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To investigate the role of sequences lying downstream of the conserved AAUAAA hexanucleotide in
pre-mRNA cleavage and polyadenylation, deletions or substitutions were constructed in polyadenylation
signals from simian virus 40 and adenovirus, and their effects were assayed in both crude and fractionated
HeLa cell nuclear extracts. As expected, these sequences influenced the efficiency of both cleavage and
polyadenylation as well as the accuracy of the cleavage reaction. Sequences near or upstream of the actual site
of poly(A) addition appeared to specify a unique cleavage site, since their deletion resulted, in some cases, in
heterogeneous cleavage. Furthermore, the sequences that allowed the simian virus 40 late pre-RNA to be
cleaved preferentially by partially purified cleavage activity were also those at the cleavage site itself.
Interestingly, sequences downstream of the cleavage site interacted with factors not directly involved in
catalyzing cleavage and polyadenylation, since the effects of deletions were substantially diminished when
partially purified components were used in assays. In addition, these sequences contained elements that could
affect 3'-end formation both positively and negatively.

Formation of the 3’ ends of polyadenylated mRNAs in
higher eucaryotes is a complex process that appears to
require multiple cis- and trans-acting factors (1, 15). Polyad-
enylation is minimally a two-step reaction in which a precur-
sor RNA is first specifically cleaved, probably at the precise
site of poly(A) addition (26, 35), and then polyadenylated by
synthesis of a 200- to 300-nucleotide (nt) poly(A) tract. These
two reactions appear to be coupled, since cleaved but not
polyadenylated RNAs are normally not detected. However,
the coupling is not obligatory, because cleavage and polyad-
enylation can each occur independently of the other under
the appropriate conditions in vitro (14, 25).

The most important cis-acting sequence required for pre-
mRNA cleavage-polyadenylation in vivo and in vitro is the
highly conserved AAUAAA hexanucleotide, located 10 to
30 bases upstream of the poly(A) addition sites in the vast
majority of mRNAs (7, 11, 23, 30, 45, 48). Interestingly, this
sequence is required for both cleavage and polyadenylation
when the two reactions are uncoupled and assayed indepen-
dently of each other in vitro (16, 37, 48). Additional se-
quences lying downstream of the AAUAAA also play a role
in the 3'-end formation reaction. Specifically, sequences
located within about 50 bases 3’ to the RNA cleavage site
have been shown to be required for efficient and accurate
polyadenylation of a number of pre-mRNAs in vivo (3, 9, 10,
20, 33, 36, 47, 53) and in at least three cases in vitro (37, 51,
52). However, these sequences appear not to be as crucial as
the AAUAAA hexanucleotide. For example, there is no
precise, conserved sequence in this region. Required down-
stream elements appear to consist simply of U-rich or
G+U-rich sequences, and a number of genes do not contain
any recognizable downstream sequence motif (21, 41). In
addition, although deletion and substitution mutations in
these regions can have dramatic effects on the efficiency of
3’-end formation, they rarely inhibit accurate 3’-end forma-
tion completely.

The identities of the trans-acting factors that carry out the
cleavage-polyadenylation reaction are not known. A number
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of studies have indicated that complexes form between
factors in nuclear extracts and exogenously added pre-RNAs
during in vitro incubations and that the formation of such
complexes requires an intact AAUAAA sequence (27, 37,
38, 49, 50, 52). A downstream element may also be neces-
sary for efficient complex formation (27, 51). We have shown
recently that the components required to catalyze the cleav-
age-polyadenylation reaction can be separated into two
fractions, one containing a nonspecific poly(A) polymerase
and the other containing specific cleavage activity (40).
Mixing of these fractions effectively reconstituted accurate
and specific cleavage-polyadenylation. Interestingly, the
partially purified cleavage enzyme was functional with only
one of four pre-RNAs tested, although all four were utilized
efficiently after addition of the poly(A) polymerase-con-
taining fraction.

In this study, we used both crude and fractionated nuclear
extracts to investigate the role of sequences that lie 3’ to the
AAUAAA hexanucleotide on cleavage-polyadenylation of
several pre-RNAs in vitro. Our results indicate that both the
accuracy and the efficiency of cleavage and, to a lesser
extent, the efficiency of polyadenylation can be influenced
by such sequences. However, sequences that lie down-
stream of the cleavage site appear to interact primarily with
factors that play an indirect role in 3’-end formation.

MATERIALS AND METHODS

Plasmid constructions. Plasmids pG3SVL-A and pG3E2-A
have been described previously (40). pG3SVL+32 and
pG3SVL+3 were constructed by excising BamHI-to-Bglll
fragments from pB28L and pB35L (33), which contain sim-
ian virus 40 (SV40) sequences from nt 2533 to 2707 and 2533
to 2678, respectively, and inserting them into the BamHI site
of pGEM3 (Promega Biotech, Madison, Wis.). The G4
counterparts were constructed by inserting the same frag-
ments into the BamHI site of pGEM4. pG3SVL-7 was
formed by excising the HindIII (p(GEM3 nt 7)-to-Hpal (SV40
nt 2668) fragment from pG3SVL +32 and inserting it into the
HindIII and Hincll site of pPGEM3. pG4SVL-7 was similarly
made by inserting an EcoRI-to-Hpal (SV40 nt 2668) frag-
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ment from pG4SVL+32 into the EcoRI and HinclI sites of
pGEM4.

Plasmid pG4L3-A, in which the adenovirus type 2 (Ad2)
L3 polyadenylation site was inserted into pGEM4, was
described previously (40). To prepare 3’ deletion mutants,
pG4L3-A DNA was digested with Dral at a site 48 base pairs
(bp) downstream of the poly(A) addition site and then
treated with BAL 31 nuclease. After digestion with EcoRI at
a site located in the 5’ polylinker sequence, EcoRI-Bal 31
fragments were isolated and inserted into pGEM4 digested
with EcoRI and Hincll. Relevant sequences of all mutants
were determined by the method of Maxam and Gilbert (19).
One of these mutants, pL:3-18, in which the Ad2 L3-derived
sequence ends 3 bp downstream of the AATAAA hexanu-
cleotide, was used in construction of the chimeric genes
described below.

To construct the plasmid containing the SV40 large-

T-antigen-coding region (pLT), a 276-bp HindIII-Ps?1 frag-
ment (SV40 nt 3480 to 3205; 43) containing an inactive
AATAAA located at nt 3275 to 3270 was isolated and
inserted into pGEM3 digested with HindIII and PstI. To
prepare 3’ deletion mutants, pL. T was digested with PstI and
treated with Bal 31. After digestion with HindIIl, HindIII-
Bal 31 fragments were isolated and inserted into pGEM3 that
had been digested with HindIII and Smal.
- For construction of chimeric genes, a 5’ deletion mutant of
the Ad2 L3 poly(A) site was first generated. A 47-bp Rsal (16
bp upstream of AATAAA)-to-Aval [5S bp downstream of the
poly(A) addition site] fragment and a 338-bp Aval-to-Sau3Al
[343 bp downstream of the poly(A) site] fragment were
isolated from pG4L3-A and inserted into pGEM3 digested
with Hincll and BamHI to create pRS. To delete the 5’
sequence of the Ad2 L3 poly(A) site, pRS was digested at the
Pstl site in the polylinker sequence and treated with Bal 31.
After digestion at the Sau3Al site at the 3’ end of Ad2 L3
sequence, Bal 31-Sau3Al fragments containing the poly(A)
addition site as well as downstream sequences were isolated
and inserted into pGEM3 digested with Hincll and BamHI.
One of these mutants, pRS/14, in which Ad2 L3 sequences
start 8 bp upstream of the poly(A) site, was used to construct
chimeric genes. To construct the chimeric gene containing
the AATAAA sequence of the SV40 large-T-antigen-coding
region and the Ad2 L3 downstream sequences (pLT-L3), a
222-bp HindIIl (205 bp upstream of the AATAAA se-
quence)-to-Sspl (11 bp downstream of the AATAAA se-
quence) fragment isolated from pLT and a 355-bp PstI (4 bp
upstream of the 5’ end of Ad2 L3 sequences in the 5’
polylinker sequence, blunt ended with T4 DNA polymer-
ase)-to-Sau3 Al fragment isolated from pRS/14 were inserted
into pGEM3 digested with HindIIl and BamHI.

To construct the chimeric gene containing the SV40 late
AATAAA sequence and the poly(A) site of Ad2 L3 (pSVL-
L3), a 165-bp HindIII (in the 5' polylinker sequence)-to-
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Hpal (6 bp downstream of AATAAA) fragment isolated
from pG3SVL-A and the PstI-Sau3Al fragment isolated
from pRS/14 were inserted into pGEM3 digested with Hin-
dIIl and BamHI. To construct the chimeric gene containing
the AATAAA sequence of Ad2 L3 and the SV40 late poly(A)
site (pL3-SVL), a 209-bp EcoRI (in 5’ polylinker sequence)-
to-Pstl (4 bp downstream of the 3’ end of Ad2 L3-derived
sequences in the 3’ polylinker, blunt ended with T4 DNA
polymerase) fragment isolated from pL3-18 and an 80-bp
Hincll [7 bp upstream of the poly(A) addition site]-to-
Sau3Al (in 3' polylinker) fragment isolated from pG3SVL-A
were inserted into pGEM4 digested with EcoRI and BamHI.
A plasmid containing the Ad2 L3 AATAAA sequence and
poly(A) site as well as 8 bp of the pGEM polylinker (pL3-L3)
was prepared by inserting the EcoRI-Ps:l fragment isolated
from pL3-18 and the PstI-Sau3Al fragment isolated from
pRS/14 into pGEM4 digested with EcoRI and BamHI.

The Ad2 E2a cleavage site substitution mutant, pG4E2-S,
was made by the method of Kunkel et al. (13). Single-
stranded DNA was prepared from M13mp19L.3-A (40). Sec-
ond-strand synthesis (DNA polymerase I large fragment;
New England BioLabs, Beverly, Mass.) was primed with a
47-base oligonucleotide (synthesized by using an Applied
Biosystems model 380A DNA synthesizer) that has the
sequence S'-GTGTACAAATAAAAACATTAACAACAA
CAAAAAGTGTCTCCTAGTAC-3'. A HindIll-to-EcoRI
fragment containing the substitution mutation was excised
from M13mp19L3-A and inserted into pGEM4, resulting in
pG4E2-S.

Preparation of fractionated nuclear extract. The 20 to 40%
ammonium sulfate fraction (20-40 fraction) and the Superose
6 cleavage specificity factor (CSF) and poly(A) polymerase
fractions were prepared from HeLa cell nuclear extracts as
described previously (40).

RNA processing and analysis. To prepare runoff templates,
plasmid DNA was digested with the appropriate restriction
enzyme (as indicated in the figure legends), extracted with
phenol-chloroform (1:1), and precipitated with ethanol.
Capped pre-RNAs were synthesized with SP6 RNA poly-
merase essentially as previously described (12, 22). RNA
processing reactions were performed and products were
analyzed as described previously (32, 40). RNase T1 analysis
of the cleaved RN A was performed as described by Moore et
al. (26). Cleaved RNA was isolated as described previously
(40).

RESULTS

To investigate the role in the cleavage-polyadenylation
reaction of pre-mRNA sequences lying downstream of the
conserved AAUAAA hexanucleotide, we synthesized a
number of different wild-type and mutant pre-RNAs and
analyzed their relative processing efficiencies in two types of

FIG. 1. Cleavage and polyadenylation of SV40 late pre-RNAs containing deletions of downstream sequences. Wild-type and mutant SV40
late pre-RNAs were incubated in the 20-40 fraction (A and B) or in a Superose 6 gel filtration fraction containing partially purified CSF (C)
for 90 min in the presence of Mg?* (A) or EDTA (B and C). (D) Structures of the wild-type and mutant pre-RNAs. Upper- and lowercase
letters represent wild-type SV40 sequence and vector sequences, respectively. Vector sequences beyond the pGEM polylinkers are indicated
by straight lines. Numbering of nucleotides and positions of deletion endpoints are relative to the SV40 late wild-type cleavage site, which
lies between the nucleotides labeled —1 and +1. The 3’ end of each pre-RNA is indicated by the name of the restriction endonuclease that
was used to linearize the DNA templates for runoff transcription by SP6 RNA polymerase. The first letters of these restriction endonuclease
sites were used to label the lanes in panels A, B, and C (and indicate which pre-RNA was used in each processing reaction). RNA isolated
from reactions was subjected to electrophoresis on 5% polyacrylamide-8.3 M urea gels. Numbers at the left of panel A indicate the sizes (in
nucleotides) of pBR322 Hpall size markers (lane M), which were used in all experiments. The RNA products migrating close to the 527-nt
size marker represent polyadenylation RNA (A). Upstream cleavage products migrated between the 180- and 190-nt size markers (B and C).

The downstream cleavage products (<85 nt) are not shown.
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in vitro assay systems. In one, an ammonium sulfate fraction
of a HeLa nuclear extract was used. Such relatively crude
extracts efficiently and accurately cleave and polyadenylate
appropriate RN A precursors (40) and appear in all properties
tested to be identical to unfractionated nuclear extracts (e.g.,
reference 25). In the second assay system, partially purified
fractions were used (40). These allowed us to determine the
effects of mutations in pre-RNAs on the cleavage reaction
alone or on the entire reconstituted the cleavage-polyadeny-
lation reaction.

Cleavage and polyadenylation of SV40 late pre-RNAs can be
influenced by deletion of downstream sequences. We first
tested a number of pre-RNAs that contained sequences from
the SV40 late poly(A) addition site. SV40 late pre-RNA is
processed with high efficiency in crude nuclear lysates (e.g.,
reference 48) and both by ammonium sulfate-fractionated
extracts and partially purified cleavage activity (40). In
addition, analyses of the effects of deletion mutations in
vivo, both in microinjected Xenopus laevis oocytes (3) and in
transfected COS monkey cells (33), have provided support
for the notion that downstream sequences are required for
optimal utilization of this poly(A) site in vivo.

Deletion mutants with SV40 sequences terminated at one
of three positions, +32, +3, and —7, relative to the cleavage-
polyadenylation site, which is located between nucleotides
+1 and —1, were constructed by inserting the appropriate
sequences into bacteriophage SP6 promoter-containing plas-
mids. Two of these, the +32 and +3 mutations, had been
used previously for in vivo analyses, and each was shown to
reduce the accumulation of specific mRNA by approxi-
mately a factor of 4 in transfected COS cells (33). To control
for potential artifacts in the analysis, two variants of each
mutant were constructed (Materials and Methods and Fig. 1)
so that pre-RNAs with different plasmid sequences down-
stream of each deletion endpoint could be synthesized. This
was done to determine whether any effects on the cleavage-
polyadenylation reaction, or lack thereof, might have arisen
from substitution of specific plasmid sequences rather than
from deletion of SV40 sequences. This is a potentially
significant concern because, as mentioned above, the
poly(A) site downstream element appears to be rather sim-
ple, consisting perhaps only of U-rich or G+U-rich se-
quences. In addition, two different pre-RNAs were synthe-
sized from each plasmid by cleaving the templates with
different restriction endonucleases to produce pre-RNAs of
different lengths. This allowed us to assess whether the
length of the precursor downstream of the cleavage-polyad-
enylation site affected the efficiency of the processing reac-
tion, as suggested previously (16).

Bacteriophage SP6 RNA polymerase was used to synthe-
size mutant pre-RNAs as well as a wild-type precursor that
contained 54 nucleotides of SV40 downstream sequences
(Fig. 1D). Pre-RNAs were incubated with the 20-40 fraction
in the presence of either Mg?*, to allow polyadenylation
(Fig. 1A), or EDTA, which inhibits polyadenylation but not
cleavage (Fig. 1B). The same pre-RNAs were also incubated
with partially purified cleavage activity (CSF; Fig. 1C)
prepared by Superose 6 gel filtration of the 20-40 fraction, as
described previously (40). RNAs were extracted from reac-
tion mixtures and analyzed directly by electrophoresis
through denaturing polyacrylamide gels (see Materials and
Methods). Reaction mixtures were incubated for 10 or 90
min to allow us to distinguish between possible differential
effects of the mutations on rate compared with extent of
reaction. Because the effects of the mutations, relative to
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those of wild type, were essentially the same at both time
points, only the 90-min samples are shown.

The wild-type pre-RNA, G3SVL +54, was polyadenylated
efficiently in the 20-40 fraction (Fig. 1A). At least 80% of the
precursor was converted to a more slowly migrating form,
which represented polyadenylated RNA. This was a mixture
of RNAs polyadenylated at their ends and RNAs that were
both cleaved and polyadenylated (32, 40). In contrast, all
four mutant precursors with SV40 sequences deleted down-
stream of +32 gave rise to greatly reduced amounts of
polyadenylated RNA, and we estimate that the inhibition
was at least fivefold. Surprisingly, pre-RNAs that contained
deletions extending further, to +3 or —7, were as efficiently
polyadenylated as was the wild-type (+54) pre-RNA. Thus,
deletion of sequences between +54 and +32 was inhibitory
to in vitro polyadenylation of an SV40 late pre-RNA, but
activity was restored by further deletion of sequences lying
between +32 and +3.

A very similar pattern was observed when polyadenyla-
tion was blocked by the addition of EDTA to reaction
mixtures containing the 20-40 fraction (Fig. 1B). The up-
stream products of cleavage are detectable in Fig. 1B (and C)
as bands below the pre-RNAs (180 to 190 nt); whereas the
downstream products (<85 nt) are not shown. Cleavage of
the wild-type (+54) pre-RNA occurred at a high efficiency.
However, cleavage of all four +32 pre-RNAs was signifi-
cantly reduced. Note that the reduction in cleavage activity
of the G4SVL+32 (Xbal) precursor RNA was not as pro-
nounced as for the others, which indicates that the substi-
tuted sequences may at least partially replace the function of
the wild-type sequences. As with polyadenylation, cleavage
efficiencies of the +3 mutants were much higher than effi-
ciencies of their +32 counterparts, although somewhat lower
than that of the +54 wild-type pre-RNA. For example,
quantitation of the RNA products shown in Fig. 1 indicates
that the G3SVL+32 Aval pre-RNA was cleaved approxi-
mately 10-fold less efficiently than wild type, whereas cleav-
age of the G3SVL +3 EcoRlI precursor was reduced by less
than a factor of 2. With these pre-RNAs, the length effect
alluded to above was apparent. The longer pre-RNAs were
cleaved somewhat less efficiently than their shorter counter-
parts. The cleavage efficiencies of the —7 mutant pre-RNAs,
although somewhat lower than those of the +3 mutants,
were also higher than that of the +32 pre-RNAs. Particularly
striking was the G4SVL-7 pre-RNA produced by transcrip-
tion of Pvull-cleaved template (last lane in Fig. 1B). Cleav-
age of this pre-RNA occurred with a relatively high effi-
ciency at three different sites.

A quite different pattern was observed when CSF was
used to process these same pre-RNAs (Fig. 1C). The +54,
+32, and +3 pre-RNAs were all cleaved with similar high
efficiencies, which suggested that a factor(s) that could
inhibit cleavage-polyadenylation of the +32 pre-RNAs was
largely removed from the cleavage activity. Also noteworthy
was the appearance of two cleavage products with the
G3SVL+3 pre-RNAs (see also Fig. 2A), since only a single
cleaved RNA was detected when these pre-RNAs were
processed in the 20-40 fraction (Fig. 1B). Finally, as in the
20-40 fraction, the efficiencies with which the —7 pre-RNAs
were cleaved were less than those of the other pre-RNAs.
Note that the same heterogeneity observed with the G4SVL-
7 precursor in the 20-40 fraction was also detected with CSF.

To pursue further the heterogeneous cleavage observed in
some of the samples shown in Fig. 1, two additional exper-
iments were performed. The two G3SVL+3 mutant pre-
RNAs were apparently cleaved at only one site (the wild-
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FIG. 2. Deletion of sequences near the cleavage site resulting in
heterogeneous cleavage. (A) G3SVL+3 (EcoRI) pre-RNA was
incubated in a standard processing reaction mixture with either S pl
of the cleavage-containing Superose 6 fraction (CSF) or 5 pl of CSF
plus 1 pl of the Superose 6 fraction containing poly(A) polymerase
activity (CSF + PAP). (B) G4SVL-7 (Pvull) pre-RNA was proc-
essed in a standard processing reaction mixture with and without
creatine phosphate and ATP (+ATP and —ATP, respectively).
EDTA (1 mM) was included in all reaction mixtures. Other lanes:
PRE, unprocessed pre-RNA; M, size markers (indicated in nucleo-
tides).

G4SVL-7

type site) in 20-40 fraction but at two sites by CSF. One
possibility is that this difference was due to the presence or
absence of poly(A) polymerase in these fractions. To test
this possibility, we compared the patterns of cleavage pro-
duced by CSF with a G3SVL+3 pre-RNA in the presence
and absence of partially purified poly(A) polymerase. The
poly(A) polymerase-containing fraction was indeed able to
suppress the heterogeneity observed with the cleavage ac-
tivity alone (Fig. 2), which possibly reflected a functional
interaction between cleavage and polyadenylation activi-
ties.

A perhaps different sort of heterogeneity was observed
when cleavage of a —7 mutant pre-RNA was examined (Fig.
1B and C). In this case, cleavage appeared to have occurred
at sites (all in vector sequences) separated by as much as 25
bases, and the pattern of cleavage products was not qualita-
tively different when the 20-40 fraction and CSF were
compared. To provide support for the idea that these RNAs
were all indeed produced by the enzymatic machinery that is
responsible for the normal cleavage and polyadenylation of
pre-RNAs, we investigated whether formation of these het-
erogeneous RNAs required ATP. The pre-RNA cleavage
reaction may be unique in its apparent requirement for ATP
but lack of requirement for a divalent cation (e.g., references
25 and 48). In the presence of EDTA, formation of hetero-
geneous cleavage products from the G4SVL-7 pre-RNA did
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in fact require ATP, creatine phosphate, or both; ATP was
also added to the sample shown in the lane marked + ATP in
Fig. 2B but not the lane marked —ATP (40). Further support
for the idea that these RNAs were authentic cleavage
products comes from the observation that the sizes of the
products indicated that each of the cleavages had occurred
downstream of AAUAAA and fell within the range in which
naturally occurring cleavage sites are found (13 to 38 (+2) nt
downstream of AAUAAA).

Optimal cleavage, but not polyadenylation, of an adenovirus
late pre-RNA requires specific downstream sequences. To
extend the type of analysis described above to an additional
pre-RNA, we examined the efficiencies with which deriva-
tives of an adenovirus late pre-RNA (L3 family) were
processed. This poly(A) site has been shown previously to
be used efficiently in vitro (25), and it has also been sug-
gested that downstream sequences, between +5 and +48,
are required for efficient in vitro processing (37). In contrast
to the SV40 late pre-RNA, wild-type L3 precursor is not
cleaved efficiently by isolated CSF, although it is processed
efficiently when partially purified poly(A) polymerase and
CSF are mixed (40).

To analyze the role of downstream sequences in cleavage-
polyadenylation of L3 pre-mRNA in vitro, a series of 3’
deletion mutants was constructed and SP6-generated tran-
scripts were processed under a variety of conditions. In the
analysis shown in Fig. 3A, reaction mixtures lacked Mg®* so
that only products of the cleavage reaction were generated.
Pre-RNAs were incubated with the 20-40 fraction or with
CSF, either alone or mixed with Superose 6-purified poly(A)
polymerase. Several points are apparent from this analysis.
Most notably, all mutant pre-RNAs, even one that extended
to within 3 nt of the AAUAAA (—18), gave rise to readily
detectable levels of cleaved RNAs. The cleavage efficiencies
of the pre-RNAs shown in Fig. 3A and B, as well as
efficiencies of pre-RNAs terminated at +22 and +3, were
estimated by densitometry of appropriate autoradiograms
(Fig. 3C). Sequence downstream of +22 could be deleted
without significantly affecting cleavage efficiency in both
crude and fractionated extracts. (The slight decrease ob-
served with the +25 and +22 pre-RNAs relative to wild type
[+48] may reflect the longer lengths of the mutant pre-
RNAs.) Deletions extending to +16 or +7 resulted in three-
to fourfold reductions in cleavage efficiency. However, as
observed with the SV40 late pre-RNA (Fig. 2), deletion of
additional sequences appeared to restore cleavage effi-
ciency. This result was most striking in reactions in which
partially purified components were used. In fact, the pre-
RNA deleted to —18 was cleaved by CSF plus poly(A)
polymerase with nearly 90% the efficiency of the wild-type
pre-RNA. As observed with certain of the SV40 late pre-
RNAs that deleted the cleavage site itself, the cleavage
products generated from the —18 mutant pre-RNA were
somewhat heterogeneous. Finally, it is noteworthy that the
separated cleavage activity was equally inactive on all L3
pre-RNAs tested, which ruled out the possibility that spe-
cific L3 downstream sequences were inhibitory to the activ-
ity of CSF.

To determine the effects of the L3 downstream mutations
on polyadenylation, reactions were performed in the pres-
ence of Mg2*. Analysis of the processed RNAs revealed that
these mutations had little, if any, effect on the efficiency of
polyadenylation. Results obtained with two of these pre-
RNAs are shown in Fig. 4; other mutants gave similar results
(data not shown).

An AAUAAA not normally used as a cleavage-polyadenyla-
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L3-18. g .GGCgaccugcaggcaugcaagcuuccggucucccuauagugagucguauuaauuucgauaagccag‘ 278

FIG. 3. Cleavage of Ad2 L3 3’ deletion mutant pre-RNAs. (A) Gels of a series of Ad2 L3 3’ deletion mutant pre-RNAs processed in
standard reaction mixtures (12.5 ul) that contained 2.5 ng of pre-RNA and 3 pl of the 20-40 fraction (20-40) or 4 .l of CSF alone (C) or mixed
with 1 pl of Mn?*-dependent poly(A) polymerase activity (C+A) in the absence of divalent cation. Pre-RNAs (pre) were run for comparison.
Sequences of 3’ portions of the wild-type and mutant pre-RNAs. Ad2 L3-derived sequences are in capital letters; the pPGEM4 sequences that
follow are in lowercase letters. The AAUAAA sequence is boxed. 3’ deletion mutants are designated to indicate the positions of the 3’ ends
of Ad2 L3-derived sequence that are located upstream (—) or downstream (+) of the normal poly(A) site. Lengths (in nucleotides) of the
pre-RNAs (lane M) are shown on the right. (C) Cleavage efficiencies of Ad2 L3 wild-type and 3’ deletion mutant pre-RNAs are shown as molar
percentages of the upstream cleavage products and plotted against the positions of the 3’ ends of Ad2 L3-derived sequences. Shown are
results of cleavage reactions that were obtained by using the 20-40 fraction (O) or CSF mixed with Mn?*-dependent poly(A) polymerase (®).
Cleavage efficiencies were determined by scanning appropriate autoradiograms with a model 1650 densitometer (Bio-Rad Laboratories,
Richmond, Calif.).

tion signal can be activated by specific downstream sequences. sequences is to determine whether they are capable of
The results present above indicate that deletion of sequences activating a nonfunctional AAUAAA. To test this, we ana-
downstream of AAUAAA sequences can reduce the effi- lyzed processing of pre-RNAs containing an AAUAAA that
ciency of pre-RNA 3’-end processing in vitro. An alternative lies within coding sequences for the SV40 large T antigen
approach to investigate the functional significance of such (43). This AAUAAA is not used to direct polyadenylation at
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detectable levels in vivo. An appropriate fragment of SV40
DNA was cloned into an SP6 promoter-containing plasmid
to produce transcripts for processing reactions (see Materi-
als and Methods). To determine whether pre-RNAs contain-
ing this AAUAAA are substrates for in vitro cleavage-
polyadenylation, two runoff transcripts that differed only in
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FIG. 4. Polyadenylation of an Ad2 L3 3’ deletion mutant pre-
RNA. Wild-type pre-RNA (L3) and the 3’ deletion mutant pre-RNA
(L3+7) that was least efficiently cleaved were processed under the
reaction conditions described in the legend to Fig. 3 except that 1
mM Mg?* was included in reaction mixtures. Lane M, Size markers
(indicated in nucleotides).

length (LT/Hincll [287 nt] and LT/Rsal [261 nt]; Fig. 5) were
synthesized. These RNAs were processed in fractions lack-
ing Mg2*, and the products were analyzed by gel electro-
phoresis as for Fig. 3. Although both pre-RNAs could be
cleaved at detectable levéls, the efficiency of processing was
very low (Fig. 5A). The shorter pre-RNA was cleaved more
efficiently than the longer one, and in each case the partially
purified components cleaved these RNAs considerably more
efficiently than did the 20-40 fraction. That the products
detected were indeed authentic cleavage products is sup-
ported by the fact that longer exposure of the gel shown
revealed RNAs of the size expected for the downstream
product of the reaction (data not shown).

Two possible explanations for the relative inactivity of the
AAUAAA sequence in these RNAs are that sequences
downstream of the hexanucleotide are. in some manner
inhibitory or, alternatively, that these sequences are not
inhibitory but lack specific sequences that. are positively
required for the cleavage-polyadenylation reaction. To dif-
ferentiate between these two hypotheses, we constructed
three recombinant plasmids in which the sequences down-
stream of AAUAAA were replaced with foreign sequences
(Fig. 5B and Materials and Methods). In two cases (LTAll
and LTAG6), these were nonspecific plasmid DNA sequences;
in the third, sequences from downstream of the Ad2 L3
AAUAAA were used (LT-L3). Transcripts from these plas-
mids were processed and analyzed as before. Replacement
of the SV40 coding sequences with plasmid sequences had
no effect on the processing efficiency of the transcripts (Fig.
5A). In contrast, the L3 sequences gave rise to transcripts
that were processed efficiently both in the crude extract and
by purified components, even though the LT-L3 pre-RNA
was significantly longer than the other precursors. In addi-
tion, a construct analogous to LT-L3 in which the down-
stream sequence of SV40 late was used instead also acti-
vated the nonfunctional AAUAAA (data not shown). These
results provide further support for the idea that poly(A) site
downstream sequences play a positive role in the pre-mRNA
cleavage reaction.
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FIG. 5. Cleavage of pre-RNAs that contain a normally inactive AAUAAA hexanucleotide sequence. (A) Pre-RNAs contains an AAUAAA
sequence derived from the SV40 large-T-antigen-coding region and a variety of downstream sequences were processed under the reaction
conditions specified in the legend to Fig. 3. The downstream sequences are derived from the intact coding sequence (LT/HinclI and LT/Rsal),
pGEM3 sequences (LT/A11 and LT/A6), or the Ad2 L3 poly(A) site (LT-L3). Lane M, Size markers (indicated in nucleotides). (B) Structures
of the pre-RNAs. Symbols: O, SV40 large-T-antigen-coding region; B, AAUAAA sequence; [, downstream sequence derived from Ad2 L3;

V, authentic cleavage site;

Sequences at the SV40 late cleavage site are required for
cleavage by CSF. The SV40 pre-RNA was the only one of
several tested that could be efficiently cleaved by partially
purified CSF (40; see also above). To determine what
sequences in addition to AAUAAA are required for this
substrate preference, we carried out two experiments. In the
first, plasmids containing chimeric poly(A) sites were con-
structed (Fig. 6B and Materials and Methods). In SVL-L3,
SV40 late sequences downstream of position —7 (relative to
the cleavage site) were replaced with the corresponding
sequences from the Ad2 L3 poly(A) site; in L3-SVL, essen-
tially the opposite configuration was generated. Transcripts
from these plasmids and the corresponding wild-type tem-
plates were synthesized, processed, and analyzed as de-
scribed above. SV40 late sequences downstream of —7 were
sufficient to convert the inactive L3 pre-RNA into a precur-
sor that could be efficiently cleaved by CSF (Fig. 6). The
L3-L3 pre-RNA was analyzed to eliminate the possibility
that activation of the L3-SVL pre-RNA was due to the
inserted linker instead of the SV40 sequences.

Two reasons led us to suspect that sequences at or near
the SV40 late cleavage site might in some manner facilitate
the high reactivity of SV40 late pre-RNAs with CSF. First,
the deletion analysis of the SV40 late downstream sequence

, PGEM3-derived sequence; @, pGEM4-derived sequence.

required for cleavage (Fig. 1) revealed that sequences down-
stream of +3 were dispensable for cleavage by CSF. Sec-
ond, the sequence at the SV40 late cleavage site was
unusual, consisting of the trinucleotide CAA repeated three
times. Because CA is found immediately upstream of a
majority of pre-mRNA cleavage sites (e.g., reference 21), we
speculated that the CAA repeat might be responsible for the
observed high efficiency cleavage of SV40 late pre-RNAs by
CSF. To test this notion directly, we constructed a substi-
tution mutant in which an 11-base fragment containing the
CAA repeats replaced the corresponding nucleotides encom-
passing the Ad2 E2a poly(A) addition site (Fig. 7). The E2a
poly(A) site, which we have shown previously to be proc-
essed inefficiently by CSF (40), was chosen because the
distance from the AAUAAA to the cleavage site is similar to
the equivalent distance in SV40 late pre-RNA, which elimi-
nated a potential variable from the analysis. Pre-RNAs were
synthesized and processed with the fractions indicated in
Fig. 7A. Analysis of the products revealed that the CAA
repeats were indeed sufficient to allow efficient cleavage of
the E2a pre-RNA. RNase T1 analysis of the cleaved RNA
(data not shown) revealed that the majority of it was termi-
nated precisely at the site corresponding to that used in SV40
late pre-RNA (Fig. 7B).
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FIG. 6. Cleavage of chimeric pre-RNAs. (A) Wild-type SV40 late (SVL) and Ad2 L3 (L3) and chimeric pre-RNAs were processed under
the reaction conditions specified in the legend to Fig. 3. The SV40 late upstream sequence was joined to the Ad2 L3 downstream sequence
(SVL-L3), and the Ad2 L3 upstream sequence was joined to the SV40 late (L3-SVL) or Ad2 L3 (L3-L3) downstream sequence. Lane M, Size
markers (indicated in nucleotides). (B) Structures of the pre-RNAs used. Symbols: [0, SV40 late sequence; [, Ad2 L3 sequence; B,
AAUAAA hexanucleotide; &, pGEM vector-derived polylinker sequence; ——, 5’ sequences derived from pGEM vectors; ¥, authentic
poly(A) sites. To prepare pre-RNAs, plasmid DNAs were digested at Dral sites located 53 bp downstream of the SV40 late poly(A) site or

48 bp downstream of the Ad2 L3 poly(A) site.

DISCUSSION

The results presented here suggest that sequences in
pre-mRNAs located downstream of the AAUAAA hexanu-
cleotides can influence the cleavage-polyadenylation reac-
tion both qualitatively and quantitatively. The qualitative
effects brought about by mutations consist solely of what
appears to be heterogeneity in vitro in the cleavage reaction.
This was detected by the appearance of more than one
upstream RNA product when cleavage was assayed in the
absence of polyadenylation. These species most likely result
from endonucleotic cleavage of the pre-RNA at more than
one specific site. Although cleavage site heterogeneity in

vitro has not previously been reported, several apparent
examples of this phenomenon have been observed in vivo
(17, 29, 34, 36, 44, 47). The results of these studies, coupled
with those presented here, strongly suggest that sequences
surrounding the cleavage site itself play a role in directing
cleavage to a particular site. However, precisely what dis-
tinguishes a preferred cleavage site from an inactive one,
other than an apparently strict requirement for an adenosine
immediately preceding the cleaved bond, is not clear. Al-
though we determined the sequence of only one cleaved
RNA precisely to the nucleotide, the apparent sizes of all of
the products are consistent with cleavage having occurred
adjacent to an A residue.
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FIG. 7. Results showing that the sequence at the SV40 late cleavage site is sufficient to allow efficient cleavage of the Ad2 E2a pre-RNA.
(A) G3E2a (Xbal) and G4E2-S (HindIII) pre-RNAs were incubated either in standard processing reaction mixtures containing S pl of the 20-40
fraction (20-40) or 5 pl of the Superose 6 fraction containing partially purified CSF or in a mixture of 5 pl of CSF and 1 pl of the Superose

6 fraction containing poly(A) polymerase activity (CSF + PAP) in the presence of 1 mM EDTA. (B) Sequence of the pre-RNAs. G4E2-S

pre-RNA contains an 11-base substitution mutation that changes the sequence at the E2a cleavage site to the sequence found at the SV40 late
cleavage site. Symbol: V, sites of cleavage. Other lanes: PRE, unprocessed pre-RNA; M, size markers (indicated in nucleotides). Positions
of the upstream (4) and downstream (¢) cleavage products are indicated.

Our findings provide insights into the interaction of the
factors that catalyze cleavage-polyadenylation with the pre-
RNA cleavage site. First, with one exception, isolated CSF
appears to cleave all pre-RNAs tested at the same site used
in the presence of poly(A) polymerase. Although CSF
cleaves only SV40 late pre-RNAs efficiently, low levels of
cleavage of other precursors can be detected (e.g., Fig. 3),
and, where examined, these products appear identical in size
to their counterparts produced in the presence of poly(A)
polymerase. Thus, in most instances, the accuracy of the
cleavage reaction is not influenced by poly(A) polymerase.
The one exception, the G3SVL+3 pre-RNA (Fig. 1D),
suggests that subtle features of RNA sequence or structure
can influence cleavage specificity, since the related
G4SVL+3 precursor is cleaved at a single site (Fig. 1). The
elimination of the second cleavage product after addition of
the poly(A) polymerase-containing fraction suggests that the
polymerase can, at least in this instance, influence the
cleavage reaction. We believe that this results from a direct

physical interaction between the polymerase and CSF, al-
though our hypothesis remains to be proven.

Our results also show that the sequence in the SV40 late
pre-RNA that allows it to be cleaved efficiently by CSF is
that surrounding the cleavage site itself and the nucleotides
lying further downstream are not important in this reaction.
It is noteworthy that this sequence, a CAA repeat, was not
found in any of the large number of poly(A) sites that we
examined. Although other explanations remain viable, we
believe these observations suggest that the ability of SV40
late pre-RNA to be cleaved by CSF may be fortuitous,
reflecting a preferred interaction between the fractionated
factor and pre-RNA that is not important in an unfraction-
ated or reconstituted system.

The results of our analyses comparing processing of
different pre-RNAs in crude and fractionated extracts leads
to the suggestion that the quantitative effects on cleavage
and polyadenylation that result from mutations downstream
of the cleavage site reflect at least in part the interactions of
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factors not directly involved in the enzymatic reaction with
the pre-RNA. This view is supported by studies with all
three pre-RNAs tested, i.e., SV40 late, Ad2 L3, and that
derived from the SV40 large-T-antigen-coding region.

The cleavage pattern of the SV40 late pre-RNAs provides
perhaps the strongest evidence supporting the above hypoth-
esis. The facts that cleavage (and polyadenylation) of the
SVL+32 pre-RNAs was significantly inhibited in crude
extracts, but not when fractionated components were used,
and that both fractionated and crude extracts processed the
wild-type (+54) pre-RNA with equally high efficiencies
suggest that a component that enhances cleavage and poly-
adenylation only in a crude extract interacts with sequences
between +32 and +54. The striking observation that the
requirement for these sequences is eliminated when se-
quences between +3 and +32 are deleted suggests that the
role of the far downstream sequences may be to prevent an
inhibitory effect of the sequences between +3 and +32. This
again appears not to reflect a direct interaction with the
3’-end formation machinery, since the purified components
are not affected by this deletion. A possible mechanism to
explain these observations is discussed below.

The results obtained with the other two pre-RNAs tested
also support the view that the role of downstream sequences
is at least in part indirect. The RNA substrates containing
the AAUAAA from within the large-T-antigen-coding re-
gion, although processed very inefficiently, are cleaved at
easily detectable levels only by fractionated components.
Similarly, all mutant, but not wild-type, L3 pre-RNAs were
cleaved more efficiently by partially purified components
than in the crude extract. This finding was particularly
dramatic in the case of the pre-RNAs deleted to —7 and —18.
The sequences required for optimal cleavage of the L3
precursor in crude extracts lie between +7 and +22, sub-
stantially closer to the cleavage site than in the SV40 late
pre-RNA. However, as with SV40 late pre-RNA, cleavage
efficiency is partially restored by further deletion, which
suggests that sequences upstream of +7 may be inhibitory to
cleavage in the absence of specific sequences situated fur-
ther downstream. It is interesting that, unlike the case with
SV40 late pre-RNA, polyadenylation was not detectably
inhibited by any of the deletions we tested. Polyadenylation
of an SV40 early pre-RNA in a HeLa whole-cell lysate, in
which cleavage does not occur, was similarly shown to be
insensitive to deletion of downstream sequences (16). Like-
wise, polyadenylation of SV40 late (48) and L3 (26) pre-
RNAs totally lacking downstream sequences (precleaved
RNASs) occurs efficiently in vitro. Together, these results
suggest that AAUAAA-dependent polyadenylation is much
less dependent on downstream sequences than is the cleav-
age reaction. One exception to this rule is the SVL+32
pre-RNA, in which polyadenylation is significantly inhibited.
The basis for these differing results is unclear.

Do the downstream sequences implicated in affecting 3’
processing in vitro play a similar role in vivo? Two studies
using different types of in vivo assays have examined the
effects of deleting sequences downstream of the SV40 late
poly(A) addition site. Sadofsky et al. (33) showed that the
sequence AGGUUUUUU, which is located between 46 and
54 bases downstream of the cleavage site, is required for
optimal accumulation of SV40-specific RNA in the cyto-
plasm of transfected COS cells. Deletion of this sequence
resulted in about a fourfold reduction in mRNA levels,
which agrees well with the effects observed when SV40 late
pre-RNAs lacking sequences downstream of +32 were proc-
essed in crude nuclear extracts. However, when a similar
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analysis was carried out on SV40 RNAs synthesized from
plasmids microinjected into X. laevis oocytes, deletion of the
sequences defined by the former experiments appeared to
have no effect on cleavage-polyadenylation (3). In contrast,
a U-rich region between 9 and 26 bases 3’ to the poly(A) site
was found to be required for optimal 3’-end formation. The
basis for these apparently contradictory results is not clear
but may reflect differences in the plasmid constructs or the
very different assay systems used.

Recently, Zarkower and Wickens (51) presented results
indicating that sequences between +7 and +23 in the SV40
late poly(A) site are required for optimal cleavage in HeLa
nuclear extracts and that sequences further downstream are
not. Although we do observe that the sequences between +3
and +32 influence cleavage efficiency in both the 20-40
fraction and CSF (Fig. 1 and data not shown), the effects
observed were much smaller than those observed with the
deletion of sequences downstream of +32. In support of the
view presented here that bases downstream of +32 can
influence cleavage-polyadenylation, Wilusz et al. (46) have
observed that deletion of sequences downstream of +29
reduces the efficiency of cleavage in nuclear extracts. The
apparent discrepancy between these results could again
reflect differences in the precursors or assay conditions
used; nevertheless, these findings suggest a complex but
nonessential role for downstream sequences.

At the moment, we can only speculate on the identity of
the factors that interact with downstream sequences. How-
ever, a model consistent with the data and involving both
positive and negative interactions between trans-acting fac-
tors and the pre-RNA can be put forth. A potentially
important factor when one considers the mechanism of
nuclear pre-mRNA processing is the higher-order structure
of the pre-RNA, e.g, its association with proteins to form
heterogeneous nuclear ribonucleoproteins (hnRNPs) (re-
viewed in reference 4). hnRNP particles form rapidly on
nascent RNA in vivo (5, 6) and in vitro (18), and at least one
type of hnRNP (the C protein) has been suggested to play a
role in pre-RNA splicing (2). Wilusz et al. (46) have ob-
served, by using UV cross-linking, that C protein can bind to
sequences lying downstream of several poly(A) addition
sites. Most relevant, they found that C proteins interact
specifically with sequences between +29 and +54 on an
SV40 late pre-RNA. Similarly, Moore et al. (24) have found
that C protein specifically interacts with the U-rich sequence
just upstream of the Ad2 L3 cleavage site. Interestingly,
both of these regions (+29 to +54 in SV40 late and —12 to
—3 in Ad2 L3) correspond to deletion mutants that exhibit
very low levels of cleavage activity in the 20-40 fraction
(SVL+32, Ad2L3-7, and —18 mutants) but exhibit nearly
wild-type levels of cleavage activity when assayed in the
more purified Superose 6 fractions (Fig. 1 and 3). On the
basis of these observations, we suggest that formation of a
specific hnRNP structure involving this sequence properly
positions the pre-RNA such that the AAUAAA and cleavage
site are readily accessible to the polyadenylation machinery.
In the absence of these sequences, hnRNPs, or perhaps
other RNA-binding proteins, interact with the RNA in a
manner that interferes with polyadenylation. Interestingly,
the nucleotide sequence between +3 and +32 of the SV40
late pre-RNA contains an excellent match to the pre-mRNA
3’ splice site consensus, Py, . ;;,NPYAG/G (28). Several
proteins, including hnRNPs, that are able to bind to 3’ splice
sites have been identified (8, 31, 42; G. Dreyfuss, personal
communication). We suggest that in the absence of properly
positioned hnRNPs, one of these proteins can bind to this 3’
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splice site, thereby blocking the cleavage-polyadenylation
reaction. Partial purification of the polyadenylation machin-
ery might be expected to remove these factors, thereby
eliminating both the inhibitory effect of the sequences situ-
ated between +3 and +32 and the requirement for sequences
downstream of +32. Although the situation with the Ad2 L3
RNA may not be completely analogous, we note that similar
U-rich sequences are appropriately situated in this pre-
RNA, and these may also play a role in C-protein binding
(24, 39). A more detailed understanding of factors that
interact with downstream sequences should result from
reconstitution experiments with purified components.
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