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Polyadenylation (PA) is the process by which the 3* ends of most mammalian mRNAs are formed. In nature,
PA is highly coordinated, or coupled, with splicing. In mammalian systems, the most compelling mechanistic
model for coupling arises from data supporting exon definition (2, 34, 37). We have examined the roles of
individual functional components of splicing and PA signals in the coupling process by using an in vitro
splicing and PA reaction with a synthetic pre-mRNA substrate containing an adenovirus splicing cassette and
the simian virus 40 late PA signal. The effects of individually mutating splicing elements and PA elements in
this substrate were determined. We found that mutation of the polypyrimidine tract and the 3* splice site
significantly reduced PA efficiency and that mutation of the AAUAAA and the downstream elements of the PA
signal decreased splicing efficiency, suggesting that these elements are the most significant for the coupling of
splicing and PA. Although mutation of the upstream elements (USEs) of the PA signal dramatically decreased
PA, splicing was only modestly affected, suggesting that USEs modestly affect coupling. Mutation of the 5*
splice site in the presence of a viable polypyrimidine tract and the 3* splice site had no effect on PA, suggesting
no effect of this element on coupling. However, our data also suggest that a site for U1 snRNP binding (e.g.,
a 5* splice site) within the last exon can negatively effect both PA and splicing; hence, a 5* splice site-like
sequence in this position appears to be a modulator of coupling. In addition, we show that the RNA-protein
complex formed to define an exon may inhibit processing if the definition of an adjacent exon fails. This finding
indicates a mechanism for monitoring the appropriate definition of exons and for allowing only pre-mRNAs
with successfully defined exons to be processed.

Polyadenylation (PA) is the process by which the 39 ends of
most mammalian mRNAs are formed. In a tightly coupled set
of nuclear reactions, the precursor RNA is endonucleotypically
cleaved at a specific site; then, approximately 250 adenosine
residues are polymerized to the cleaved end, forming the
poly(A) tail of the final mRNA. Nearly all mammalian cellular
and many viral mRNAs are processed in this manner. It has
been clearly established that a poly(A) tail is essential for the
survival, transport, stability, and translation of most mRNAs
(8, 41, 49, 50, 52).

The PA signal in the precursor RNA defines the site of PA
through specific binding with a complex of proteins which
orchestrate the cleavage and PA of the precursor RNA; bind-
ing specificity is provided by elements in the RNA. The PA
signal used in our studies is the simian virus 40 (SV40) late
polyadenylation (SVLPA) signal shown diagrammatically in
Fig. 1. The central, nearly invariant, feature of mammalian PA
signals is the hexanucleotide consensus element AAUAAA.
This is the binding site for the 160-kDa component of the
cleavage and PA specificity factor (CPSF) (17, 30). The
AAUAAA sequence is located between 11 and 25 nucleotides
upstream of the actual cleavage and PA site. AAUAAA se-
quences are also found within the coding regions of many
genes; thus, additional elements are needed to select the cor-
rect AAUAAA. These additional elements are found within
sequences located 14 to 70 nucleotides downstream of an
AAUAAA. These downstream elements (DSEs) greatly in-

crease the efficiency of utilization of the AAUAAA in directing
PA (3, 9, 15, 16, 25–27, 40, 42, 43, 53–55). A comparison of
DSEs of many PA signals provides no clear consensus se-
quence other than variable lengths (6 to 20 nucleotides) of
GU- or U-rich sequences. These DSEs are the binding sites for
the 64-kDa component of the cleavage stimulatory factor
(CStF), a complex of three proteins which interacts with the
CPSF. Coordinately, the CPSF and the CStF stably bind the
PA signal RNA (8, 46).

While most mammalian PA signals are composed of an
AAUAAA and a GU-rich DSE, some are more complex. The
SVLPA signal contains both a more complex downstream re-
gion and additional efficiency elements upstream of the
AAUAAA (see below). Three DSEs have been identified by
mutagenesis. A GU-rich element (GU in Fig. 1) located 14 to
40 nucleotides downstream of the AAUAAA (9) appears to be
the binding site for the 64-kDa component of the CStF. A
second, G-rich DSE (G in Fig. 1) located 45 to 58 nucleotides
downstream of the AAUAAA binds a 50-kDa protein desig-
nated DSE factor 1 (DSEF-1) (1, 36); DSEF-1 binding may
enhance the efficiency of PA (1, 36). Finally, a U-rich DSE (U
in Fig. 1) was identified 59 to 67 nucleotides downstream of the
AAUAAA by deletion analysis (42, 43). It can function as an
hnRNP C protein binding site and can function alone as a DSE
in heterologous constructions with an AAUAAA (53, 54).

Efficiency elements located upstream of the AAUAAA have
been characterized for a number of PA signals, including the
SVLPA signal (4–6, 11, 12, 29, 38, 39, 44, 45, 47, 48). Our
studies of the SVLPA signal suggest that upstream elements
(USEs) impart characteristics which provide efficiency or spe-
cial levels of control to the PA signal. Few generalizations can
be made about USEs, and no consensus sequence or similarity

* Corresponding author. Mailing address: 314 Clinical Research
Building, 421 Curie Blvd., University of Pennsylvania, Philadelphia,
PA 19104-6142. Phone: (215) 898-3256. Fax: (215) 573-3888. E-mail:
alwine@mail.med.upenn.edu.

4971



has been seen. However, we have characterized three func-
tional elements in the upstream region of the SVLPA signal
(Fig. 1) which share the sequence AUUUGURA (45).

An additional unique element of the SVLPA signal was
characterized by Wassarman and Steitz (51), who showed that
the U1 snRNP can cross-link in vitro to the SV40 late RNA
through RNA-RNA base pairing between the U1 RNA and
the SV40 RNA. This U1 snRNP binding site (U1BS in Fig. 1)
lies 103 nucleotides upstream of the AAUAAA. It has been
proposed that this interaction facilitates PA in vitro (51). How-
ever, several studies have indicated that U1 snRNP binding
sites (e.g., 59 splice sites) in similar locations near PA elements
are inhibitory to PA (14, 18). Our findings, described below,
agree with an inhibitory role for the U1 snRNP binding site.

PA is not an isolated mRNA processing event; in nature it is
highly coordinated, or coupled, with splicing. In mammals this
coordination is believed to be involved with the proper defini-
tion of the last exon of the mRNA. Much work has been done
to determine how introns and exons are defined. The most
compelling model for mammalian systems is the exon defini-
tion mechanism proposed by Berget and colleagues (2, 34, 37).
In general, interior exons (those flanked by 39 and 59 splice
sites, where splice sites are defined by intronic polarity) of
mammalian pre-mRNAs tend to be small, on the order of 150
nucleotides, whereas introns can be very large (tens of thou-
sands of nucleotides). The Berget model suggests that the units
to be spliced are established by a mechanism which defines the
smaller of these. In mammals this is usually the exon; intron
definition has been indicated in some cases, such as Drosophila
(21). Exon definition is proposed to occur when a complex of
splicing factors believed to contain the U2 and U1 snRNPs
recognizes the 39 splice site of an interior exon, followed by U1
snRNP recognition of the downstream 59 splice site. This pro-
cess defines the limits of the exon, and the positioned snRNPs
then proceed to form the spliceosome across the intron.

This model does not account for the definition of the first
and last exons, since first exons contain an m7GpppG 59 cap
structure instead of a 39 splice site and last exons contain a PA
signal instead of a 59 splice site. However, the most compelling
data in support of the exon definition model come from studies
of first- and last-exon definition. The 59 cap structure of a
mammalian pre-mRNA is necessary for the efficient utilization
of the adjacent 59 splice site for definition of the first exon and
removal of the first intron (20). Efficient recognition of the
cap-proximal 59 splice site by the U1 snRNP is facilitated by
the nuclear cap binding complex (CBC) (22). This CBC-di-
rected definition of the first exon is believed to be one of the
earliest steps in pre-mRNA recognition and appears to involve
an interaction between the CBC (bound to the cap) and the U1
snRNP (which binds at the 59 splice site).

Processing of the last exon and removal of the last intron
involve interactions between splicing components at the 39
splice site of the last exon and components of the PA complex
at the PA signal (23, 33, 35). Niwa and Berget used a coupled
in vitro splicing-PA system to show that mutations in the PA
signal which eliminated PA also caused decreased splicing, i.e.,
decreased the removal of the last intron (33). Likewise, muta-
tions in the 39 splice site of the last exon, which eliminated
splicing, caused an inhibition of PA (35). Our laboratory has
confirmed this observation in vivo by using RNA substrates
containing a splice site and the SVLPA signal (7). In addition,
data obtained by others (31, 32) have further established that
the removal of the last intron and PA influence each other
in vivo.

Interestingly, the mechanisms for defining the first and last
exons have unexpected similarities. We have shown that the
presence of a wild-type m7GpppG cap but not a cap analog can
positively affect the efficiency of PA of a PA-only substrate
(i.e., the SVLPA signal with no intron present) (10). Cap
analogs do not stimulate PA because they fail to bind a titrat-
able cap binding factor (10). This factor was shown to be the
CBC, which mediates a physical association between the CBC-
cap complex and factors of the PA complex at the AAUAAA
(13). This interaction is strikingly similar to the proposed in-
teraction between splicing factors at the 39 splice site and the
PA complex, which is believed to influence last-exon definition
and PA. The failure of cap analogs to stimulate PA could be
overcome when a 39 splice site was inserted upstream of the PA
signal, indicating that factors bound at either the cap or the 39
splice site function similarly to affect PA efficiency and com-
plete exon definition.

In the present work, we have used an in vitro coupled splic-
ing-PA reaction with a substrate containing an adenovirus
splicing cassette and the SVLPA signal, MXSVL (35), to ex-
amine how the mutation of individual splicing elements affects
PA and vice versa. We present evidence that mutation of the
polypyrimidine tract and the 39 splice site not only affects
splicing but also significantly reduces PA efficiency. Similarly,
mutation of the AAUAAA and specific DSEs not only affects
PA but also reduces splicing efficiency. The results suggest that
these are the elements most significant for the coupling of
splicing and PA. The USEs of the SVLPA signal appear to
modestly affect coupling, whereas the 59 splice site, under some
conditions (10), does not appear to affect coupling. Our data
also suggest that the binding site for U1 snRNP upstream of
the AAUAAA in the SVLPA signal can negatively affect both
PA and splicing; hence, it appears to be a modulator of cou-
pling. Finally, we show that the RNA-protein complex formed
to define an exon may inhibit processing if the definition of an
adjacent exon fails. This finding indicates a checkpoint mech-
anism for monitoring the appropriate definition of exons and
for allowing only pre-mRNAs with successfully defined exons
to be processed.

MATERIALS AND METHODS

Plasmids encoding precursor RNA substrates. Substrate RNAs for in vitro
splicing and PA reactions were based on the MXSVL substrate (35), containing
an adenovirus splicing cassette upstream of the SVLPA signal (see description in
Results). Substrate RNAs were prepared by in vitro transcription from linearized
plasmid templates; the parent plasmid for the wild-type MXSVL substrate was
pSP64-MXSVL (35). Numerous variants of plasmid pSP64-MXSVL containing
mutations in the splicing elements or the PA signal elements were prepared.
Plasmids pSP64-MXSVL (2USE), pSP64-MXSVL (DSE LSMs), and pSP64-
MXSVL (2AUA) contain PA signal element mutations. These were prepared by
use of plasmid pGem2-UPAS, which contains only the wild-type SVLPA signal
(SV40 nucleotides 2531 to 2729). Linker substitution (LS) mutagenesis was
used to produce the desired mutation in the pGem2-UPAS background. LS
mutagenesis methods used here were similar to those previously described for

FIG. 1. Linear diagram of the SVLPA signal. Above the diagram are the
SV40 nucleotide numbers corresponding to the SVLPA signal. Elements shown
are as follows: AAUAAA, the consensus hexonucleotide; An, the site for cleav-
age and PA; USEs, indicated by three black boxes representing the homologous
AUUUGURA core elements; DSEs, indicated by three white boxes representing
the GU-rich, G-rich, and U-rich elements; and U1BS, the U1 snRNP binding
site. All elements are described in the text.
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the construction of LS mutations in the USEs of the SVLPA signal (45). The
resultant mutant SVLPA signal was then excised and used to replace the BamHI-
SalI fragment of pSP64-MXSVL, resulting in replacement of the entire SVLPA
signal. Plasmid pGem2-UM123 has been previously described (45); it was used as
the source for replacing the wild-type SVLPA sequences in MXSVL to construct
pSP64-MXSVL(2USE). To produce pSP64-MXSVL(DSE LSMs), the following
LSs were made: DM1 (59...GGTACC...39), DM2 (59...CGCGGGAGGTA
CC...39), DM3 (59...GGTACC...39), DM4 (59...ATAGGTACC...39), and DM5
(59...CATGGTACC...39). Similarly, by use of linker scanning mutagenesis, the
AAUAAA present in pGem2-MXSVL (see below) was changed from 59...AATA
AACAAGTTAAC...39 to 59...AAGAAACAAGTTAAC...39 (change is under-
lined) to create the U-to-G mutation in the poly(A) signal and to add a KpnI
linker immediately downstream (for cloning purposes). To produce the pGem2-
U1BS Sp/PA substrate plasmid, the EcoRI-SalI fragment encoding MXSVL was
isolated from pSP64-MXSVL and inserted into a pGem2 vector which was
better suited for PCR-mediated LS mutagenesis. The resultant plasmid, pGem2-
MXSVL, was then used as a template for PCR-mediated LS of the U1 binding
site (51) (59...ACATGATAAGATA...39), replacing it with 59...GAGCGGTAAC
CGCG...39), which contains an NcoI site. Substrate plasmid pGem2-PPT Sp/PA,
containing a mutation of the polypyrimidine tract, was constructed in a manner
similar to that used for pGem2-U1BS Sp/PA; the polypyrimidine tract (59...TC
CCTTTTTTTTCC...39) was replaced with a BglII site and additional changes
from pyrimidines to purines (59...TCGAGATCTAAACC...39).

Preparation of precursor RNA substrates. Templates for in vitro transcription
were linearized with DraI, with the exception of the DM5 mutant substrate,
which was linearized with KpnI (KpnI was used in this case because the DraI site
had been mutated by LS mutagenesis, which substituted a KpnI site). In vitro
transcription reactions were performed with SP6 polymerase (Promega Biotec)
under conditions described by the manufacturer plus 50 mCi of [32P]UTP (Am-
ersham), 250 ng of linearized template DNA, and 0.5 mM m7GpppG cap sub-
strate (Pharmacia). 32P-labeled RNAs were extracted with phenol-chloroform-
isoamyl alcohol (50:49:1), ethanol precipitated, and purified by electrophoresis
through a 5% polyacrylamide–7 M urea gel. RNAs were eluted from the gel
slices in 20 mM Tris-HCl (pH 7.5)–400 mM NaCl–0.01% sodium dodecyl sulfate
at room temperature overnight. After extraction with phenol-chloroform-iso-
amyl alcohol (50:49:1) and chloroform-isoamyl alcohol (49:1), the RNAs were
ethanol precipitated. Incorporated [32P]UTP was quantitated by liquid scintilla-
tion counting.

Nuclear extracts and in vitro processing reactions. HeLa-S3 cell nuclear
extracts were prepared as described by Moore and Sharp (28) with cells obtained
as pellets from the National Cell Culture Center. In vitro reaction mixtures
contained (final concentrations) 32% (vol/vol) nuclear extract, 250 mM ATP
(Pharmacia), 1 mM cordycepin 59-triphosphate (Sigma), 20 mM phosphocre-
atine (Sigma), 2.6% polyvinyl alcohol, 40 U of RNasin (Promega), and approx-
imately 5 fmol of 32P-labeled precursor RNA. The magnesium concentrations in
the reactions were varied from 0.5 to 6.0 mM with MgCl2.

Optimal conditions for processing varies somewhat between different nuclear
extract preparations. Therefore, each extract must be thoroughly characterized
for specific optima. The length of incubation at 30°C needed to attain an optimal
extent of processing (within the linear range of the reaction) was determined by
evaluating nuclear extract activity over a time course with the wild-type splicing
and polyadenylation substrate MXSVL (denoted WT Sp/PA). Extracts were also
characterized for the magnesium concentration which provided optimal cou-
pling; the optimal concentration has been noted to vary between 0.5 and 2.0 mM.
Extracts with different optima provided similar coupling results in magnesium
titration experiments, except that the curves were offset to correspond to the
optimal magnesium concentration. The majority of experiments described in this
report were conducted with the same nuclear extract, which had a 35-min incu-
bation optimum and a 1.5 mM magnesium optimum. The experiments were
repeated with other nuclear extract preparations, with no qualitative variations in
the data trends indicated in magnesium titration experiments.

Processing reactions were terminated by the addition of 8 volumes of 20 mM
Tris (pH 7.5)–400 mM NaCl–0.01% sodium dodecyl sulfate. Reaction products
were extracted once with phenol-chloroform-isoamyl alcohol, ethanol precipi-
tated, and analyzed on a 5% polyacrylamide–7 M urea gel. Substrate RNAs and
processed species were quantitated with a Molecular Dynamics PhosphorImager.
Percent processed RNA was calculated as described in Results.

RESULTS

Effects of Mg21 concentration on the coupling of in vitro
splicing and PA. We determined the effects of splicing and PA
signal elements on coupling by using an in vitro splicing-PA
system (HeLa cell nuclear extracts; see Materials and Meth-
ods) (35) with the MXSVL RNA substrate (Fig. 2), which was
constructed and studied by Niwa et al. (35). This MXSVL
RNA substrate consists of a splicing cassette derived from the
adenovirus major late region coupled to the SVLPA signal
containing the elements described above (Fig. 1). The 32P-

labeled MXSVL substrate was made by in vitro transcription
and gel purification (see Materials and Methods). The purified
substrate RNA was added to a HeLa cell nuclear extract under
coupling conditions (see below), and the products were ana-
lyzed by gel electrophoresis. Figure 3 shows a typical gel anal-
ysis of the processing products. The reactions were carried out
in the presence of the ATP analog cordycepin, a chain termi-
nator that stops poly(A) tail elongation; thus, the products
seen are essentially cleavage products. Cordycepin is used to in-
hibit poly(A) tail elongation because fully polyadenylated pro-
ducts migrate as smears [due to variable lengths of the poly(A)
tails] and are difficult to quantitate.

The products observed are (i) polyadenylated and not
spliced (S2A1), (ii) spliced and not polyadenylated (S1A2),
and (iii) fully processed, spliced, and polyadenylated (S1A1).
The percentage of each of these products can be determined
by PhosphorImager analysis of the gels. In some cases, we
show quantitation representing total splicing or total PA as a
percentage of the total substrate added. For example, the total
polyadenylated fraction would equal (S2A1 1 S1A1)/(total
of all products 1 remaining substrate); the result is converted
to a percentage for presentation. Reaction results were quite
reproducible, since substrate and product RNAs were stable in
the reactions; thus, losses due to degradation were not a prob-
lem.

A potential complication of the in vitro coupled system is
that the PA and splicing reactions, when carried out individu-
ally, have different Mg21 optima. Thus, the coupled reaction
must be performed with an Mg21 concentration at which both
processes occur relatively efficiently (35). It has been estab-
lished with the MXSVL substrate that coupling occurs at low
Mg21 concentrations (e.g., 0.5 to 2 mM) and that the two
reactions are uncoupled both in the absence of Mg21 and at
higher Mg21 concentrations (35) (see below). The optimal
Mg21 concentration for coupling can vary moderately between
extracts; therefore, the properties of each new extract must be
characterized (see Materials and Methods for details of extract
preparation and characterization).

In order to demonstrate coupling and uncoupling, we ti-
trated Mg21 over a range of concentrations and quantitated
the products. Figure 4 shows a bar graph of the PA (Fig. 4A)
and splicing (Fig. 4B) results from an Mg21 titration with the
wild-type MXSVL substrate (percentage of total PA or total
splicing is shown by black bars). For PA, note that there is no
great difference in the total level of polyadenylated RNA over
the entire range of Mg21 concentrations. However, examina-
tion of the individual polyadenylated products (S1A1 [white
bars] and S2A1 [gray bars]) indicates coupling. The fully
processed product (S1A1) predominated at 1.5 mM Mg21,
which was the optimal level for the coupling of PA and splicing
in the extract used. However, as the Mg21 concentration was
increased, the reactions were uncoupled, causing the level of
the S1A1 product to decrease and to be replaced by increas-
ing amounts of the S2A1 product. Thus, when the Mg21

concentration is increased, the reactions are uncoupled, result-
ing in a shift in the polyadenylated fraction from predomi-
nantly fully processed product to predominantly partially pro-
cessed product.

It could be argued that the increase in the level of the S2A1
product at higher Mg21 concentrations is due to the inhibition
of splicing. However, examination of the analogous splicing
data (Fig. 4B) shows only moderate inhibition of total splicing
at higher Mg21 concentrations. More importantly, at all Mg21

concentrations above 1.5 mM, the partially processed S1A2
product prevails. A comparison of the 1.5 and 4 mM Mg21

reactions in Fig. 4A and B provides a particularly good illus-
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tration of the transition from coupled to uncoupled processing
caused by higher Mg21 concentrations. The total PA at each
Mg21 concentration is comparable and the total splicing at
each concentration is comparable, but the level of the fully
processed product (S1A1) is higher at 1.5 mM Mg21 than at
4 mM Mg21.

Effects of mutations in individual splicing and PA elements
on the coupling of splicing and PA. It could be argued that the
above data only fortuitously indicate coupling and, in reality,
result from the effects of varied Mg21 concentrations on two
separate reactions. However, the phenomenon of coupling is
confirmed by the examination of substrates containing muta-
tions in specific splicing and PA elements. The effects of these
mutations, described below, define the role of each element in
both of the individual processing reactions and in coupling.

Figure 2 shows mutations introduced into the WT Sp/PA
substrate: (i) in 2USEs Sp/PA, LS mutagenesis was used to
replace the three homologous USEs (45); (ii) in 239SS Sp/PA,
a point mutation was introduced into the 39 splice site; (iii) in
2U1BS Sp/PA, an LS mutation (LSM) replaces the U1 snRNP
binding site; (iv) in 2AUA Sp/PA, a point mutation changes

AAUAAA to AAGAAA and LSMs replace the USEs; (v) in
2PPT Sp/PA, LS mutagenesis was used to replace the poly-
pyrimidine tract; and (vi) DSE LSMs consist of five separate
LSMs in the downstream region. A mutation of the 59 splice
site is not included since we have previously shown that mu-
tation of the 59 splice site in the presence of a wild-type poly-
pyrimidine tract and a wild-type 39 splice site has no significant
effect on PA (10). Also shown in Fig. 2 is the wild-type PA-only
(WT PA only) substrate which we have used in previous studies
of the SVLPA signal (10, 23, 24, 45). Note that the entire
SVLPA signal previously studied is contained in MXSVL.

Each Sp/PA mutant substrate was tested for coupling in
Mg21 titration experiments similar to those shown in Fig. 4. In
Fig. 5 we show only the total PA (Fig. 5A) and total splicing
(Fig. 5B) results. The results obtained with the WT Sp/PA
substrate for total PA and total splicing are similar to those
shown in Fig. 4.

(i) 23*SS Sp/PA substrate. One of the first mutants tested
was 239SS Sp/PA (Fig. 2). The results are shown only in Fig.
5A (triangles), since this mutant has a point mutation in the 39
splice site which completely eliminates splicing. This mutation

FIG. 2. MXSVL splicing and PA substrate. At the top of the figure is a detailed map of the MXSVL substrate described in the text. Specific elements of the splice
cassette are the 59 splice site (59), the polypyrimidine tract (PPT), and the 39 splice site (39). Specific elements of the SVLPA signal are the same as those shown in
Fig. 1. Below the top diagram are simpler diagrams showing the WT Sp/PA substrate and a series of similar substrates with mutations in the various splicing and PA
elements. Each is described in the text. In addition, LSMs were made across the DSEs of the PA signal; the positions of mutations DM1 to DM5 (1 to 5) are shown.
Also shown is the WT PA only substrate, which we have used in our previous studies of the SVLPA signal. Adeno, adenovirus; nts., nucleotides.
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has previously been shown to adversely affect PA; thus, it
provided one of the first indications of coupling (35). Com-
pared to the wild-type substrate (squares in Fig. 5), the 239SS
Sp/PA substrate showed that the mutation caused a significant
loss of total PA at 1.5 mM Mg21 (coupling conditions). Inter-
estingly, at higher Mg21 concentrations (uncoupling condi-
tions), the total PA of the mutant substrate returned to a level
similar to that of the wild-type substrate.

(ii) 2PPT Sp/PA substrate. The 2PPT Sp/PA substrate
(Fig. 2) had an Mg21 titration profile similar to that of the
239SS Sp/PA substrate, although the decrease in total PA at
1.5 mM Mg21 was not as great. Total PA was consistently re-
duced from 26% to 21% (61 to 2%) with 2PPT Sp/PA, where-
as it was reduced from 26% to 14% (62 to 3%) with 239SS
Sp/PA. These results are not plotted in Fig. 5A due to their
similarity to those obtained with the 239SS Sp/PA substrate.

The above results indicate that mutations in the 39 splice site
or, to a lesser extent, the polypyrimidine tract which eliminate
splicing result in the inhibition of PA specifically under cou-
pling conditions. However, under uncoupling conditions, the
mutations do not appear to affect PA. These findings strongly
support the coupling of PA and splicing. A potential mecha-
nism for the inhibitory effect of the 239SS Sp/PA mutation
under coupling conditions is proposed in the Discussion. The
similarity of the effect when the polypyrimidine tract is mu-
tated suggests that the coupling mechanism involves complexes
interacting with both the 39 splice site and the polypyrimidine
tract.

(iii) 2U1BS Sp/PA substrate. Several reports have sug-
gested that a 59 splice site or potential U1 snRNP binding site
located close to a PA signal (i.e., with no intervening 39 splice
site) inhibits PA (14, 18). This inhibition appears to be caused
by U1 snRNP binding to the site, allowing the U1 snRNP 70K
protein to interact with and inhibit the poly(A) polymerase in
the PA complex (18). Considering this inhibition, we assessed
the effect of mutating the U1 snRNP binding site in the SV-
LPA signal of the MXSVL substrate. The site (U1BS in Fig. 1
and 2) was mutated by LS (2U1BS Sp/PA in Fig. 2) and tested
in an Mg21 titration experiment (inverted solid triangles in Fig.
5). Mutation of the site increased total PA under coupling
conditions (Fig. 5A), but total PA returned to a level similar to
that of the wild-type substrate under uncoupling conditions.
This result agrees with previous observations that such sites are
inhibitory to PA (14, 18) and indicates further that inhibition is

observed only when PA and splicing are coupled and is not
effective under uncoupling conditions.

Total splicing (Fig. 5B) was also increased when the U1
snRNP binding site was mutated. Again, this effect was great-
est under coupling conditions and declined under uncoupling
conditions. Thus, it appears that the presence of the U1 snRNP
binding site negatively modulates both splicing and PA under
coupling conditions.

(iv) 2USEs Sp/PA substrate. LS mutagenesis of all three of
the AUUUGURA upstream element motifs of the SVLPA
signal (2USEs Sp/PA in Fig. 2) resulted in the inhibition of
total PA. This inhibition increased with the Mg21 concentra-
tion (circles in Fig. 5A). Conversely, these mutations had only
a moderate effect on total splicing (circles in Fig. 5B), decreasing
it to 75% the wild-type level under coupling conditions. Hence,
the USEs appear to be primarily PA efficiency elements.

(v) 2AUA Sp/PA substrate. Mutation of AAUAAA to AA
GAAA (2AUA Sp/PA in Fig. 2) completely eliminated PA,

FIG. 3. Products of the splicing and PA reaction carried out with the
MXSVL (WT Sp/PA) substrate. Lanes: Sub., migration position of the intact
MXSVL (WT Sp/PA) substrate (Sub.); Prods., products (Prods.) of the splicing
and PA reaction carried out under coupling conditions (see Materials and Meth-
ods). The major products are S2A1, S1A2, and S1A1.

FIG. 4. Quantitation of the splicing and PA products from the MXSVL (WT
Sp/PA) substrate in the presence of increasing Mg21 concentrations. The
amounts of each splicing and PA product were quantitated from data similar to
those shown in Fig. 3. These values were converted to the percentage of input
substrate and shown as a bar graph. (A) Level of total PA (Total) as well as levels
of the PA products S1A1 and S2A1. (B) Level of total splicing (Total) as well
as levels of the splicing products S1A1 and S1A2. The error of the data shown
was 62 to 4%. WT, wild type.
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as expected, and also had the greatest effect of all of the mu-
tations on total splicing (hourglasses in Fig. 5B). This muta-
tion eliminates CPSF binding, suggesting that properly bound
CPSF at AAUAAA is an important component in coupling, in
agreement with previously proposed models (10, 23, 24, 33–35)
(see Discussion).

(vi) DSE LSM substrates. Figure 6 shows the sequence of
the downstream region of the SVLPA signal, including the
positions of the GU-, G-, and U-rich DSEs and the regions
replaced by LS mutagenesis, DM1 through DM5 (the actual
bases replaced are shown in Materials and Methods). Each
mutation was inserted into the MXSVL substrate (Fig. 2) and
tested for its effects on total splicing and total PA under cou-
pling conditions (1.5 mM Mg21). The data (Fig. 7) are pre-
sented as the percentage of wild-type total PA or the percent-
age of wild-type total splicing, where the wild-type (WT Sp/
PA) levels of PA and splicing are set at 100%. The data suggest
that three different DSE regions, defined by DM2, DM4, and
DM5, significantly affected both PA and splicing. The other
mutations, DM1 and DM3, had little effect on the coupling
reaction. DM2, DM4, and DM5 each disrupted one of the

three DSEs previously defined as being significant for PA (Fig.
1). Interestingly, in the WT PA only substrate (Fig. 2), the
DM5 mutation had little effect on in vitro PA (10a). DM5
mutates the U-rich element, and the result suggests that this
element has a unique function which is detected only under
coupling conditions. In Fig. 5 (2DSE [inverted gray trian-
gles]), the DM2 mutant substrate was subjected to the entire
Mg21 titration for comparison with the other mutant sub-
strates.

DISCUSSION

This study represents a comprehensive examination of the
effects of individual splicing elements and PA signal elements
on the coupling of splicing and PA in an in vitro processing
system. The results strongly support the coupling of PA and
splicing. In addition, the data show that the 39 splice site, the
polypyrimidine tract, AAUAAA, and the individual DSEs
each affect coupling. Further, the data suggest that coupling
can be modulated by structures such as the U1 snRNP binding
site (e.g., a 59 splice site) in the last exon. The involvement of
both the polypyrimidine tract and the 39 splice site suggests
that a pre-splicesosome or splicesosome structure is involved in
coupling. Similarly, the involvement of the AAUAAA and theFIG. 5. Analysis of total PA (A) and total splicing (B) of wild-type and

mutant MXSVL substrates in the presence of increasing Mg21 concentrations.
The substrates analyzed are those shown in Fig. 2. Details are given in the text.
The error of the data shown was 62 to 4%.

FIG. 6. Sequence of the downstream region of the SVLPA signal and posi-
tions of LSMs. The AAUAAA and the three DSEs (GU rich, G rich, and U rich)
are shown in larger letters. The positions of LSMs DM1 to DM5 are indicated.

FIG. 7. Total splicing and total PA of MXSVL substrates containing LSMs in
the DSEs of the PA signal. Mutations DM1 to DM5 (Fig. 6) were introduced into
the MXSVL substrate (see the DSM LSMs substrates in Fig. 2) and analyzed for
in vitro splicing and PA under coupling conditions (1.5 mM Mg21). Total splicing
and total PA were quantitated as a percentage of processing obtained with the
WT Sp/PA substrate (WT). The error of the data was 62 to 4%.
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DSEs suggests that coupling requires the stable formation of at
least the CPSF-CStF complex or, most likely, the entire PA
complex, on the PA signal. Hence, it would appear that two
relatively large complexes mediate coupling and last-exon def-
inition.

One of the most interesting manifestations of coupling was
the inhibition of PA by mutations of the 39 splice site, which
was seen under conditions of coupling but not under uncou-
pling conditions. In order to postulate a mechanism for this
finding, it is necessary to reconsider the suspected mechanisms
of first-exon definition. As mentioned earlier, the 59 cap struc-
ture of the pre-mRNA and the cap-proximal 59 splice site are
needed for first-exon definition (20). This process appears to
involve an interaction between the CBC, bound at the cap, and
U1 snRNP, bound at the 59 splice site (22). It is also known
that the CBC bound to the cap can affect PA (10). We showed
that the WT PA only substrate (containing no splicing ele-
ments) (Fig. 2) was polyadenylated much less efficiently when
it contained a cap analog to which the CBC could not bind
(10). Mechanistically, the loss of PA efficiency results from the
failure to complete a physical association between the CBC-
cap complex and factors of the PA complex (13). Hence, the
presence of a wild-type cap structure in the WT PA only
substrate increases the efficiency of PA, and cap analogs de-
crease the efficiency. However, we noted that for the 239SS
Sp/PA substrate, a cap analog (to which the CBC could not
bind) provided significantly higher levels of PA than did a
wild-type cap on the same substrate (10). In other words, the
inhibition of PA under coupling conditions was reduced when
first-intron definition was debilitated by the use of a cap ana-
log.

These data suggest the mechanism proposed in Fig. 8. The
top diagram shows the processing of the wild-type substrate
(wt Sp/PA), where wild-type splicing and PA would occur. The
interactions between the CBC bound at a wild-type cap struc-
ture and the splicing factors bound at the 59 splice site define
the first exon. Similarly, the last exon is defined by interactions
between splicing factors bound at the 39 splice site (and poly-
pyrimidine tract) and the PA complex bound at the PA site.

These interactions may involve the U1 snRNP-specific U1A
protein and the PA complex (19, 23, 24). With the exons
properly defined, both splicing and PA can proceed. In the
middle diagram in Fig. 8, the 39 splice site has been mutated
(indicated by the X), as in the 239SS Sp/PA substrate. Here,
the definition of the first exon can occur, but the subsequent
exon cannot be defined due to the mutation. The data in Fig.
5A suggest that this situation leads to the inhibition of further
processing. The suggestion that the complex defining the first
exon mediates the inhibition is supported by our previous data
(10) showing that the use of a cap analog (bottom diagram in
Fig. 8) results not only in failure to form the complex which
defines the first exon but also in decreased inhibition of PA.
These data suggest a mechanism whereby the failure to prop-
erly define an exon causes the inhibition of subsequent pro-
cessing of the RNA. This situation would provide a general
processing checkpoint where a message would be completely
processed only after the successful definition of all its exons.

Our data also suggest that the coupling of splicing and PA
can be modulated by the U1 RNA binding site upstream of the
SVLPA signal. It has been proposed that an interaction be-
tween this site and the U1 snRNP facilitates PA in vitro with a
PA-only substrate (51). Using the MXSVL splicing and PA
substrate, we found that mutation of the U1 binding site in-
creased the efficiency of both PA and splicing. This result
agrees with those of several studies indicating that U1 snRNP
binding sites (e.g., 59 splice sites) near PA signals inhibit PA
(14, 18). Our findings extend this observation by suggesting
that such sites may affect both PA and splicing; hence, they
may modulate coupling.

In conclusion, our data suggest that specific splicing ele-
ments can affect PA and vice versa. This is an indication that
they function in coupling. The effects of each element may be
summarized as follows. (i) The 59 splice site can be mutated
with little effect on PA as long as the 39 splice site end poly-
pyrimidine tract is intact (10). (ii) Mutation of the polypyrimi-
dine tract or the 39 splice site significantly inhibits PA, suggest-
ing that splicing complexes bound to these elements play a
major role in coupling. Mutation of these elements, especially

FIG. 8. Model for how the failure to properly define an exon may cause the definition complex on the previous exon to inhibit processing. WT, wild type.
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the 39 splice site, results in the inhibition of PA under coupling
conditions; this inhibition appears to be mediated by the com-
plex which defines the previous exon. (iii) The USEs of the
PA signal appear to be primarily PA elements; mutation of
these elements has only a moderate effect on splicing. (iv)
AAUAAA and the DSEs affect not only PA but also the
efficiency of splicing. This result suggests that the stable for-
mation of the PA complex on the PA signal affects the effi-
ciency of splicing.
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