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ABSTRACT Communication between the 5* and 3* ends is
a common feature of several aspects of eukaryotic mRNA
metabolism. In the nucleus, the pre-mRNA 5* end is bound by
the nuclear cap binding complex (CBC). This RNA–protein
complex plays an active role in both splicing and RNA export.
We provide evidence for participation of CBC in the process-
ing of the 3* end of the message. Depletion of CBC from HeLa
cell nuclear extract strongly reduced the endonucleolytic
cleavage step of the cleavage and polyadenylation process.
Cleavage was restored by addition of recombinant CBC. CBC
depletion was found to reduce the stability of poly(A) site
cleavage complexes formed in nuclear extract. We also provide
evidence that the communication between the 5* and 3* ends
of the pre-mRNA during processing is mediated by the phys-
ical association of the CBCycap complex with 3* processing
factors bound at the poly(A) site. These observations, along
with previous data on the function of CBC in splicing,
illustrate the key role played by CBC in pre-mRNA recognition
and processing. The data provides further support for the
hypothesis that pre-mRNAs and mRNAs may exist and be
functional in the form of ‘‘closed-loops,’’ due to interactions
between factors bound at their 5* and 3* ends.

The biosynthesis of most eukaryotic nuclear mRNAs requires
the modification of the 59 end of the RNA by the cotranscrip-
tional addition of an m7G(59)ppp(59)N cap structure (1, 2), the
removal of introns by splicing (3), and the modification of the
39 end by endonucleolytic cleavage and poly(A) addition (4, 5).

Polyadenylation in vertebrates requires two cis-acting RNA
sequence elements which straddle the cleavage site and embody
the core poly(A) site: the AAUAAA hexamer 10–30 nucleotides
upstream of the cleavage site, and an amorphous U- or G1U-rich
element downstream of the cleavage site. Six factors, comprised
of at least 13 proteins, are required for pre-mRNA cleavage and
polyadenylation (4, 5). Cleavage and polyadenylation specificity
factor (CPSF) (6, 7) binds the pre-mRNA upon recognition of the
AAUAAA hexamer, while cleavage stimulatory factor (CstF) (8)
binds the downstream element. Together, CPSF and CstF form
a relatively stable pre-mRNA–protein complex (9) that allows for
the recruitment of cleavage factors Im and IIm (10), and poly(A)
polymerase (11, 12). Following the endonucleolytic cleavage of
the pre-mRNA, poly(A) addition requires both CPSF and
poly(A) polymerase (7, 13). Poly(A) binding protein II, however,
confers both processivity and tail length control to the poly(A)
addition reaction (14, 15).

The 59 cap structure has been shown to influence the efficiency
of 39 processing in vitro (16–18). The addition of the cap analog
m7GpppG to HeLa cell nuclear extract resulted in a reduction in
poly(A) site cleavage, although even at high levels of the analog,

processing was not completely abolished (16, 18). Uncapped
pre-mRNAs were found to be poorly processed in nuclear extract,
and have been shown to compete less efficiently for 39 processing
factors than capped pre-mRNAs (17, 18). Although not essential
for 39 end formation in vitro, the impact of the cap upon
processing in crude nuclear extract suggested that the cap may
indeed contribute to processing within the complex milieu of the
nucleus. A similar picture has emerged from the investigation of
pre-mRNA splicing, in which the 59 cap, although likewise not
essential for processing, does contribute to the removal of the cap
proximal intron (19–22).

In the nucleus, the 59 cap is bound by the nuclear cap-binding
complex (CBC) that in human cells is comprised of two
proteins: CBP20 and CBP80 (23–27). This RNA–protein com-
plex plays an active role in both splicing (19–21, 24) and RNA
export (25, 28). We now show that CBC participates in a
second mRNA processing reaction. Depletion of CBC from
HeLa cell nuclear extract diminished poly(A) site cleavage,
and subsequent addition of recombinant CBC restored pro-
cessing. Poly(A) site cleavage complex stability was found to be
reduced in CBC-depleted nuclear extracts, and the physical
interaction of the CBCycap complex with the 39 processing
complex was demonstrated by coimmunoprecipitation.

The 59 and 39 ends of eukaryotic mRNAs communicate at
nearly every stage in the life of the message. Nuclear export
(29), translation (30–32), and mRNA decay (33) all appear to
involve the coordinate recognition of RNA–protein complexes
at both termini. We now present evidence that CBC bound at
the 59 end of the pre-mRNA participates in the actual biosyn-
thesis of the mRNA 39 end.

METHODS
Preparation of HeLa Nuclear Extracts. HeLa cell nuclear

extracts were prepared as described (34), with the following
exceptions. All buffers contained Tris (pH 7.9) at the concen-
trations indicated for HepeszKOH. Buffer C contains pepstatin at
0.7 mgyml and leupeptin at 0.4 mgyml. The high salt buffer C
contained 800 mM (NH4)2SO4 instead of NaCl, and the low salt
buffer C contained KCl instead of NaCl. The nuclear extract was
centrifuged for 60 min at 95,000 3 g and used undialyzed for in
vitro assays.

Depleted Nuclear Extracts. Depletions were conducted as
described (24), with the following exceptions. The HeLa nuclear
extract was adjusted to 500 mM (NH4)2SO4 and then clarified by
centrifugation at 14,000 rpm in a microfuge for 5 min at 4°C prior
to filtration through a 0.45 mm syringe filter. Eluates from
filtration were recycled over protein-A Sepharose antibody col-
umns (either the rabbit preimmune or the polyclonal anti-
CBP80), which had been crosslinked as described (24). CBC
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levels were monitored by enhanced chemiluminescence (Amer-
sham) Western blot analysis, using a polyclonal CBP80 antiserum.
Depleted extracts were dialyzed into buffer D (100 mM KCly20
mM Hepes, pH 7.9y20% glyceroly0.2 mM EDTAy0.5 mM
DTTy0.1 mM phenylmethylsulfonyl fluoride).

Preparation of Recombinant CBC. rCBC was prepared as
described (25). Briefly, human CBP20 was expressed in Esch-
erichia coli (1-l culture) as a histidine-tagged protein, and
human CBP80 was expressed in E. coli (6-l culture) as an
untagged protein. Histidine-tagged CBP20 was purified on a
nickel-nitrilotriacetic acid column as previously described
(25). 2 ml of purified CBP20 along with 0.5 ml nickel-
nitrilotriacetic acid-agarose was added to a CBP80 expressing
lysate and incubated at room temperature for 1 hr. The
heterodimeric CBC complex was then purified via the histidine
tag resident on CBP20. Purification of CBC was monitored by
gel mobility shift assays using capped (m7GpppG) or uncapped
(pppG) 32P-labeled RNAs. Gel shift assays were conducted as
described (23).

Generation of 32P-Labeled RNA Substrates. L3 RNA sub-
strates for in vitro cleavage reactions were prepared as described
(9). The RNA previously termed AAU 1 ds (9) is referred to
here as L3. All of the substrates were transcribed using SP6
polymerase (Epicentre Technologies, Madison, WI). Transcrip-
tion reactions contained 0.5 mM ATP, CTP, UTP, 15 mM GTP,
0.1 mM [a-32P]GTP with a specific activity of 3,000 Ciymmol
(DuPont; 1 Ci 5 37 GBq), and 0.25 mM cap analog. Cap analogs
were obtained from the following sources: m7GpppG (Epicentre
Technologies) and Gm29pppG7m (Pharmacia). RNA transcripts
were gel purified and stored at 220°C in H2O.

In Vitro 3* Cleavage Assays. Cleavage reactions were carried
out essentially as described (17), with the following exceptions.
2.9 3 10214 mol of 32P-labeled pre-mRNA (100,000 dpm) were
incubated in a total reaction volume of 25 ml containing 4–40%
(volyvol) depleted HeLa nuclear extract, 68 mM KCl, 29 mM Tris
(pH 7.8), 5.8% glycerol, 0.12 mM EDTA, 0.5–1.0 mM 39dATP,
2% polyvinylalcohol, and 0.5 mg tRNA for 10–40 min at 30°C.
Complementation of CBC-depleted nuclear extract with recom-
binant CBC was carried out as described above for depleted
nuclear extract cleavages, with the following modifications: all
components excluding 32P-labeled pre-mRNA and 39dATP were
added together on ice and preincubated at 30°C for 10 min. The
reactions were then chilled on ice prior to the addition of
32P-labeled substrate and 39dATP. rCBC complementation re-
actions were returned to 30°C for 40 min. All cleavage reactions
were stopped by the addition of 170 ml ETS (10 mM EDTA, 10
mM Tris, 0.5% SDS) and 5 ml proteinase K (20 mgyml) and
incubated at 37°C for at least 10 min. Reactions were phenolized
and ethanol precipitated, followed by denaturing 10% PAGE.

In Vitro Polyadenylations. 32P-labeled pre-mRNA (2.9 3
10214 mol) (100,000 dpm) was incubated in a total reaction
volume of 25 ml containing 4–40% (volyvol) CBC- or mock-
depleted nuclear extract, 68 mM KCl, 29 mM Tris (pH 7.8),
5.8% glycerol, 0.12 mM EDTA, 0.7 mM ATP, 0.5 mM MgCl2,
2% polyvinylalcohol, and 0.5 mg tRNA for 10 min at 30°C.
Reactions were treated with ETSyproteinase K as described
above for 15 min at 37°C, phenolized, ethanol precipitated, and
electrophoresed on a denaturing 5% polyacrylamide gel.

3* Processing Complex Analysis. 39 processing complex
stability assays were conducted essentially as described (35). 30
ml reactions contained 12.5% (volyvol) of depleted nuclear
extract, 1% polyvinyl alcohol, 0.75 mg tRNA, 9 mg total yeast
RNA, 75 mM KCl, 15 mM Tris (pH 7.9), 7.5% glycerol, 20 mM
EDTA, 50 mM DTT, 10 mM phenylmethylsulfonyl f luoride,
and 4.3 3 10214 mol (100,000 dpm) of 32P-labeled HIV-1
pre-mRNA (useyCPS full-length for cleavage complexes or
useyCPS precleaved for polyadenylation complexes) (35). Re-
actions were incubated for 10 min at 30°C, and a 5-ml aliquot
was removed from each sample as time point 0, transferred to
ice and treated with 5 mgyml heparin. To the remaining 25 ml

reaction, 4.0 3 10212 mol of unlabeled capped L3 pre-mRNA
was added. Incubation of the reaction was continued at 30°C
and 5 ml aliquots were removed from each reaction at 5, 10, 20,
and 40 min, placed on ice and treated with 5 mgyml of heparin.
Reactions were electrophoresed on a nondenaturing 3% poly-
acrylamide (80:1) gel in 25 mM Tris, 25 mM boric acid, and 1
mM EDTA at 300 V for 1.5 hr at 4°C. The gel was preelec-
trophoresed for 30 min prior to loading.

RNase HyImmunoprecipitations. RNA–protein complexes
were assembled as follows: 125 ml reactions contained 12.5%
(volyvol) of nuclear extract (preadsorbed with protein A-
Sepharose to remove nonspecific binding proteins), 1% polyvinyl
alcohol, 2.5 mg tRNA, 30 mg total yeast RNA, 75 mM KCl, 15 mM
Tris (pH 7.9), 7.5% glycerol, 20 mM EDTA, 50 mM DTT, 10 mM
phenylmethylsulfonyl fluoride, 1 mM MgCl2, and 2.2 3 10213 mol
(500,000 dpm) of 32P-labeled HIV-1 pre-mRNA (useyCPS full-
length; ref. 35). The HIV-1 pre-mRNA containing a wild-type
hexamer (AAUAAA) was either capped (m7GpppG) or un-
capped (pppG), and an HIV-1 pre-mRNA containing a mutant
hexamer (AAUAAA3CCACCC) was capped. Reactions were
incubated for 10 min at 30°C. For RNase H digestion, 1.3 mM of
the DNA oligo (59-GTACAGGCAAAA-39), complementary to
a sequence between the 59 end of the RNA and the poly(A) site,
was added to the reaction. After incubation of the reaction at
30°C for 10 min, EDTA was added to 2.5 mM to block further
cleavage by RNase H. 25 ml aliquots were removed from the
reaction and added to 20 ml of protein A-Sepharoseyantibody
preparation or protein G-Sepharoseyantibody preparation (50%
slurry). Protein G-Sepharose beads or preimmune serumyprotein
A and aCBP80yprotein A crosslinked preparations were incu-
bated in the presence of 100 mg of total yeast RNA in NET-2
buffer (150 mM NaCly50 mM Tris (pH 7.9)y0.05% Nonidet P40)
at room temperature for 30 min. The beads or beadyantibody
preparations were then washed twice in 10 volumes of NET-2.
After washing, the beads and beadyantibody preparations were
resuspended in NET-2 buffer to a final 50% slurry. Immuno-
precipitations with the a64k (Clinton MacDonald, Texas Tech,
Lubbock, TX) and the a-2,2,7trimethylguanosine (aTMG) (On-
cogene Science) antibodies were performed as follows. To the
20 ml of blocked protein G beads, either 10 ml of purified aTMG
or 10 ml of a64k hybridoma culture supernatant was added,
followed by the 25 ml reaction aliquot. Immunoprecipitations
using the crosslinked aCBP80 or crosslinked preimmune serum
also received a 25 ml aliquot of the reaction mixture along with 10
ml of NET-2 buffer. Immunoprecipitation reactions were incu-
bated on ice for 45 min with frequent but gentle mixing. The
reactions were centrifuged (pulse in microfuge) and the super-
natant was removed. The pellets were washed four times with 10
volumes of NET-2 buffer. After the final wash, 195 ml of ETS and
5 ml of proteinase K were added to the beads and incubated at
37°C for 15 min. Reactions were phenolized, ethanol precipitated,
and electrophoresed on a denaturing 10% polyacrylamide gel.

RESULTS
Depletion of CBC from HeLa Cell Nuclear Extract Inhibits

Poly(A) Site Cleavage. Previous studies have shown that a 59 cap
structure (m7GpppG) augmented mRNA 39 processing in HeLa
cell nuclear extract (16–18). Addition of exogenous m7GpppG,
but not ApppG, to nuclear extract reduced, but did not abolish
poly(A) site cleavage, suggesting that a titratable factor mediated
the enhancement of 39 processing (16, 18). In the nucleus, the
m7GpppG cap is bound by the heterodimeric CBC composed of
CBP20 and CBP80 (23–27). CBC was considered the most likely
candidate for the m7GpppG-titratable factor involved in the
enhancement of poly(A) site cleavage. We therefore depleted
CBC from HeLa nuclear extract using a polyclonal CBP-80
antibody. It has been determined that immunodepletion with
anti-CBP80 coimmunodepletes CBP20 (24).

A comparison of the poly(A) site cleavage activity of the
CBC-depleted and mock-depleted HeLa cell nuclear extract
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revealed a 4-fold reduction in the depleted extract (Fig. 1A,
compare lanes 4 and 8). The difference in poly(A) site cleavage
activity in the mock-depleted vs. the CBC-depleted extract was
equivalent to the difference in cleavage activity between
m7GpppG-capped and uncapped pre-mRNAs, in HeLa cell
nuclear extract (data not shown).

We also examined the impact of CBC-depletion upon the
second step of 39 processing, poly(A) addition, using a pre-
cleaved RNA substrate [an RNA extending only to the poly(A)
cleavage site]. In contrast to poly(A) site cleavage, the effi-
ciency of poly(A) addition to the precleaved RNA was only
slightly reduced ('10%) by CBC depletion (Fig. 1B).

Recombinant CBC Restores Poly(A) Site Cleavage Activity to
a CBC-Depleted HeLa Cell Nuclear Extract. To determine
whether the absence of CBC alone was responsible for the
reduction in poly(A) site cleavage activity in depleted extract,
purified recombinant CBC (rCBC) was added back to the de-
pleted extract. Fig. 2 (lanes 2–4 and 9–11) illustrates the level of
processing of capped pre-mRNA with increasing concentrations
of mock- and CBC-depleted extract, respectively. Fig. 2, lanes 1
and 8, illustrate the level of processing of uncapped pre-mRNA

in mock- and CBC-depleted extract, respectively, at the highest
extract concentration. As illustrated in Fig. 2 (lanes 12–14), rCBC
was sufficient for the restoration of efficient poly(A) site cleavage
activity to the CBC-depleted nuclear extract. The addition of
rCBC had no detectable impact upon poly(A) site cleavage when
added to the mock-depleted nuclear extract (Fig. 2, lanes 5–7).
Thus, rescue of cleavage activity was specific, and not due to
nonspecific stimulation of processing by the addition of rCBC.
Furthermore, the inability of rCBC to enhance poly(A) site
cleavage of an uncapped pre-mRNA over a wide range of
concentrations (data not shown) suggests that the actual binding
of CBC to the pre-mRNA is required for efficient 39 processing.
CBC is therefore essential for the cap-dependent enhancement of
poly(A) site cleavage in HeLa cell nuclear extract.

3* Processing Complex Stability Is Diminished in the Ab-
sence of CBC. To address the mechanism by which CBC
participates in the cap-dependent enhancement of poly(A) site
cleavage in nuclear extract we examined the impact of CBC
depletion upon 39 processing complex stability. The efficiency
of 39 processing has been shown (4, 5, 36–40) to correlate with
the stability of processing complexes formed on the pre-
mRNA in vitro. A capped 32P-labeled pre-mRNA containing
the HIV-1 poly(A) site was incubated at 30°C in each extract
to allow for complex formation. After a 10-min incubation, an
aliquot was withdrawn, placed on ice, and treated with heparin
(0 time point). A 100-fold molar excess of unlabeled capped L3
pre-mRNA was then added to the reaction and the incubation
was continued at 30°C. Aliquots were withdrawn at 5, 10, 20,
and 40 min, placed on ice and treated with heparin.

As illustrated in Fig. 3, the stability of poly(A) site cleavage
complexes (‘‘B’’ complexes—containing both CPSF and CstF;

FIG. 1. Inhibition of poly(A) site cleavage by CBC depletion. (A)
An m7GpppG-capped pre-mRNA containing the L3 poly(A) site was
incubated with increasing amounts of either a mock-depleted (lanes
1–4) or a CBC-depleted (lanes 5–8) HeLa cell nuclear extract in the
presence of 39 dATP. Products of the cleavage reaction were resolved
on a denaturing 10% polyacrylamide gel. (B) An m7GpppG-capped
precleaved RNA (extending only to the poly(A) cleavage site) con-
taining the HIV-1 poly(A) site was incubated with increasing amounts
of either mock-depleted (lanes 1–4) or CBC-depleted (lanes 5–8)
HeLa cell nuclear extract in the presence of ATP. The reaction
products were resolved on a denaturing 5% polyacrylamide gel.

FIG. 2. rCBC restores poly(A) site cleavage efficiency to a CBC-
depleted HeLa cell nuclear extract. Uncapped (pppG, lanes 1 and 8)
or capped (m7GpppG, lanes 2–7 and 9–14) pre-mRNAs containing the
L3 poly(A) site were incubated in mock-depleted (lanes 1–7) or
CBC-depleted (lanes 8–14) HeLa cell nuclear extract in the presence
of 39 dATP. The extracts were supplemented with the indicated
amount of recombinant CBC (lanes 5–7 and 12–14). The reaction
products were resolved on a denaturing 10% polyacrylamide gel.

Biochemistry: Flaherty et al. Proc. Natl. Acad. Sci. USA 94 (1997) 11895



ref. 9) was reduced in the CBC-depleted extract relative to the
mock-depleted extract (Fig. 3, compare lanes 1–5 and 6–10).
Quantitation revealed a two-fold reduction in the B complex
half-life in the CBC-depleted extract. In a set of five independent
experiments, the mean reduction in B complex half-life in the
CBC-depleted extract was 3.6-fold (SD 5 1.5). It should be noted,
however, that in crude extract we are unable to distinguish
between CPSFyCstFyRNA complexes and higher order com-
plexes containing additional 39 processing factors by gel mobility
shift. The possibility therefore remains that CBC may affect the
association of additional 39 processing factors with the CPSFy
CstFyRNA complex.

The stability of poly(A) addition complexes (‘‘A’’ complex-
es—containing CPSF, but not CstF; ref. 9) formed on a
precleaved HIV-1 pre-mRNA was also examined. Quantita-
tion of the A complexes formed in CBC- and mock-depleted
extracts (data not shown) revealed no significant difference in
A complex stability. These results were consistent with our
observations that the efficiency of poly(A) addition in the two
extracts was nearly equivalent (Fig. 1B).

Physical Interaction Between the CBCyCap Complex and the
3* Processing Complex. The impact of CBC on cleavage complex
stability in HeLa cell nuclear extract suggested a potential phys-
ical interaction between these two RNA–protein complexes. To
investigate the existence of protein-mediated interactions of the
59 end of the RNA and the poly(A) site, we utilized an RNase
Hyimmunoprecipitation assay. Our strategy was to form 39
processing complexes on capped pre-mRNA in a HeLa cell
nuclear extract and then cleave the RNA between the cap and the
poly(A) site using a complementary DNA oligonucleotide and
the endogenous RNase H activity of the extract. The RNase H
digestion was stopped after 10 min of incubation by the addition
of EDTA. The potential interaction between the 59 and 39 RNase
H digestion products was then examined by the immunoprecipi-
tation of the RNA–protein complexes with antibody directed
against CBP80 (anti-CBP80) or against the 64-kDa subunit of
CstF (anti-64k). If CBC and the 39 processing complex physically
interact, each antibody should be capable of immunoprecipitating
both the 59 and 39 RNase H cleavage products. Two other
antibodies were used: (i) rabbit preimmune serum, as a control,
and (ii) an anti-TMG mAb. The anti-TMG antibody recognizes
a set of small nuclear RNAs via their unique TMG cap, as
confirmed by the 39 end labeling of anti-TMG immunoprecipi-
tated HeLa cell nuclear extract RNAs (data not shown).

Three RNAs were examined: (i) an m7GpppG-capped RNA
containing a wild-type poly(A) site (Fig. 4, lanes 1–8); (ii) an
m7GpppG-capped RNA containing a mutant hexamer
(AAUAAA to CCACCC) (Fig. 4, lanes 9–16) that does not
support 39 processing complex formation (data not shown); and
(iii) a Gm29pppG7m-capped (‘‘reverse’’ capped) RNA containing
a wild-type poly(A) site (Fig. 4, lanes 17–24). CBC does not
detectably bind to RNAs carrying this reverse cap structure in
vitro (data not shown). The HIV-1 pre-mRNA was again used for

FIG. 3. CBC contributes to B complex stability. A 32P-labeled
m7GpppG-capped pre-mRNA containing the HIV-1 poly(A) site was
incubated with either CBC-depleted (lanes 1–5) or mock-depleted (lanes
6–10) nuclear extract. 39 processing complexes were allowed to form for
10 min at 30°C. An aliquot was removed, denoted time 0, and treated with
heparin at 0°C. A 100-fold molar excess of unlabeled m7GpppG-capped
pre-mRNA was added to the remaining reaction and aliquots were
removed after an additional incubation for 5, 10, 20, and 40 min. The
RNAyprotein complexes were resolved on a nondenaturing 3% poly-
acrylamide gel. The B complex contains both CPSF and CstF (9).

FIG. 4. Physical interaction of
the CBCycap and 39 processing
complexes. m7GpppG-capped pre-
mRNAs containing either a wild-
type HIV-1 poly(A) site (lanes 1–8)
or an HIV-1 poly(A) site contain-
ing a hexamer mutation
(AAUAAA to CCACCC), and a
Gm29pppG7m-capped (reverse
capped) RNA containing a wild-
type HIV-1 poly(A) site (lanes 17–
24) were incubated in HeLa cell
nuclear extract in the presence
(odd-numbered lanes) or absence
(even-numbered lanes) of a DNA
oligonucleotide complementary to
a region between the cap and
poly(A) site. After 10 min at 30°C,
EDTA was added to block the en-
dogenous extract RNase H activity.
Immunoprecipitations were then
conducted with the following anti-
bodies: anti-64k CstF (lanes 1, 2, 9,
10, 17, and 18), anti-CBP80 (lanes
3, 4, 11, 12, 19, and 20), preimmune
(P.I.) serum (lanes 5, 6, 13, 14, 21,
and 22), and anti-TMG (lanes 7, 8,
15, 16, 23, and 24). The RNA was
extracted from the immunoprecipi-
tates and electrophoresed on a de-
naturing 10% polyacrylamide gel.
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these experiments, since it was more amenable to RNase H
cleavage than the L3 pre-mRNA (data not shown). As shown in
Fig. 4, immunoprecipitation of RNA–protein complexes formed
on the m7GpppG-capped RNA, containing a wild-type poly(A)
site, with either the anti-64k or anti-CBP80 antibodies resulted in
the coisolation of the 59 and 39 RNase H cleavage products (Fig.
4, lanes 1–4). The preimmune and anti-TMG antibodies immu-
noprecipitated background levels of these cleavage products as
well as the full-length RNA (Fig. 4, lanes 5–8). The amount of
RNA isolated following the immunoprecipitation of complexes
formed on the m7GpppG-capped hexamer mutant RNA with the
anti-64k antibody was similar to that of the preimmune antibody
control (Fig. 4, compare lanes 9 and 10 to 13 and 14). Although
the amount of full-length RNA in these immunoprecipitates was
high, the amount of 59 and 39 RNase H cleavage products were
dramatically reduced relative to the wild-type pre-mRNA (Fig. 4,
lanes 1 and 2). Immunoprecipitation of complexes formed on the
m7GpppG-capped hexamer mutant RNA with the anti-CBP80
antibody resulted in the isolation of significant levels of both
full-length and 59 RNase H cleavage product (Fig. 4, lanes 11 and
12). Importantly, however, immunoprecipitation of the 39 cleav-
age products with this antibody was reduced to a level comparable
to that of the preimmune control immunoprecipitation (Fig. 4,
compare lanes 11 and 13). Immunoprecipitation of complexes
formed on the reverse-capped (Gm29pppG7m) RNA, containing
a wild-type poly(A) site, with the anti-64k antibody resulted in the
isolation of an increased level of 39 products relative to the level
of 39 products isolated by immunoprecipitation with the preim-
mune serum (Fig. 4, compare lanes 17 and 21). No 59 products
were detectable. The level of 39 products recovered from the
reverse-capped RNA following immunoprecipitation with the
anti-64k antibody was reduced, however, relative to the
m7GpppG-capped capped RNA (Fig. 4, compare lanes 1 and 17).
This reduction in the recovery of 39 products is consistent with the
reduced stability of cleavage complexes formed in the absence of
CBC (Fig. 3). The amount of full-length, 59, and 39 products
isolated by immunoprecipitation by the anti-CBP80 antibody was
approximately equivalent to that isolated by immunoprecipita-
tion with the preimmune serum (Fig. 4, compare lanes 19, 20 and
21, 22).

No evidence was obtained for an association of small nuclear
ribonucleoproteins (snRNPs) with either the CBCycap or the
39 processing complexes (Fig. 4, lanes 7, 8, 15, 16, 23, and 24).
Taken together, our results provide strong evidence of a
physical interaction between the CBCycap complex and 39
processing factors bound at the poly(A) site.

DISCUSSION
Eukaryotic pre-mRNA 39 processing requires a complex array of
proteins that serve in the recognition of an extraordinarily limited
set of conserved sequence elements (4, 5). An understanding of
the mechanism of poly(A) site recognition is emerging in which
multiple weak RNA:protein and protein:protein interactions
contribute to the assembly of 39 processing complexes at authentic
poly(A) sites. The demonstration that CBC enhances poly(A) site
cleavage adds yet another component to the network of interac-
tions responsible for poly(A) site recognition. We propose that
the participation of CBC in 39 processing reflects a fundamental
role of the CBCycap complex in the targeting of nascent RNA
polymerase II transcripts for processing.

Early work on mRNA 39 processing demonstrated that the
presence of an m7GpppG cap structure on the pre-mRNA
enhanced poly(A) site cleavage efficiency in HeLa cell nuclear
extract (17). Dinucleotide cap analog competition experiments
indicated a requirement for a titratable cap-binding factor for
efficient processing (16, 18). We have now demonstrated that
CBC is required for the enhancement of 39 processing by the 59
cap. Immunodepletion of CBC from HeLa cell nuclear extract
reduced the poly(A) site cleavage efficiency of a capped pre-
mRNA to the level of an uncapped pre-mRNA. Addition of

recombinant CBC to the depleted extract restored efficient
processing. In every case examined, the impact of the structure of
the 59 end of the pre-mRNA on 39 processing correlated directly
with the binding of CBC (data not shown). The physical inter-
action of the CBCycap complex with the processing complex
assembled at the poly(A) site, as demonstrated by RNase Hy
coimmunoprecipitation experiments, supports a mechanism for
39 processing in which the 59 and 39 ends of the pre-mRNA are
juxtaposed by protein:protein interactions. An analysis of 39
processing complexes indicated that CBC increased the stability
of poly(A) site cleavage complexes formed in HeLa cell nuclear
extract.

The impact of CBC on 39 processing complex stability and
its influence on endonucleolytic cleavage at the poly(A) site
parallels the role of CBC in pre-mRNA splicing. In each case,
CBC is not essential for processing, but rather it stabilizes the
binding of processing factors to the pre-mRNA and enhances
processing efficiency. Work in both mammalian (20) and yeast
(19, 21) systems has demonstrated that CBC participates in an
early step in spliceosome assembly. CBC influences the initial
binding of U1 snRNP to the cap proximal 59 splice site and
serves to stabilize the E complex (HeLa cells) or commitment
complex (Saccharomyces cerevisiae). In a similar manner, we
have shown that CBC enhances the first step in 39 processing,
endonucleolytic cleavage. CBC enhanced the stability of the
CPSFyCstFyRNA (B) complex formed in HeLa cell nuclear
extracts. The efficiency of 39 processing has previously been
shown to correlate with the stability of processing complexes
formed on the pre-mRNA in vitro (4, 5, 36–40). CBC depletion
had little influence, however, on the efficiency of poly(A)
addition. An analysis of poly(A) addition complexes indicated
that CBC had no detectable impact on the stability of CPSFy
RNA (A) complexes formed on a precleaved RNA. Since
cleavage is required for poly(A) addition in vivo, an increase
in cleavage efficiency would be expected to increase the overall
efficiency of 39 processing, and thus of mRNA production.

The splicing of an upstream intron has been shown to enhance
39 processing both in vivo and in vitro (41–43). The cooperative
interaction of the splicing and 39 processing machineries is a
prediction of the exon definition model of pre-mRNA processing
(44). According to the exon definition model, an internal exon is
defined through the interaction of RNA–protein complexes that
reside at the splice junctions flanking the exon. The initial
establishment of contacts across exons, which in vertebrates are
relatively short (average size, 137 nucleotides), then facilitates the
assembly of spliceosomes across much larger introns. The par-
ticipation of CBC in the definition of the 59 terminal exon is
suggested by its role in the assembly of splicing complexes at the
59 splice site of the cap proximal intron (19–21). In an analogous
manner, cooperative interactions between complexes at the last
39 splice site and the poly(A) site may serve in the definition of
the 39 terminal exon. The 39 splice site has recently been shown
to functionally replace the cap for both efficient 39 processing (18)
and splicing (20) in vitro. The mechanism by which the 39 splice
site enhances 39 processing may therefore be similar to that of the
CBCycap complex. The roles of CBC and splicing in 39 processing
are unlikely to be completely redundant, however. The 39 pro-
cessing of a capped pre-mRNA has been shown to be stimulated
up to 5-fold by the addition of an upstream intron in vitro (43). In
addition, we observe an interaction of CBC with the 39 processing
complex in the absence of ATP—conditions that do not support
spliceosome assembly. The cooperative interaction of both CBC
and splicing factors with the 39 processing complex may serve to
meet the more stringent requirements imposed by communica-
tion across 39 terminal exons, which are often the largest exon in
a vertebrate gene (average length, '600 nucleotides). We pro-
pose that the CBCycap complex participates, along with the
assembly of splicing complexes on the pre-mRNA, in poly(A) site
selection and definition of the 39 terminal exon.
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Both the functional and physical interaction of 59 and 39
RNAyprotein complexes described here appear to require an, as
yet, unidentified intermediate(s). Recombinant CBC, together
with partially purified CPSF and CstF were not sufficient to
support the coimmunoprecipitation of both RNA products fol-
lowing RNase H digestion (data not shown). This observation is
consistent with the loss of cap-dependent enhancement of
poly(A) site cleavage in reactions reconstituted with partially-
purified processing factors (data not shown). The impact of CBC
on the binding of U1 snRNP at the 59 splice site, along with the
enhancement of 39 processing by an upstream intron, suggests a
potential role for splicing factors in the interaction between CBC
and the 39 processing complex. The U1A protein, a component
of the U1 snRNP, has been shown to modulate 39 processing
(45–48), and the assembly of splicing factors on the calcitonin 39
processing enhancer (49) has been shown to participate in alter-
native poly(A) site selection. However, we have found no evi-
dence for the participation of snRNPs in the interaction between
the cap and poly(A) site. An anti-TMG antibody, capable of
recognizing a set of small nuclear RNAs, was unable to immu-
noprecipitate 39 processing complexes assembled on a capped
pre-mRNA in HeLa cell nuclear extract. We also examined the
potential involvement of SR proteins, which were shown to
provide an alternative to CBC in splicing activation when added
in excess (20). The addition of the recombinant SR protein SC35,
however, had no impact on 39 processing in CBC-depleted
nuclear extract (data not shown). Interestingly, the carboxyl-
terminal domain of the large subunit of RNA polymerase II has
recently been implicated in 39 processing. The demonstration that
the carboxyl-terminal domain is not only associated with 39
processing factors, but is required for 39 processing in vivo (50),
suggests that the CBCycap complex and the 39 processing com-
plex might be juxtaposed through interactions with RNA poly-
merase II. Interactions between CBC and 39 processing factors
could supercede those involving the polymerase carboxyl-
terminal domain once the nascent transcript has been capped and
CBC has bound to it. Alternatively, interaction with CBC might
only become possible once the 39 processing factors have disso-
ciated from the carboxyl-terminal domain and bound to the 39
processing signals on the pre-mRNA. In either scenario the result
would be to facilitate the formation and maintenance of a closed
loop structure on the pre-mRNA.

The interaction of CBC with the 39 processing complex may
be important not only in poly(A) site selection, but in the
correct pairing of mRNA termini for their coordinate recog-
nition in subsequent transactions. Electron micrographs of
Balbiani ring premessenger RNP particles in Chironomus
tentans indicates that nuclear mRNAs can assemble into a ring
structure in which the 59 and 39 ends of the transcript are
juxtaposed (29). Subsequent docking of the mRNP at the
nuclear pore complex involves a specific orientation of the
RNA ends, with the 59 end being translocated through the pore
first, while the 39 end appears to tether the RNP via the inner
annulus. CBC remains associated with the 59 cap until passage
through the nuclear pore complex is completed (51). Within
the cytoplasm, functional interaction of the 59 and 39 ends has
also been observed in secondary cap methylation (31), trans-
lation initiation (30, 52), and mRNA turnover (33, 53). The
coordinate recognition of both termini in each of these
processes suggests that an mRNA may indeed function as a
‘‘closed-loop’’ (54). The participation of the mRNA 59 end in
39 processing may therefore represent only the first of a series
of interactions between the mRNA termini that appear to play
a role in nearly every aspect of the life of a eukaryotic message.
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