts, interpreted as intron re-
moval, in genes of Drosophila melanogaster embryos
(Beyer & Osheim, 1988)+ Further evidence for cotran-
scriptional splicing was noted in RNAs originating from
the Balbani ring 1 in the dipteran Chironomus tentans
in which the intron was shown to be removed from the
transcript within the first 2+5 min after the start of the
transcription (Bauren & Wieslander, 1994)+ Recruit-
ment of splicing factors to sites of active viral transcrip-
tion in HeLa cells infected with adenovirus 2 suggests
that splicing factors can be mobilized from sites of stor-
age to transcription sites (Jimenez-Garcia & Spector,
1993)+ Moreover, in mammalian cells, introns are de-
tected only in very close proximity to the gene of origin,
implying that intron removal occurs at, or very near,

sites of transcription (Zhang et al+, 1994)+ Functional
studies also reveal links between transcription and splic-
ing+ A role of promoter sequences in alternative splice
site choice has been reported for the fibronectin EDI
exon; the response to SR proteins depends on the
promoter sequences driving transcription (Cramer et al+,
1997, 1999)+ This suggests the assembly of an exon-
specific polymerase complex+ In another study, com-
mitment to a specific splicing outcome was determined
cotranscriptionally (Roberts et al+, 1998), again imply-
ing linkage between splicing regulation and transcription+

Biochemical evidence of cotranscriptional mRNA pro-
cessing has focused on the role of the C-terminal do-
main (CTD) of the largest subunit of RNAP II, a unique
feature of this polymerase+ In human cells, the CTD
contains 52 repeats of the YSPTSPS motif (Greenleaf,
1993; Corden & Patturajan, 1997; Neugebauer & Roth,
1997; Bentley, 1999)+ Several findings suggest a role
for the CTD as a platform for coupling transcription with
processing+ The RNA 59-capping enzyme associates
with the phosphorylated CTD, which facilitates its re-
cruitment to the nascent RNA (Cho et al+, 1997; Wada
et al+, 1998)+The CTD associates with 39-end-processing
factors (McCracken et al+, 1997; Morris et al+, 1999)
and truncation of CTD inhibits terminal exon splicing,
39-end processing, and termination of transcription in
vivo (McCracken et al+, 1997)+ RNAP II has been pos-
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tulated to be an essential polyadenylation factor (Hi-
rose & Manley, 1998) and the CTD has been implicated
in terminal-exon definition and the subsequent 39-end-
processing complex formation (Dye & Proudfoot, 1999)+
The CTD has also been implicated in coupling RNAP II
transcription and splicing; truncation of the CTD leads
to a severe impairment of splicing, which correlates
with diminished recruitment of splicing factors to sites
of transcription (Misteli & Spector, 1999)+ RNAP II with
a hyperphosphorylated CTD (RNAP II0) has been
shown to stimulate splicing in vitro, whereas the non-
phosphorylated RNAP IIa inhibits the reaction (Hirose
et al+, 1999)+ This implies that the phosphorylation sta-
tus of the CTD plays a role in coupling transcription and
splicing+ As first predicted by Greenleaf (1993), pro-
teins with arginine–serine repeats can interact with the
RNAP II0 CTD (Neugebauer et al+, 1995; Yuryev et al+,
1996; Du & Warren, 1997; Kim et al+, 1997; Tacke &
Manley, 1999)+ Another group of proteins that can po-
tentially link transcription and splicing, the SCAFs
(SR-like CTD associated factors), recognize RNAP II0
phosphorylated at serines 2 and 5 of the heptad repeat
(Patturajan et al+, 1998)+

Previous in vitro studies elegantly demonstrated splic-
ing of transcripts generated by RNAP II (Weingartner &
Keller, 1981; Kole & Weissman, 1982; Padgett et al+,
1983); however, these systems did not splice efficiently
and the results were not consistently reproducible (Her-
nandez & Keller, 1983)+ Here we report the develop-
ment of an efficient in vitro transcription/splicing system
in which the processes occur concurrently+ Transcripts
generated by RNA polymerase II were accurately
and efficiently spliced under reaction conditions that
permitted both transcription and splicing to occur
simultaneously+ In these reactions splicing of RNA-
polymerase-II-driven transcripts was accelerated rela-
tive to that of transcripts driven by T7 polymerase+
Moreover, the product of exon ligation was found asso-
ciated with the DNAtemplate in reactions driven by RNA
polymerase II+These two findings indicate that transcrip-
tion and splicing were coupled in the in vitro system
driven by RNApolymerase II+This system should be very
useful for the biochemical characterization of interactions
between the transcription and splicing machinery+

RESULTS AND DISCUSSION

RNAP II transcripts were spliced efficiently
and accurately

To obtain robust and simultaneous transcription and
splicing in vitro, we engineered DNA templates con-
taining the strong HIV-1 long terminal repeat (LTR)
RNAP II promoter to drive the synthesis of RNAs with
efficient splice sites+ These splicing precursors are de-
rived from the first intron of the adenovirus 2 major late
transcript+ The expected size of the splicing precursor

transcribed from one of these templates, pHA10, was
330 nt and the intron length was 125 nt (Fig+ 1A)+ The
buffer conditions were simultaneously optimized for both
transcription and splicing (data not shown)+ The final
concentrations of KCl and MgCl2 were set at 48 mM
and 2 mM respectively+ The final ATP concentration
was 1 mM and the creatine phosphate concentration
was kept at 5 mM+ Twelve microliters of HeLa cell nu-
clear extract (14 mg protein/mL) was found to be op-
timal for the 25-mL reaction volume+ The same results
were obtained using different preparations of HeLa cell
nuclear extract (data not shown)+ Previous reports of
cotranscriptional splicing of adenoviral RNA and b-globin
RNA used a higher concentration of Mg12 (6+0–7+5 mM)
with KCl concentrations varying from 0 to 60 mM (We-
ingartner & Keller, 1981; Kole & Weissman, 1982)+ In-
terestingly, later studies on in vitro splicing showed a
requirement for a lower concentration of Mg12 (1+5–
2+5 mM) although the concentration of KCl still varied
from 28 mM to 50 mM (Hernandez & Keller, 1983;
Hardy et al+, 1984)+ The exact conditions used in the
experiments shown below are described in detail in
Materials and methods+

The pHA10 template was incubated in HeLa nuclear
extracts under conditions optimal for simultaneous splic-
ing and transcription+ In the reaction shown in Fig-
ure 1B, the lariat intermediate, the lariat product, and
the product of exon ligation were first clearly detectable
at the 30-min time point (Fig+ 1B, lanes 3–7)+ The splic-
ing efficiency for this system appeared to reach a max-
imum of ;60% after 60 min of incubation (Fig+ 1B inset;
see the figure legend for the definition of splicing effi-
ciency)+ As expected, 4 mg/mL of a-amanitin inhibited
the synthesis of the splicing precursor and the appear-
ance of splicing intermediates and products; however,
other RNA species, including the smear observed in
these reactions persisted (data not shown)+ These data
indicate that these RNA species are not degradation
products of the splicing precursor, but rather transcripts
that were not synthesized by RNAP II+When a-amanitin
was added 40 min after the start of the reaction, the
level of splicing precursor and spliced products re-
mained constant for at least another 90 min (data not
shown)+ Using this in vitro system, similar efficiencies
of splicing were obtained when the adenovirus 2 major
late promoter or the cytomegalovirus immediate early
promoter were used instead of the HIV-1 LTR to drive
the synthesis of the splicing substrates (data not shown)+
A splicing substrate in which the pHA10 intron was
increased in length to nearly 1 kb was also transcribed
and spliced efficiently in this system (data not shown)+
These data indicate that the in vitro system described
above was capable of efficient splicing of RNAP II driven
transcripts+

The fidelity of splice site recognition was analyzed
next+ The products of RNAP II transcription/splicing re-
actions and conventional splicing reactions had very
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similar electrophoretic mobility suggesting that the same
splice sites were used in both (data not shown)+ Se-
quence analysis of cDNAs obtained from the product of
exon ligation generated in the RNAP II reactions re-
vealed that splice-site selection and exon ligation oc-
curred at the expected sites (Fig+ 2A)+ When both the
terminal guanosines of the intron were mutated to aden-
osine at the 59 splice site and cytidine at the 39 splice
site, respectively, the splicing of the RNAP II transcripts
was inhibited (Fig+ 2B)+All of these results demonstrate
that splice site recognition was accurate in the in vitro
transcription/splicing system+

RNAP II transcription enhances
the rate of splicing

Quantification of the levels of pHA10 substrate and of
its splicing products suggested that splicing was taking
place while RNAP II driven transcription was ongoing
(Fig+ 1B)+ To more clearly determine the time course of
transcript synthesis by RNAP II we used the pHA7-mut
template, which encodes a transcript that cannot be
spliced (Fig+ 2B)+ There was an apparently linear in-
crease in the level of pHA7-mut transcript up to 60 min
of incubation (Fig+ 3, left panel), which was consistent

FIGURE 1. An in vitro system for efficient splic-
ing of RNAP II transcripts+ A: Schematic of the
DNA templates, pHA10 and pTA10, used for
RNAP-II- and T7-RNA-polymerase-driven RNA
synthesis, respectively+ The RNAP II promoter
and the first 39 residues of the 59 exon are from
the HIV-1 LTR (2550 to 139) in pHA10+ The
remainder of the transcription unit is derived from
pPIP10 (see Materials and methods)+ The open
and the hatched boxes represent the 59 and 39
exons, respectively+ The respective positions of
both the 59 and the 39 splice sites are also indi-
cated+ pTA10 is identical to pHA10 except that
the HIV-1 promoter sequences were replaced
with a T7 RNA polymerase promoter+ B: The
RNA products of a RNAP-II-driven transcription-
splicing reaction were followed from start to
90 min of incubation in 15 min intervals+ Icons
to the right of the gel indicate the positions of
the different species generated as a result of
synthesis and splicing+ The icons, from top to
bottom, designate the lariat intermediate, lariat
product (intron), splicing precursor, the product
of exon ligation, and the debranched linear in-
tron+ The cleaved 59 exon intermediate was not
readily detectable+ MspI fragments of pBR322
DNA were used as size markers+ Interestingly,
the lariat intermediate did not significantly accu-
mulate in the RNAP II system at any time points
during the reaction (lanes 3–7), which is quite
different from conventional in vitro splicing reac-
tions+ Inset: Splicing efficiency was plotted ver-
sus time+ Splicing efficiency was calculated by
the following formula:Splicing efficiency5 [moles
of lariat product 1 linear intron (or product of
exon ligation)]/[moles of lariat product 1 linear
intron (or product of exon ligation) 1 moles of
splicing precursor]+ Very similar values were ob-
tained using the [lariat product 1 linear intron] or
the product of exon ligation+

A coupled system for in vitro transcription and splicing 1327



with calculations based on reactions using pHA10+ A
parallel reaction using pTA7-mut and T7 RNA polymer-
ase added to the HeLa nuclear extract (to a final reaction
concentration of 0+4 U/mL) revealed that transcription
of the pTA7-mut RNA also appeared to be linear for the
first 60 min of incubation (Fig+ 3, right panel)+ The ab-
solute levels of pTA7-mut transcripts depended on the
concentration of T7 RNA polymerase added to the nu-
clear extract (data not shown)+ The time course of splic-
ing for pHA10 RNA and the time course for transcription
of the mutant transcripts, taken together, suggest that
the splicing of pHA10 RNAs was concurrent with active
transcription (compare Fig+ 1B, inset, with Fig+ 3, left
panel)+

If transcription and splicing were coupled in the RNAP
II in vitro system, one would expect that the transcrip-
tional machinery would affect the splicing reaction, pre-
sumably enhancing the rate of splicing+When comparing
the rates of splicing between the RNAP II system and
conventional splicing reactions, we did not notice re-

markable enhancement of splicing kinetics (data not
shown; see legend to Fig+ 1B)+ The conventional splic-
ing reactions, however, commence with a large excess
of splicing substrate, whereas the RNAP II system re-
quires the synthesis of this substrate+ Supplementing
the HeLa nuclear extract with T7 RNA polymerase and
carrying out simultaneous synthesis and splicing would
provide a much more valid comparison for RNAP II
transcription/splicing reactions+ This gives the splicing
machinery the same opportunity to act on nascent sub-
strates synthesized by the two different polymerases+
pHA10 and pTA10 templates were incubated at 30 8C
for identical periods of time and their RNA products,
which are encoded by identical sequences in the two
templates (see Fig+ 1A and discussion below), were
analyzed as discussed before+ Interestingly, we ob-
served a significantly faster accumulation of splicing
products in the RNAP II reactions relative to the T7
RNA polymerase reactions (Fig+ 4A)+ Lariat intermedi-
ates were detected at 30 min of incubation and lariat

FIGURE 2. The splice sites are accurately recognized
in the RNAP II reactions+ A: Reactions used the pHA7
template and RNA synthesized from the pTA7 template
and mutants of each (see Materials and methods)+ The
mutant RNAs had an adenine and a cytosine at the first
and last position of the intron, respectively, instead of
guanines+ Although sequence redundancy around the
splice sites makes the precise cleavage site ambigu-
ous, we have indicated the most likely sites of cleavage
and ligation+ The sequences of the spliced RNA are
shown at the bottom+ B: The RNAP-II-driven transcrip-
tion/splicing and the in vitro splicing of exogenous RNAs
synthesized by T7 RNA pol were carried out for 90 min+
The splicing efficiency of pTA7, pHA7, pTA7-mut, and
pHA7-mut RNAs was calculated as described in Fig-
ure 1B and represented graphically+
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products at 40 min in RNAP II reactions, whereas these
were not detectable in T7 pol reactions until 50 min
(Fig+ 4A)+ Even though the absolute kinetics of the re-
actions varied slightly between experiments, the signif-
icant enhancement of splicing in RNAP II reactions was
always observed+ Splicing was calculated using the
formula described in the legend to Figure 1+ Calcula-
tions using the product of exon ligation were some-
times made difficult by the appearance of a nonspecific
transcript in some T7 RNA polymerase reactions (see,
for example, Fig+ 4A, lanes 9 and 10)+ This species,
which migrated immediately above the product of exon
ligation, was observed in reactions that do not have
any lariat or linear intron product+ To circumvent this
problem and to confirm our results with a different as-
say, we measured splicing using a RT-PCR assay that
was shown to be quantitative for the range of transcript
concentrations used+ Transcripts generated by RNAP II
were spliced faster than the T7-polymerase-generated
RNAs even though the level of precursor in the latter
was at least equal or higher in all the time points stud-
ied+ In the RNAP II reactions the product of exon liga-
tion was first detected at 45 min of incubation and its
level gradually increased with time (Fig+ 4B)+ For T7-
RNA-pol-derived transcripts, spliced product was not
detected until 60 min after the start of the reaction
(Fig+ 4B)+ Thus the RT-PCR assay corroborated the
results obtained using the direct labeling of transcripts+
These data indicate that the synthesis of splicing sub-

strates by RNAP II enhances the rate of splicing and
imply that this in vitro system recapitulates the func-
tional coupling that has been suggested by in vivo
experiments+

RNAP II transcription can lead to transcript modifi-
cation and these modifications could explain the splic-
ing rate enhancement+ The most likely modification
that may account for splicing differences is 59 cap-
ping, which in some in vitro splicing systems has been
shown to be critical for efficient splicing (Konarska
et al+, 1984)+ In our system, splicing of pTA10 was
unaffected by capping (Fig+ 5A)+ To rule out other
modifications between the RNAs, splicing substrates
synthesized by RNAP II and by T7 RNA polymerase
were purified and incubated further under the splicing
conditions described above+ The rates of splicing of
the two transcripts were indistinguishable (Fig+ 5B)+
These experiments suggest that intrinsic differences
in the structure of the splicing substrates do not de-
termine the enhancement in splicing seen in the RNAP
II reactions+ The addition of the 59 cap may be a
critical determinant of splicing efficiency, however, in
other systems where capping has been shown to be
critical for in vitro splicing (Izaurralde et al+, 1994)+
Nonetheless, our data suggest that the functional cou-
pling observed between RNAP II transcription and
splicing could be mediated by interactions other than
those involving the 59 cap+ At this time there are no
in vivo data that directly address this issue+

FIGURE 3. RNA synthesis by RNAP II and splicing are occurring concurrently in the transcription/splicing system+ Quan-
tification of RNA synthesis in the RNAP II and T7 pol reactions are plotted versus time+ pHA7-mut and pTA7-mut templates
were used for transcription and the aliquots were taken out at 5-min intervals+ The amount of RNA in each band was
calculated as total counts (in phosphorimager units) divided by the number of uridines present in them+Minimal degradation
was assumed based on the data described in the text+
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Splicing of nascent RNAP II transcripts in vitro

Above we have shown that the RNAP II transcripts
were spliced while transcription is ongoing and that the

transcripts generated by RNAP II were spliced faster
than those synthesized by T7 RNA polymerase+ It was
not clear, however, whether or not splicing occurred on
nascent transcripts still tethered to RNAP II+ Biotinyl-

FIGURE 4. RNAP II transcription enhances the rate of
splicing+ A: Both the pHA10 (lanes 1–8) and pTA10
(lanes 9–16) templates were used to synthesize the splic-
ing precursors under identical conditions+ T7 RNA poly-
merase (0+4 U/mL) were used to drive transcription from
pTA10 templates+ The reactions were incubated at 30 8C
from 0 to 80 min (t 5 0, lanes 1 and 9; t 5 20, lanes 2 and
10; t 5 30, lanes 3 and 11; t 5 40, lanes 4 and 12; t 5 50,
lanes 5 and 13; t 5 60, lanes 6 and 14; t 5 70, lanes 7 and
15; t 5 80, lanes 8 and 16)+ MspI fragments of pBR322
DNA were used as size markers+ For description of the
icons, see legend to figure 1A+ Inset: Splicing efficiency for
both the reactions were plotted versus time+ (See legend
to Fig+ 1B for description)+ B: RT-PCR quantification of
spliced products+ RNA extracted after the designated time
periods was amplified with exon-specific primers (See Ma-
terials and methods)+ Aliquots of the reaction were as-
sayed at 15-min intervals (t 5 15, lanes 1 and 7; t 5 30,
lanes 2 and 8; t 5 45, lanes 3 and 9; t 5 60, lanes 4 and
10; t 5 75, lanes 5 and 11; t 5 90, lanes 6 and 12)+ MspI
fragments of pBR322 DNA were used as size markers+
The PCR product corresponding to the splicing precursor
(top icon) was 330 bp and that corresponding to the spliced
product was 205 bp (bottom icon)+

1330 S. Ghosh and M.A. Garcia-Blanco



ated transcription templates pHA10, pHA7-mut, and
pTA10 were incubated in HeLa nuclear extracts as de-
scribed above (see Materials and methods)+ To test
whether spliced products were associated with the tem-
plates, these were bound to streptavidin beads and
separated magnetically+ As expected, a fraction of the
pHA10 splicing precursor was found associated with
the pHA10 template in reactions incubated for 15 min
or 45 min (Fig+ 6, lanes 1–6)+ The product of exon
ligation was found associated with the pHA10 template
at 45 min of incubation (Fig+ 6, lanes 4–6)+ The amount
of both precursor and the spliced product obtained af-
ter RT-PCR was quantified using a phosphorimager
and the ratio of spliced product to precursor RNA was
calculated in all the cases+ The ratio obtained in the
bound pHA10 template after 45 min of reaction closely
matched that observed in the supernatant fraction, sug-
gesting that the bulk of the splicing at 45 min was
taking place among template-bound transcripts+Not sur-

prisingly, the pHA7-mut did not lead to the production
of exon-ligated product (Fig+ 6, lanes 7–12)+ pTA10 was
incubated identically, except that the HeLa nuclear ex-
tract was supplemented with T7 RNA polymerase+ In-
terestingly, the pTA10 product of exon ligation was not
found associated with the template, even though a size-
able fraction of the splicing substrate was (Fig+ 6,
lanes 13–18)+ Finding RNAP-II-driven spliced products
associated with templates implies that splicing was oc-
curring while the transcript was still engaged by the
polymerase+ This demonstrates physical coupling be-
tween the transcription and splicing machinery+

Coupling of RNAP II transcription
and splicing in vitro

It was shown in vivo that RNAP II, while elongating
nascent RNAs, also stimulates their subsequent pro-
cessing (Corden & Patturajan, 1997;Du & Warren, 1997;

FIGURE 5. The RNA products of RNAP II and T7 RNA polymerase are spliced with similar kinetics+ A: pTA10 was used to
make capped and uncapped versions of pTA10 RNAs, which were purified and incubated under splicing conditions (see
Materials and methods)+ The capped and uncapped versions of pTA10 spliced with very similar kinetics under the reaction
conditions described in the text+ Icons to the right of the gel indicate the positions of the different species generated as a
result of splicing (for description of these icons, see legend to Fig+ 1B)+ In these reactions the cleaved 59 exon intermediate
was detectable and is identified with the last icon near the bottom+ B: Splicing substrates synthesized with either RNAP II
or T7 pol were purified and incubated in splicing reactions in vitro+ Reactions were terminated at 15-min intervals from time
0 to 60 min of incubation and the products of the reaction evaluated+ Icons to the right of the gel indicate the positions of
the different species generated as a result of splicing (for description of these icons, see legend to Fig+ 1B)+
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Steinmetz, 1997;Bentley, 1999)+The present study dem-
onstrates a highly efficient in vitro system for the cou-
pled transcription and splicing of nascent RNAP II
transcripts+ Functional coupling was shown by a rate
enhancement in RNAP II reactions+ Quantification of
this enhancement suggests that it is spliceosome as-
sembly that is accelerated, leading to a reduction in the
lag phase of splicing+ It is likely that RNAP II promotes
the formation of splicing complexes on nascent tran-
scripts, but would not necessarily affect the rate of the
chemical steps in splicing+ This is consistent with stud-
ies demonstrating that RNAP II0 stimulates the early
steps of spliceosome assembly in a system where splic-
ing was otherwise crippled (Hirose et al+, 1999)+As has
been proposed in vivo,RNAP II transcripts were spliced
as nascent RNAs in the in vitro system described here+
This system can be employed to address questions
regarding the physical associations between compo-
nents of the transcription and splicing machinery and
will be useful in elucidating the molecular under-
pinnings of in vivo phenomena linking RNAPII and
processing of pre-mRNAs+ The present study can also
help in understanding the effects of promoter ele-
ments on RNA alternative splicing and role of different
splicing factors in connecting these important cellular
processes+

MATERIALS AND METHODS

Template DNA

A fragment derived from the HIV-LTR (2550 to 139) was
excised from pBC/HIV/SEAP (Bohjanen et al+, 1997) by StyI/

SacI digestion and inserted immediately upstream of the
EcoRI/HindIII fragment of PIP10 (Carstens et al+, 1998)
and the entire construct was cloned in pBluescript SK(2)
(Stratagene) to generate the plasmid pHA10+ The SK primer
(Stratagene) and a primer directed against the HIV-LTR (59-
CTCTAGGCCTCCAAAAAAGCCTCC-39) were used to gen-
erate RNAP II transcription templates; for T7 RNA pol
transcription, the pTA10 template was generated using SK-
primer and a chimeric primer having T7 RNA pol promoter
sequences and sequences around the transcription initiation
of the HIV-1 LTR (59-TCCCCCGGGTAATACGACTCACTATA
GGGTCTCTCTGGTTAGACCA-39)+ pHA7 and pHA7-mut and
pTA7 and pTA7-mut templates contained the identical HIV-1
or T7 promoter sequences linked to the EcoRI/HindIII frag-
ment of PIP7 or PIP7 with the first and last intronic residue
mutated (see text and the legend to Fig+ 2) (Pasman & Garcia-
Blanco, 1996)+

In vitro transcription and splicing

Nuclear extracts were prepared by the method of Dignam
et al+ (1983)+ The in vitro transcription and splicing reactions
were carried out at 30 8C for the indicated times in 25 mL of a
mix containing 12 mL HeLa nuclear extract (14 mg protein/
mL), 9+6 mM HEPES-KOH, pH 7+9, 9+6% (v/v) glycerol, 48 mM
KCl, 2 mM MgCl2, 300 ng poly(dI):poly(dC) (Amersham Phar-
macia Biotech), 250 ng poly I:poly C (Amersham Pharmacia
Biotech), 240 mM DTT, 5 mM creatine phosphate, 120 mM
EDTA, 1 U of RNasin (Promega), 600 mM of GTP and CTP,
1 mM ATP, 40 mM UTP, and 10 mCi of [a-32P]UTP (3,000
Ci/mmol) (NEN)+ The template DNA was used at 100 ng per
reaction mixture for the RNAP II system+ For cotranscriptional
splicing of the nascent T7-RNA-polymerase-generated tran-
scripts, the template DNA (pTA10) contained T7 promoter
instead of the HIV-LTR+ The reactions were performed under

FIGURE 6. Splicing of nascent RNAP II transcripts in vitro+ The RT-PCR analysis of the RNA molecules attached to the
DNA templates is shown+ The biotinylated pHA10 (lanes 1–6), pHA7-mut (lanes 7–12), and pTA10 (lanes 13–18) templates
were pulled down with streptavidin-magnetic particles after 15 and 45 min at 30 8C and bound RNA molecules were
analyzed by RT-PCR+ For transcription from the pTA10 template, T7 RNA polymerase (0+8 U/mL) was added per reaction+
The total (T) reaction content, the supernatant fraction (S) after magnetic separation, and the pellet fraction (P) for each
template were analyzed+ The identities of the RNA species recovered are indicated to the right+ The PCR product corre-
sponding to the pHA10 splicing precursor (top icon) was 330 bp and that corresponding to the spliced product was 205 bp
(bottom icon)+ The PCR product corresponding to pHA7-mut was 310 bp+MspI fragments of pBR322 DNA were used as size
markers+
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identical conditions with 50 ng of template DNA and 10 units
of T7 RNA polymerase (Ambion) per 25 mL reaction+ For in
vitro splicing, 50 fmol of T7-RNA-polymerase-generated splic-
ing substrate was added exogenously+ The RNA transcripts
for in vitro splicing were synthesized to the same specific
activity as RNAs generated by RNAP II and were capped
using a fourfold molar excess of cap analog (New England
Biolabs) over GTP during their synthesis (Konarska et al+,
1984)+ To terminate the reaction for both transcription/splicing
and in vitro splicing, 100 mL of 100 mM Tris-HCl, pH 7+5,
200 mM NaCl, 100 mM EDTA, 300 mM NaOAc, 25 mg of
yeast tRNA per mL, 0+75% sodium dodecyl sulfate (SDS),
50 mL of 10 mM Tris-HCl, pH 7+5, 50 mM EDTA, 7 M urea,
0+1 M LiCl, and 0+5% SDS (w/v) were added+ RNA was
deproteinized once with phenol:chloroform:isoamyl alcohol
(25:24:1) and once with chloroform:isoamyl alcohol (24:1)+
The extracted RNA was precipitated with 50 mL of 7+5 M
ammonium acetate and 600 mL of chilled ethanol and resus-
pended in H2O+ For debranching reactions with HeLa S100
fraction, RNA was treated with 15 mL of HeLa S100 fraction
(Dignam et al+, 1983) in a 25-mL reaction volume containing
8 mM EDTA at 30 8C for 10 min+ The RNA was deproteinized
and precipitated as before+ For analysis of the reaction prod-
ucts, pellets were resuspended in 98% formamide buffer and
resolved by electrophoresis in 12% polyacrylamide-8 M urea
gels+ The activity of specific bands was quantified using a
PhosphorImager (Molecular Dynamics) and the amount of
each RNA species was determined based on their uridine
content+

Pull-down and RT-PCR analysis

The biotinylated DNA templates used for pull-down assays
were generated by PCR with the biotinylated primers specific
for the promoter sequences+ After the transcription/splicing
reactions were incubated for the desired period, the DNA
molecules were separated magnetically with 10 mL strepta-
vidin magnetic particles (Boehringer Mannheim) and washed
at least three times with 100 mL TEN-100 (10 mM Tris-HCl,
pH 7+5, 1 mM EDTA, and 100 mM NaCl), and particle-bound
nucleic acids were phenol:chloroform extracted and precipi-
tated with ethanol as discussed above+ The precipitates were
resuspended in 13 RQ1 DNase buffer (40 mM Tris-HCl,
pH 8+0, 10 mM MgSO4, and 1 mM CaCl2) and treated with
1 U RQ1 DNase I (Promega) for 30 min at 37 8C+ The reaction
was stopped by incubating at 65 8C for 10 min with 2 mM
EGTA+ Five microliters from this sample were reverse tran-
scribed with 200 U of MMLV-RT (Gibco BRL) and then PCR
amplified for 40 cycles with 2+5 U of Taq DNA polymerase
(Gibco BRL) using primers specific for the ends of the exons+
For quantitative RT-PCR, the amount of MMLV-RT was re-
duced to 100 U per reaction and 0+1 U of Taq DNA polymer-
ase (Gibco BRL) were added for PCR amplification for 20
cycles+ The PCR products were separated in a nondenatur-
ing 8% polyacrylamide gel+
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