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The 5’ cap of a mammalian pre-mRNA has been shown to interact with splicing components at the adjacent
5’ splice site for processing of the first exon and the removal of the first intron (E. Izaurralde, J. Lewis, C.
McGuigan, M. Jankowska, E. Darzynkiewicz, and 1. W. Mattaj, Cell 78:657-668, 1994). Likewise, it has been
shown that processing of the last exon and removal of the last intron involve interaction between splicing
components at the 3’ splice site and the polyadenylation complex at the polyadenylation signal (M. Niwa, S. D.
Rose, and S. M. Berget, Genes Dev. 4:1552-1559, 1990; M. Niwa and S. M. Berget, Genes Dev. 5:2086-2095,
1991). These findings suggest that the cap provides a function in first exon processing which is similar to the
function of the 3’ splice site in last exon processing. To determine whether caps and 3’ splice sites function
similarly, we compared the effects of the cap and the 3’ splice site on the in vitro utilization of the simian virus
40 late polyadenylation signal. We show that the presence of a m’GpppG cap, but not a cap analog, can
positively affect the efficiency of polyadenylation of a polyadenylation-only substrate. Cap analogs do not
stimulate polyadenylation because they fail to bind titratable cap-binding factors. The failure of cap analogs
to stimulate polyadenylation can be overcome if a 3’ splice site is present upstream of the polyadenylation
signal. These data indicate that factors interacting with the cap or the 3’ splice site function similarly to affect
polyadenylation efficiency and complete exon processing. We also find that a 5’ splice site directly upstream of
the polyadenylation signal, along with a m’GpppG cap, is inhibitory to polyadenylation. This finding suggests
that the interaction between the cap-binding complexes and splicing components at the 5’ splice site may form

a complex which is inhibitory to further processing if splicing of an adjacent intron is not achieved.

The majority of pre-mRNAs in mammalian cells are pro-
cessed in the nucleus by 7-methylguanosine (m’GpppG) cap
formation on the 5’ end and splicing and polyadenylation on
the 3’ end. The biochemistry of each of these individual pro-
cessing reactions has been extensively studied (9, 10, 13, 16, 27,
29). These studies suggest that in the cell, the processing of an
mRNA is highly coordinated and that regulatory interactions
must occur between the specialized factors which mediate each
individual processing reaction. Such coordination has been
suggested in the exon definition model proposed by Berget (2).

According to the exon definition model (Fig. 1), mammalian
interior exons, because of their small size (average of 137
nucleotides), are defined when the splicing factors locate a pair
of closely spaced splice sites in exonic polarity (3’ splice site-
exon sequences-5’ splice site). This localization of splice sites
allows exon definition by the binding of Ul and U2 small
nuclear ribonucleoproteins (snRNPs) and associated factors
(2). However, the two terminal exons require a different mech-
anism given that the first exon has a cap structure instead of a
3’ splice site and the last exon has a polyadenylation signal
instead of a 5’ splice site.

The mechanism for the processing of the first exon has been
suggested by the work of Izaurralde et al. (9), which showed
that an m’GpppG cap and a nuclear cap-binding complex
(CBC; an 80-kDa and a 20-kDa cap-binding protein) were
essential for efficient in vitro removal of the adjacent intron,
using a simple one-intron substrate. These data suggest that an
early stage of spliceosome assembly, possibly the formation of
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the commitment complex, is blocked by either the use of a cap
analog (to which CBC does not bind) or the depletion of the
CBC from splicing extracts. These data suggest that the CBC,
in association with the m’GpppG cap, may interact with com-
ponents of the commitment complex (Fig. 1), providing a
means to define the exon or to activate the progression to full
spliceosome assembly. This effect of the cap and the CBC
appears to affect only the removal of the first intron. Previous
in vitro experiments using a two-intron system indicated that
changing the m’GpppG cap to an adenosine inhibited removal
of the first intron but had little or no effect on the removal of
the second (22).

Several lines of experimentation have suggested that pro-
cessing of the last exon involves interaction with splicing com-
ponents at the 3’ splice site and the polyadenylation complex
(Fig. 1). Such interactions have been suggested by experiments
using a coupled in vitro splicing and polyadenylation system
(19, 21). These data showed that mutations in the polyadenyl-
ation signal which inhibited polyadenylation also caused a de-
crease in the efficiency of splicing, i.e., removal of the last
intron. Likewise, mutations in the 3’ splice site of the last exon,
which inhibit splicing, caused inhibition of polyadenylation.
Analogous transfection experiments have provided similar re-
sults in vivo (4, 17, 18). Several previous reports have suggested
a role for a major splicing component, the Ul snRNP, in
nuclear polyadenylation (8, 14, 23, 28). In addition, our labo-
ratory has shown that Ul snRNP A protein positively affects
the efficiency of polyadenylation of the simian virus 40 (SV40)
late polyadenylation signal through interactions with upstream
elements (11) as well as direct interactions with components of
the cleavage-polyadenylation specificity factor (12).

A significant question is: do mechanisms for 3'- and 5'-
terminal exon definition require unique factors, or do similar
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FIG. 1. Definition of exons. The model indicates proposed interactions of
factors at the cap, the 5’ and 3’ splice sites, and the polyadenylation signal (PA)
which may mediate the processing of first, interior, and last exons of a mamma-
lian precursor RNA.

factors accommodate multiple processing signals, i.e., cap, 3’
and 5’ splice sites, and polyadenylation signal? The data dis-
cussed above suggest that for the definition of the first exon,
the cap and the bound CBC provide the same function as a 3’
splice site does in interior and last exons; thus, caps and 3’
splice sites may function similarly for exon definition. To test
this possibility, we compared the effects of the cap and the 3’
splice site on the in vitro utilization of the SV40 late polyad-
enylation signal in HeLa cell nuclear extracts. We show that an
m’GpppG cap can positively affect the efficiency of polyade-
nylation of a polyadenylation-only (PA-only) substrate and
that cap analogs do not stimulate because they fail to bind
specific cap-binding factors. The failure of cap analogs to stim-
ulate polyadenylation can be overcome if a 3’ splice site is
present upstream of the polyadenylation signal. One explana-
tion for these data is that the effects of the cap and the 3’ splice
site on polyadenylation may be mediated by similar factors. We
also show that a 5" splice site directly upstream of the polyad-
enylation signal, along with an m’GpppG cap, is inhibitory to
polyadenylation. This finding suggests that the interaction be-
tween the CBCs and splicing components at the 5’ splice site of
the first exon may form a complex which is inhibitory to further
processing if splicing of an adjacent intron is not achieved.

Sequences from the Adeno <

MoL. CELL. BIOL.

MATERIALS AND METHODS

Plasmids encoding precursor RNA substrates. Substrate RNAs for in vitro
polyadenylation reactions (diagrammed in Fig. 2) were prepared by in vitro
transcription from plasmid templates containing the SV40 late polyadenylation
signal or from templates containing an adenovirus splicing cassette upstream of
the SV40 late polyadenylation signal. Plasmid pGem2-UPAS contains SV40
nucleotides 2533 to 2770 inserted between the BamHI and EcoRI sites of pGem2
(Promega Biotec) (26). It produces a substrate representing the wild-type SV40
late polyadenylation signal (WT PA only). Plasmid pGem2-UM123 has been
previously described (26); it was derived from pGem2-UPAS and contains linker
substitution mutations (Bg/II, Smal, and BglII) in the three repeated upstream
efficiency elements of the SV40 late polyadenylation signal.

Plasmid pSP64-MXSVL, which encodes a precursor RNA containing the wild-
type SV40 polyadenylation signal fused to a functional adenovirus splicing cas-
sette (WT Sp/PA), has been previously described (19, 21). Several variants of
pSP64-MXSVL which produce substrates with mutations in the splicing cassette
were used. Plasmid pSP64-MXSVL 3’-ss, which has been previously described
(19, 21), produces a substrate which bears a point mutation inactivating the 3’
splice site (-3" Sp/PA). Plasmid pGem2-5'SpPA produces a substrate which lacks
the 5’ exonic sequences (-5' Sp/PA); it was derived from pSP64-MXSVL by
cleavage with PstI, isolation of the resulting 380-nucleotide fragment, and inser-
tion of the fragment into the PstI site of pGem2. Plasmid pGem2-5'-3'Sp/PA
produces a substrate lacking the 5’ exonic sequences and containing the point
mutation in the 3’ splice sites (-3',-5' Sp/PA). It was produced in a manner
identical to that used to produce pGem?2-5'SpPA except pSP64-MXSVL3'-ss was
digested with PstI. Orientation respective to the SP6 or T7 promoter of pGem?2
was determined by restriction analysis, and clones which would produce sense
RNA from the T7 promoter were chosen for use.

Preparation of precursor RNA substrates. Templates for in vitro transcription
were linearized with Dral. Reactions were performed with standard conditions
(1), using T7 or SP6 polymerase (Promega Biotec), 50 uCi of [*?PJUTP (Am-
ersham), 250 ng of linearized template, and 0.5 mM of cap substrate (m’GpppG)
or cap analog substrate (ApppG [Pharmacia] [9] or GMP-PCP [CalBiochem]
[6]). **P-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 (pH 7.5)-400 mM NaCl-0.01% sodium dodecyl sulfate at room temperature
overnight. After extractions with phenol-chloroform-isoamyl alcohol and chlo-
roform-isoamyl alcohol (49:1), RNAs were ethanol precipitated. Incorporated
[**P]UTP was quantitated by liquid scintillation counting.

Nuclear extracts and in vitro processing reactions. HeLa-S3 cell nuclear
extracts were prepared as described by Moore and Sharp (15), using HeLa-S3
cells obtained as a cell pellet from the National Cell Culture Center. Some
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FIG. 2. Diagrams of RNA substrates used in in vitro cleavage and polyadenylation reactions. The diagram at the top shows the structure of the coupled splicing
and polyadenylation template contained in pSP64-MXSVL (see Materials and Methods). The WT Sp/PA substrate was produced by in vitro transcription from
pSP64-MXSVL. The other substrates shown were produced from various constructions made from pSP64-MXSVL and pGem-UPAS (see Materials and Methods). The
templates are based on the SV40 late polyadenylation signal (SV40 nucleotides [Nts.] 2531 to 2729; BamHI to Dral; diagrammed on the top left). This signal contains,
in addition to the AAUAAA and the cleavage-polyadenylation site (An), upstream sequence elements (USEs) and downstream sequence elements (DSEs) which affect
the efficiency of polyadenylation (see references in the text). The WT PA only substrate was used to test polyadenylation since it contains only the SV40 late
polyadenylation sequences and no splice sites. The substrate made to examine polyadenylation in the presence of splicing (WT Sp/PA) is the MXSVL substrate
(diagrammed at the top) which includes a splicing cassette from the adenovirus (Adeno) major late region coupled to the SV40 late polyadenylation signal (21). The
-3’ Sp/PA substrate contains a point mutation in the 3’ splice site making it nonfunctional for splicing (21). The -5’ Sp/PA substrate lacks the 5’ splice site as a result
of deletion, and the -5, -3" Sp/PA substrate contains the 5’ splice site deletion and the 3’ splice site point mutation. See Materials and Methods for details of the
construction of each mutant. Each substrate was prepared by in vitro transcription under conditions such that they were primed by a normal m’GpppG cap or an

alternate cap, either GMP-PCP or ApppG (see Materials and Methods).
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FIG. 3. The effect of cap on cleavage and polyadenylation reactions using the WT PA only substrate. (A) The WT PA only substrate was prepared with the
m’GpppG or GMP-PCP cap. Unreacted substrate (Subst.) containing each cap is shown in lanes 3 and 4. Each substrate was then subjected to the cleavage (Clv.)
reaction in the presence of cordycepin (lanes 1 and 2) or to the full polyadenylation (PA) reaction (lanes 5 and 6). The reaction conditions and the electrophoresis
conditions are described in Materials and Methods. (B) Quantitation of the cleavage and polyadenylation reactions using the WT Sp/PA substrate. The results of three
separate reactions similar to those shown in panel A were quantitated with a Molecular Dynamics PhosphorImager, and the percent cleavage or polyadenylation was
calculated. Black bars indicate averages, and gray bars indicate standard deviations. (C) Cleavage reactions were similar to those in panel A except that ApppG was
used in addition to m’GpppG and GMP-PCP. For the first three lanes (WT), the WT PA only substrate was used; for the last three lanes (UM123), the same substrate
with the three upstream elements mutated by linker substitution (see text for details) was used.

variation in cleavage efficiency was noted between different nuclear extract prep-
arations used in these studies. In vitro polyadenylation reaction mixtures con-
tained (final concentrations) 60% (vol/vol) nuclear extract, 1 mM ATP (Phar-
macia), 20 mM phosphocreatine (Sigma), 2.6% polyvinyl alcohol, and
approximately 5 fmol of 32P-labeled precursor RNA. Conditions for the in vitro
cleavage reaction were the same except that 1 mM cordycepin 5'-triphosphate
(Sigma) was used and the ATP concentration was reduced to 250 uM. Condi-
tions for coupled splicing-polyadenylation reactions were the same as those of
the cleavage reactions except that magnesium chloride was added to a final
concentration of 1.5 mM (21). For competition analysis using cap analogs,
exogenous cap analog was added to the in vitro reaction mixtures to give the
indicated final concentrations (see Results) prior to initiation of the reaction by
the addition of nuclear extract. Unless otherwise specified, processing reactions
were performed at 30°C for 60 min and stopped 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
precipitated, and analyzed on 5% polyacrylamide-7 M urea gels. Substrate
RNAs and processed species were quantitated with a Molecular Dynamics Phos-
phorImager. Percent processed RNA was calculated as the amount of processed
species divided by the amount of unprocessed plus processed RNA.

RESULTS

RNA substrates used in in vitro processing reactions. In the
following experiments, we used in vitro RNA processing reac-
tions to test the effects of cap structures and splice sites in
RNA processing, particularly polyadenylation. The RNA sub-
strates prepared for these experiments are listed in Fig. 2. They
are based on the SV40 late polyadenylation signal (SV40 nu-
cleotides 2531 to 2729; BamHI to Dral). This signal contains,
in addition to the AAUAAA and the cleavage-polyadenylation
site, upstream elements and downstream elements which affect
the efficiency of polyadenylation (3, 5, 24, 25, 26, 30). The
substrate made to test polyadenylation only (WT PA only)
contains only the SV40 late polyadenylation sequences and no
splice sites. The substrate made to examine polyadenylation in
the presence of splicing (WT Sp/PA) is the MXSVL substrate
(diagrammed at the top of Fig. 2) which includes a splicing
cassette from the adenovirus major late region coupled to the
SV40 late polyadenylation signal (19, 21). Substrates made
with specific splice sites deleted or mutated (-3’ Sp/PA, -5’
Sp/PA, and -5',-3" Sp/PA) were derivatives of MXSVL (see
Materials and Methods). Each of these substrates was pre-
pared by in vitro transcription under conditions such that they

were primed by a normal m’GpppG cap or an alternate cap,
either GMP-PCP or ApppG (6, 9).

The cap structure affects the efficiency of cleavage and poly-
adenylation. The WT PA only substrate (Fig. 2) was prepared
with the normal m’GpppG cap as well as the cap analog
GMP-PCP. Both RNAs were then tested in normal in vitro
polyadenylation reactions as well as in cleavage reactions
which contained cordycepin to inhibit polyadenylation so that
the cleaved product is detectable. Figure 3A shows that the
substrate with the m’GpppG cap was efficiently cleaved and
polyadenylated, whereas polyadenylation and cleavage of the
substrate with a cap analog, GMP-PCP, were dramatically de-
creased. Figure 3B shows the quantitation of the results of
three separate experiments to demonstrate the effect of the cap
structure on the cleavage and polyadenylation of the WT PA
only substrate. Cleavage was decreased at least 10-fold,
whereas polyadenylation was reduced approximately 4-fold.
The reduced effect on polyadenylation compared with cleavage
is due to nonspecific polyadenylation of 3’ ends which occurs in
these extracts. For this reason, in the following experiments
our quantitative analyses rely on the results of cleavage reac-
tions done in the presence of cordycepin.

In Fig. 3C, the WT PA only substrate was again prepared
with m’GpppG and GMP-PCP as well as a second cap analog,
ApppG, and tested in the cleavage reaction. Again, the sub-
strate with the m’GpppG cap was efficiently cleaved whereas
the cleavage of substrates containing either the GMP-PCP or
ApppG cap was reduced at least 10-fold. Hence, the effect of
cap analogs is seen with at least two different analogs.

Also shown in Fig. 3C are the results of similar experiments
done with the PA-only substrate in which the three upstream
element motifs of the SV40 late polyadenylation signal (Fig. 2)
were mutated by linker substitution (UM123 [26]). The muta-
tion of the upstream element motifs has been shown to dra-
matically affect the efficiency of polyadenylation of the sub-
strate (26). This is clearly seen in Fig. 3C for the UM123
mutant substrate with an m’GpppG cap. The combination of
alternate caps (GMP-PCP or ApppG) and the upstream ele-
ment mutations essentially eliminated the ability of the sub-
strate to be cleaved.
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FIG. 4. Inhibition of cleavage by free m’GpppG cap structure. The percent
cleavage of the m’GpppG-capped PA only substrate was determined in the
presence of increasing concentrations of free m’GpppG, GMP-PCP, or ApppG
cap structure added in the indicated concentrations to the reaction mixtures.

Free m’GpppG cap structure can inhibit cleavage. In Fig. 4,
the percent cleavage of the m’GpppG capped PA-only sub-
strate was determined in the presence of increasing concentra-
tions of free m’GpppG, GMP-PCP, and ApppG cap structures
added to the in vitro polyadenylation reaction mixtures. Only
the m’GpppG cap structure inhibited cleavage, indicating that
titratable factors which interact with authentic cap structures,
but not with cap analogs, are required for the efficient cleavage
of the PA-only substrate.

Effects of cap structures on splicing and polyadenylation
substrates. In Fig. 5A, the WT Sp/PA substrate (Fig. 2) was
analyzed in a coupled in vitro splicing and polyadenylation
reaction in which the substrate contained either an m’GpppG
cap or a GMP-PCP cap. With the m’GpppG cap, the normal
processing products can be seen when the reaction is done in
the presence of cordycepin. These products (second lane in
Fig. 5A) include the unspliced polyadenylated product (PA
only), the spliced and unpolyadenylated product (Sp only), and
the spliced and polyadenylated product (Sp/PA). When the
same reaction is done with the substrate capped with GMP-
PCP, several interesting observations are made. First, there are
few spliced products, which agrees with the data of Izaurralde
et al. (9) showing that an m’GpppG cap and a nuclear CBC are
essential for efficient in vitro removal of the adjacent intron in
a simple one-intron substrate. Second, the levels of the total
polyadenylated products (polyadenylated only plus spliced and
polyadenylated) are very similar regardless of the cap used.
This is shown graphically in Fig. 5B, where the quantitation of
each product from three separate experiments are averaged
and plotted for comparison. Clearly the alternate cap dramat-
ically affected splicing of this substrate. However, in contrast to
the PA-only substrate, the alternatively capped WT Sp/PA
substrate is not dramatically decreased in total polyadenyla-
tion, suggesting that an element of the splice cassette can
insulate polyadenylation from the need for an m’GpppG cap.

The 3’ splice site insulates polyadenylation from effects of
the cap. To determine why the alternative cap structure did not
affect polyadenylation in the WT Sp/PA substrate, we tested
the three mutant Sp/PA substrates shown in Fig. 2. All of these
substrates are mutated in one or both of their splice sites and
hence are similar to the WT PA only substrate in that they are
capable of polyadenylation only. The -3’ Sp/PA substrate has a
single point mutation in the 3’ splice site rendering it incapable
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FIG. 5. The 3’ splice site replaces the need for the m’GpppG cap. (A) The
WT Sp/PA substrate capped with either m’GpppG or GMP-PCP was analyzed in
the coupled splicing and polyadenylation reaction. The migration of the unre-
acted substrate (Sub.) is indicated along with the various reaction products
(Prods.): PA only, the product which is polyadenylated but not spliced; Sp only,
the product which is spliced but not polyadenylated; and Sp/PA, the spliced and
polyadenylated product. (B) Quantitation of the data of three separate experi-
ments similar to that shown in panel A. Each reaction product was quantitated
with a Molecular Dynamics PhosphorImager, and the percentage of the total was
determined. The bars indicate averages, and the thin lines indicate standard
deviations. Total spliced products (TOT S+) is the sum of the spliced-only
product (S+A—) and the spliced and polyadenylated product (S+A+). Total
polyadenylated products (TOT A+) is the sum of the polyadenylated-only prod-
uct (S—A+) and the spliced and polyadenylated product (S+A+).

of splicing; however, the 5’ splice site remains intact (19, 21).
Substrate -5" Sp/PA is likewise rendered incapable of splicing
through the deletion of the 5’ splice site; however, the 3’ splice
site remains intact. In substrate -3’, -5 Sp/PA, both mutations
were combined to remove the 5’ and 3’ splice sites.

Figure 6 compares the quantitative results of three separate
cleavage reactions using the -5" Sp/PA and -3', -5' Sp/PA
substrates with m’GpppG and GMP-PCP caps. The presence
of the cap analog had no significant effect on the percent
cleavage of the -5’ Sp/PA substrate; however, the additional
mutation of the 3’ splice site in the -3'/-5" Sp/PA substrate
caused inhibition of cleavage in the presence of the cap analog.
These data indicate that the presence of a 3’ splice site pro-
vides a level of stimulation to polyadenylation comparable to
that provided by an m’GpppG cap and functionally replaces
the need for the m’GpppG cap.

A 3’ splice site allows efficient polyadenylation in the pres-
ence of free m’GpppG cap structure. In Fig. 4, we showed that
free m’GpppG cap added to a reaction mix inhibited polyad-
enylation of the m’GpppG-capped PA-only substrate as a re-
sult of the titration of m’GpppG cap-binding factors. If a 3’
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FIG. 6. Quantitative results of three separate cleavage reactions using the -5’
SP/PA and -3',-5' SP/PA substrates with m’GpppG and GMP-PCP caps. The
data were quantitated with a Molecular Dynamics PhosphorIlmager, and the
percent cleavage was calculated. Black bars indicate averages, and gray bars
indicate standard deviations.

splice site can functionally replace the cap in affecting polyad-
enylation efficiency, then the 3’ splice site should also insulate
polyadenylation from the effects of titration of the m’GpppG
cap-binding factors. In Fig. 7, we show that this is the case. The
cleavage of the m’GpppG-capped -5’ Sp/PA substrate was not
affected by increased amounts of free m’GpppG cap structure.
However, the removal of the 3’ splice site by point mutation in
the -3',-5" Sp/PA substrate again allowed the inhibition by free
m’GpppG cap structure.

A 5’ splice site upstream of the polyadenylation signal in
conjunction with an m’GpppG cap is inhibitory to polyade-
nylation. In Fig. 8, the processing of the -3’ Sp/PA substrate
(Fig. 2) is compared with that of the WT Sp/PA substrate. In
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FIG. 7. Cleavage of the -5 Sp/PA and -5'/3" Sp/PA substrates capped with
m’GpppG was performed in the presence of increasing concentrations of free
m’GpppG cap structure or the cap analogs GMP-PCP and ApppG. The final
concentrations of free cap added to the reaction were 10, 50, and 100 pM,
respectively. Lane S shows the migration of the substrate (Sub.) alone; lane 0
shows the normal cleavage reaction with no added free cap structure. Prod.,
product.
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FIG. 8. The processing of the -3’ Sp/PA and WT Sp/PA substrates containing
either the m’GpppG or GMP-PCP cap was determined in the splicing and
polyadenylation reaction. Abbreviations are as defined in the legend to Fig. 5A.

agreement with the data in Fig. 5A, the WT Sp/PA substrate
capped with m’GpppG forms all of the spliced and polyade-
nylated products, whereas the -3’ Sp/PA substrate, containing
an intact 5’ splice site and mutated 3’ splice site, is neither
spliced nor polyadenylated appreciably. This latter finding con-
trasts sharply with the other data for splicing-defective sub-
strates in that the normal cap did not compensate for the
absence of the 3’ splice site. This finding suggests that the
presence of the 5’ splice site may be inhibitory.

The use of the GMP-PCP cap with these same substrates
provided more insight into this effect of the 5’ splice site. In
these experiments, we see that the WT Sp/PA substrate is not
spliced but is highly polyadenylated as shown in Fig. 5A. How-
ever, using the -3’ Sp/PA substrate with the cap analog pro-
vides the very interesting result that about 25% of the wild-type
level of cleavage is retained. This is the only condition in which
a cap analog allowed more cleavage than the m’GpppG cap.
This result was consistently seen in repeated experiments using
several extracts. However, it must be pointed out that the
degree of the effect varied (10 to 25% of the wild-type level)
with the extract, suggesting that a labile factor may be involved.
Overall, these findings suggest that, at least in part, the nega-
tive effects of the 5’ splice site on cleavage occur in conjunction
with the m’GpppG cap.

DISCUSSION

Previous data (9) have suggested that a specific CBC (see
the introduction), in association with the m’GpppG cap, inter-
acts with components of the splicing commitment complex at
the 5’ splice site of the first exon (Fig. 1). This interaction
provides a means to define the exon, or to activate the pro-
gression to full spliceosome assembly, thus positively affecting
the removal of the first intron (9, 22). We have shown that the
m’GpppG cap can also positively affect polyadenylation of a
PA-only substrate and that cap analogs do not do this because
they fail to efficiently bind titratable cap-binding factors.

The low efficiency of polyadenylation seen in the presence of
cap analogs can be restored by the presence of a 3’ splice site
upstream of the polyadenylation signal. This finding is in
agreement with the concepts of exon definition (Fig. 1), which
suggests that splicing components at the 3’ splice site and
components of the polyadenylation complex may interact to
define the last exon. The fact that the cap and the 3’ splice site
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are functionally interchangeable as affectors of polyadenyla-
tion suggests that they may utilize similar factors for complet-
ing the interactions between the ends of the exons. For exam-
ple, the specific cap-binding proteins and the splicing
components at the 3’ splice site may interact with similar me-
diating factors (possibly SR proteins or snRNPs, for example)
which complete the interactions with the polyadenylation com-
plex and increase polyadenylation efficiency. Similarly, these
same mediating factors may function with splicing components
at the 3’ splice site during the definition and processing of
interior exons (Fig. 1).

Previous data have suggested that a 5’ splice site located
upstream of a polyadenylation signal may be inhibitory. For
example, Niwa et al. (20) suggested that the insertion of a 5’
splice site in a 3’-terminal exon is inhibitory to polyadenyla-
tion. Similarly, Wassarman and Steitz (28) have characterized
a site upstream of the SV40 late polyadenylation signal which
has weak homology to a 5’ splice site and weak interaction with
U1 snRNP. When this site was changed to a consensus 5’ splice
site, processing of the last exon was inhibited. In addition, a 5’
splice site in the 3’ untranslated region of the bovine papillo-
mavirus type 1 late genes inhibits late gene expression appar-
ently through the inhibition of polyadenylation of late mRNAs
(7). In agreement with these data, we have found that the
presence of a 5’ splice site located upstream of the AAUAAA
of the SV40 late polyadenylation signal is inhibitory to poly-
adenylation. However, this inhibition requires, at least in part,
an m’GpppG cap, since some of the inhibition is relieved when
a cap analog is used. This finding suggests that the interaction
between the CBC at the cap and splicing components at the 5’
splice site forms a complex which is inhibitory to further RNA
processing (at least polyadenylation) if continued processing is
not possible. Such a situation would result from the lack of an
upstream 3’ splice site and, therefore, the inability to remove
an intron.
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