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The sequence AAUAAA is found near the polyadenylation site of eucaryotic mRNAs. This sequence is
required for accurate and efficient cleavage and polyadenylation of pre-mRNAs in vivo. In this study we show
that synthetic simian virus 40 late pre-mRNAs are cleaved and polyadenylated in vitro in a HeLa cell nuclear
extract, and that cleavage in vitro is abolished by each of four different single-base changes in AAUAAA. In
this same extract, precleaved RNAs (RNAs with 3' termini at the polyadenylation site) are efficiently
polyadenylated. This in vitro polyadenylation reaction also requires the AAUAAA sequence.

cleavage, polyadenylation is dependent on the AAUAAA

The 3' termini of eucaryotic mRNAs are formed by
endonucleolytic cleavage of an mRNA precursor and the
addition of approximately 250 adenylate residues [poly(A)]
to the newly formed end (8, 22, 26, 34). The structural
features of the precursor that are required for cleavage and
polyadenylation have not been completely defined, but are
known to include two separable elements, the AAUAAA
sequence (10, 13, 23, 27, 32) and the downstream element (or
TG box) (7, 12, 19, 20, 28, 29, 33).
The AAUAAA sequence, located 6 to 26 bases before the
poly(A) addition site of mammalian mRNAs, is required for
cleavage. Deletions (10) or single-base-pair changes (13, 23,
32) in AAUAAA prevent cleavage in vivo, but do not
prevent polyadenylation; thus mRNA precursors containing
mutant AAUAAA sequences are cleaved inefficiently, but
all precursors that are cleaved also are polyadenylated (23,
32). The downstream element is located 10 to 30 bases
beyond the polyadenylation site, in the 3' flanking sequence.
mRNA precursors from which this sequence has been deleted are cleaved inefficiently (7, 12, 19, 20, 29). The
AAUAAA sequence is quantitatively more important than
the downstream element. For example, in injected oocytes,
cleavage is reduced more than 50-fold by point mutations in
AAUAAA (32) but only 5- to 10-fold by deletion of the
downstream element (7; D. Zarkower, unpublished data).
Similarly, the AAUAAA sequence is more highly conserved
than the downstream element (4, 20, 32).
Recently Moore and Sharp (25) demonstrated cleavage
and polyadenylation of a synthetic adenovirus pre-mRNA in
an extract prepared from human cells (9, 25). To establish
the physiological relevance of these cell-free reactions, they
must be compared with the same reactions in vivo; the in
vitro reactions must be accurate and efficient and must
depend on the same sequences that are required in vivo.
Hart et al. (12) have reported that the downstream element is
required for cleavage in vitro.
In this report, we demonstrate that cleavage of a simian
virus 40 (SV40) late mRNA precursor in vitro is accurate and
efficient and displays the same striking dependence on the
AAUAAA sequence as is observed in vivo. Furthermore, by
preparing mRNA precursors with 3' termini at the normal
polyadenylation site, we establish that in the absence of
*

sequence.
MATERIALS AND METHODS
RNA substrates. In vitro transcription was performed as
described previously (21), except that the GTP concentration was 300 ,uM and 1.2 mM GpppG (P-L Biochemicals)
was included to produce capped transcripts (14). After the
transcription reaction, DNA was removed with RNase-free
DNase (P-L), and the transcripts were purified by repeated
ethanol precipitation in the presence of 2 M ammonium
acetate.
(i) -141/+55 RNA (mRNA precursor before cleavage). A
211-base-pair fragment of SV40 spanning the polyadenylation site of late mRNAs (nucleotides 2533 to 2744 of the
SV40 genome; numbering as in Tooze [30]) was transferred
from pSVL-141/+70 (32) to pSP62 (21) as a BamHI-EcoRI

fragment, thereby generating pSPSV-141/+70. pSPSV141/+70 was cleaved 55 bases past the polyadenylation site
(i.e., +55) with DraI. Transcription of Dral-cleaved DNA by
SP6 polymerase (New England Nuclear Corp.) generates a
-141/+55 RNA that contains 29 bases of vector sequence at
the 5' end and 196 bases of SV40 sequence spanning the
polyadenylation site.
(ii) -141/+55L RNAs (linker-containing mRNA precursor
before cleavage). The SV40-containing BamHI-PvuI fragments of pSVL1:AATAAA (32) and each of the four mutant
plasmids (e.g., pSVL1:AATACA [32]) were transferred into
BamHI pSP62, generating pSPSVL:AATAAA, pSPSVL:
AATACA, etc. Transcription of Dral-cleaved DNA generates a 255-base -141/+55 RNA containing linkers on either
side of AAUAAA; we refer to this transcript as -141/+SSL
RNA to indicate the presence of the linkers.
(iii) -141/-1 RNA (precleaved mRNA precursor).
pSPSVL:AATAAA and pSPSVL:AACAAA were linearized
with HindlIl, which cleaves the synthetic linker after
AATAAA (see Fig. 4). Upon transcription with SP6 polymerase, these templates yield an RNA with a 5' end at -1
(relative to AAUAAA), as is demonstrated directly by RNA
fingerprinting analysis (see below). The terminal 6 bases of
these transcripts are derived from the HindlIl linker and so
differ from the SV40 sequence (see Fig. 6). We refer to these
transcripts either as precleaved or as -141/-1 RNAs.
Probes for S1 nuclease mapping. Probes for Si nuclease
mapping were prepared as described previously (3, 7, 32).
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most respects, the observed reaction optima are very similar
to those reported by Moore and Sharp (25). However, we
found that polyvinyl alcohol was necessary for efficient
cleavage and polyadenylation of SV40 late pre-mRNAs in
certain extract preparations. In some experiments
polyadenylation was inhibited by including either 2 mM
EDTA or 0.5 mM cordycepin triphosphate (P-L).
RESULTS
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FIG. 1. Structure of RNA substrates synthesized by SP6 polyThe region of SV40 from 141 bases before the late
polyadenylation site (the natural BamHl site) to 70 bases beyond (a
synthetic Hindlll site) was cloned into pSP62, generating
pSPSV-141/+70. Transcription of Dral-cleaved pSPSV-141/+70
in the presence of GpppG (14, 21) produces -141/+55 RNA. The
sequence of the transcript is identical to that presented in Fig. 4,
except that -141/+55 ends at +55, not + 102.

merase.

RNA substrates. SV40, a double-stranded circular DNA
virus, encodes virion protein mRNAs (late mRNAs). We
have constructed a plasmid, pSPSV-141/+70 (Fig. 1), in
which a bacteriophage SP6 promoter (21) has been placed
upstream of a 211-base-pair SV40 fragment containing the
polyadenylation site of virion protein mRNAs. Transcription
of Dral-cleaved pSPSV-141/+70 by SP6 polymerase (Fig.
1) generates a 225-base runoff transcript that contains 29
bases derived from the SP6 promoter region followed by 196
bases of SV40-141 bases before the poly(A) addition site
and 55 beyond (Fig. 1). This transcript, called -141/+55
RNA, contains both the AAUAAA sequence and the downstream element as defined in oocytes (7, 22) and possesses a
5'-terminal cap due to inclusion of GpppG in the transcription reaction (14).
Processing of wild-type transcripts. (i) Cleavage and
polyadenylation in vitro. 141/+55 RNA is efficiently
cleaved and polyadenylated in vitro in a cell-free nuclear
extract. 32P-labeled - 141/+55 RNA was incubated for 4 h in
an extract prepared from HeLa cell nuclei by the method of
Dignam et al. (9, 25). RNA recovered after incubation was
analyzed by electrophoresis. More than 80% of the RNA
recovered after incubation (Fig. 2, lane 2) is longer than the
-

The -141/+70 probe (32) is a uniformly labeled, singlestranded DNA containing sequences complementary to
SV40 from -141 to +70 and a noncomplementary 5' portion
that distinguishes undigested probe (255 bases) from probe
protected by uncleaved precursor RNA (196 bases). The
pSVL1 probe extends from -141 to + 103 and contains
linkers on either side of AATAAA; it is otherwise indentical
to the -141/+70 probe.
SI nuclease mapping and oligo(dT)-cellulose chromatography. S1 nuclease mapping (5, 7) and oligo(dT)-cellulose
chromatography (1) were performed as described previously, except that RNA was bound to oligo(dT)-cellulose in
0.4 M NaCl-10 mM Tris hydrochloride (pH 7.9)-0.1% sodium dodecyl sulfate, and bound RNA was eluted with 50°C
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RNase T, digestions, fingerprint analysis, and identification
of oligonucleotides. RNA was transcribed in the presence of
[32P]UTP, and full-length transcripts were eluted from an
acrylamide gel (18). When necessary, polyadenylated RNAs
(see Fig. 6) were purified by oligo(dT)-cellulose chromatography, and "'half-molecules" (see Fig. 3 and 4) were purified
by gel electrophoresis. (The molar recovery of the 3' half
molecule is 0.2 to 0.5 that of the 5' half-molecule [M.
Wickens and P. Stephenson, unpublished data].) RNAs were
digested with RNase T1 (Calbiochem), and the oligonucleotides were separated by two-dimensional chromatography
(2, 6), in which the first dimension was high-voltage electrophoresis on cellulose-acetate at pH 3.5 and the second
dimension was homochromatography on Cel 300
polyethyleneimine plates (Brinkman Instruments, Inc.).
Nuclear extract. The nuclear extract was prepared by the
method of Dignam et al. (9). RNA ( 5 ng) was incubated at
30°C in a 25-pI reaction containing 11 ,ul of nuclear extract,
40 mM KCI, 20 mM phosphocreatine, 0.1 mM ATP, and
2.8% polyvinyl alcohol. After incubation in the nuclear
extract, RNA was prepared as described previously (15).
Reaction conditions were determined by systematically
varying each parameter while holding the rest constant. In

1 2)
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FIG. 2. SV40 mRNA precursors synthesized by SP6 polymerase
are cleaved and polyadenylated in vitro. 32P-labeled - 141/+ 55 RNA
was analyzed by electrophoresis on a 15% polyacrylamide-7 M urea

sequencing gel before (lane 1) and after (lane 2) incubation for 4 h in
the nuclear extract. Unlabeled -141/+55 RNA was analyzed for
cleavage and polyadenylation by oligo(dT) chromatography and S1
nuclease mapping before (lanes 3 through 5) and after (lanes 6
through 8) incubation for 4 h in the nuclear extract as follows: total,
before chromatography; A+, bound fraction; A-, unbound fraction.
The structures of hybrids formed and S1 nuclease mapping are
diagrammed. The undigested probe (p) is 255 nucleotides long, RNA
that has not been cleaved (nc) protects a fragment of 196 nucleotides, and cleaved RNA (c) protects a fragment of 143 nucleotides.
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RNA put into the reaction (lane 1). This increase in length is
due to the addition of poly(A) during the incubation, since
the large RNA produced during the reaction is retained by
oligo(dT)-cellulose, whereas the RNA put into the reaction is
not (data not shown). The recovered RNA is approximately
200 bases longer than the precursor or 250 bases longer than
precursor cleaved at the polyadenylation site.
To determine whether cleavage of -141/+55 RNAs occurs in the extract, we performed an S1 mapping experiment
with a labeled, single-stranded DNA probe that spans the
polyadenylation site (Fig. 2). Whereas -141/+55 RNA not
incubated in the extract protects only a 196-base fragment of
probe (lane 3), RNA recovered after incubation (lane 6)
protects both this 196-base fragment and a 143-base fragment
corresponding to RNA with the same 3' terminus as is found
in vivo (31, 32). From the ratio of the radioactivities present
in the 196- and 143-base bands, we conclude that 80% of the
RNA is cleaved. (Depending on the preparation of extract,
efficiency of cleavage ranges from 40 to 90%.)
More than 95% of cleaved -141/+55 RNA is polyadenylated. RNAs were analyzed by Si mapping after fractionation
by oligo(dT)-cellulose chromatography. The starting RNA
contains no poly(A) and so is not retained on the column
(Fig. 2, lanes 4 and 5). In contrast, after incubation in the
extract, more than 95% of those RNAs that are cleaved are
also polyadenylated (lanes 7 and 8). In addition, some RNA
not cleaved during the incubation also is polyadenylated
(lane 8). This end addition of poly(A) to the precursor is less
efficient than polyadenylation after cleavage and varies in
efficiency among preparations of extract.
(ii) Endonucleolytic cleavage occurs near the polyadenylation site. 32P-labeled -141/+55 or -141/+102 RNAs were
incubated in the nuclear extract in the presence of EDTA.
EDTA inhibits polyadenylation but not cleavage (25; and P.
Stephenson and D. Zarkower, unpublished data). In reactions containing EDTA, each transcript generates two halfmolecules (Fig. 3). One-the putative 5' half-moleculecorresponds in length to the region from -141 to the
polyadenylation site. The length of this species is the same
when derived from either RNA. In contrast, the length of the
other species-the putative 3' half-molecule-depends on
the size of the RNA; it is approximately 55 bases with the
-1411+55 RNA and approximately 100 bases with the
-141/+102 RNA. We infer that endonucleolytic cleavage
occurs at or near the polyadenylation site.
This inference is confirmed by analyzing the oligonucleotides generated by RNase T1 digestion of each purified
half-molecule. The 5' and 3' half-molecules derived from
-141/+102 RNA (labeled with [32P]UTP) were purified by
gel electrophoresis, digested with RNase T1, and analyzed
by two-dimensional chromatography (6). An RNase T, digest of -141/+102 RNA was analyzed in parallel. The
oligonucleotide which spans the poly(A) site in the precursor
(oligonucleotide 1) was readily detected in digests of
-141/+102 RNA, but not in either half-molecule (Fig. 4).
Each half-molecule contains only those oligonucleotides
expected from the appropriate half of the precursor plus a
new oligonucleotide in place of oligonucleotide 1: oligonucleotide X in the 5' half-molecule and oligonucleotides Y and
Y' in the 3' half-molecule. These new oligonucleotides (X,
Y, and Y') currently are being characterized in greater
detail. Our preliminary results demonstrate that the 3' end of
oligonucleotide X lies at position -1, suggesting that
endonucleolytic cleavage occurs between positions -1 and
+8.
From the data presented thus far, we conclude that
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FIG. 3. Cleavage in the presence of EDTA generates two halfmolecules. Precursors containing 141 bases 5' to the polyadenylation site and either 102 or 55 bases 3' to the polyadenylation site
were incubated in the nuclear extract for 3 h in the presence of
EDTA and analyzed by electrophoresis through a 6% acrylamide-7
M urea sequencing gel.

cleavage and polyadenylation of synthetic SV40 late premRNAs occurs accurately and efficiently in vitro. Furthermore, cleavage occurs at or near the polyadenylation site,
within oligonucleotide 1 of the precursor.
Point mutations in AAUAAA prevent cleavage. To test
whether the AAUAAA sequence is required for cleavage,
we constructed four plasmids analogous to pSPSV141/+70, but containing AATACA, AATTAA, AACAAA,
or AATGAA instead of AATAAA (32) (Fig. SA). Each
plasmid contains 8-base-pair insertions (linkers) on either

side of the AAUAAA sequence to facilitate recombinant
DNA constructions; the locations and sequences of these
insertions are given in Fig. SA.
-141/+55 RNA prepared from each of these templates
was incubated for 12 h in the nuclear extract, and cleavage
was then assayed by SI nuclease mapping. Whereas the
AAUAAA-containing RNA protects a prominent band of
159 nucleotides, corresponding to cleaved RNA, the four
mutant RNAs protect only the 214-base band that corresponds to uncleaved precursor (Fig. 5B).
In principle, the lack of cleaved mutant RNA after 12 h
could reflect either inefficient cleavage or selective instability of cleaved, mutant RNAs. Three lines of evidence
strongly support inefficient cleavage as the explanation.
First, synthetic -141/-1 RNAs (i.e., RNAs with a -1 end
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FIG. 4. Endonucleolytic cleavage occurs at or near the polyadenylation site. [32P]UTP-labeled -141/+102 RNA (precursor) was incubated
in the nuclear extract in the presence of EDTA; the resulting 5' and 3' half-molecules were purified by gel electrophoresis. Each RNA was
digested with RNase Tl, and the products fractionated by two-dimensional chromatography (see Materials and Methods). The half-molecules
contain a new oligonucleotide(s)-designated X (5' half-molecule), and Y and Y' (3' half-molecule)-in place of oligonucleotide 1. (Y and Y'
are closely related; P. Stephenson, unpublished data). The position at which oligonucleotide 1 would appear, were it present, is indicated by
a dotted circle in the fingerprint of each half-molecule. In the upper left panel, the sequence of the precursor and the predicted T1
oligonucleotides are provided, including numbering of the oligonucleotides (below the sequence) and positions relative to the polyadenylation
site (above the sequence). Oligonucleotide 1, which contains the polyadenylation site of the precursor, is underlined, and the putative site of
poly(A) addition indicated by an arrowhead. The sequences of pSP65 and SV40 were obtained from Melton et al. (21) and Tooze (30),
respectively.

generated by transcription in vitro rather than by cleavage)
are stable in the extract even when the AAUAAA sequence
is mutant (Fig. 6). Second, after only 30 min, cleavage of
wild-type transcripts is readily detectable, whereas cleavage
of mutant transcripts is not (Fig. SC). It is unlikely, although
possible, that cleaved mutant RNAs are degraded completely in the first 30 min but that cleaved wild-type RNAs
and uncleaved mutant precursors are stable for 12 h. Third,
the addition of EDTA to the reactions, which prevents
nucleolytic degradation in the extract (25; P. Stephenson,
unpublished data), does not result in the appearance of
cleaved mutant RNAs at short times (data not shown). In
summary, we conclude that point mutations in AAUAAA
prevent the cleavage reaction in vitro.
AAUAAA is required for polyadenylation in the absence of
cleavage. To examine polyadenylation in the absence of
cleavage, we prepared "precleaved" (e.g., -141/-1) RNA.

The sequence of this RNA is shown in Fig. 6A. It was
prepared by transcribing a plasmid linearized at the -1
position (see Materials and Methods). We identified the 3'
terminus of precleaved RNA precisely by RNA fingerprinting analysis of [32P]UTP-labeled RNA (data not shown).
As expected, all oligonucleotides in the 5' half-molecule
(Fig. 4) are contained in precleaved RNA, except for the
3'-terminal oligonucleotide, X. In precleaved RNA, that
terminal oligonucleotide of the 5' half-molecule is replaced
by two new oligonucleotides, designated A and B (Fig. 6A).
Both A and B are obtained in approximately equimolar yield
relative to the other oligonucleotides in precleaved RNA
(data not shown). We conclude that the 3' terminus of
precleaved RNAs lies at the U at position -1 (Fig. 6A).
Thus, although precleaved RNA differs from cleaved
-141/+55 RNA in its last 6 bases, the 3' termini of
precleaved RNA and cleaved -141/+55 RNA lie precisely
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FIG. 5. AAUAAA is required for cleavage in vitro. (A) Structure of transcription templates for linker-containing RNAs. Templates differ
in sequence only at the AAUAAA sequence. EcoRI (GGAATTCC) and HindIll (CAAGCTTG) linkers bracket the AATAAA sequence in
each template. The positions of these two insertions relative to the wild-type sequence are shown in the diagram (the insertions are indicated
by black bars); in the sequence, each insertion is surrounded by a box. (B) Si nuclease mapping of RNA recovered after 16 h of incubation
in nuclear extract. The probe (310 bases) is homologous to wild-type RNA. RNA that has not been cleaved (nc) protects a probe fragment
of 214 nucleotides, whereas cleaved RNA (c) protects a fragment of 159 nucleotides. (C) Si mapping of RNAs recovered at various times after
addition to the extract. Times (hours) are indicated above each lane.

the same distance from AAUAAA. For convenience, we
sometimes refer to precleaved RNA as -141/-1 RNA.
-141/-i RNAs are polyadenylated very efficiently in the
nuclear extract (Fig. 6C, lanes 2 and 4). 32P-labeled -141/-1
RNA was incubated in the extract for 1.5 h and then
analyzed by gel electrophoresis; 90% of the RNA migrated
as a relatively discrete band about 250 bases longer than the
input RNA (compare lanes 1 and 3). This increase in length
is due to the addition of poly(A), as judged by oligo(dT)cellulose chromatography (data not shown).
Polyadenylation of -141/-1RNA requires the AAUAAA
sequence. -141/-i RNAs that contain AACAAA rather
than AAUAAA are not detectably polyadenylated (Fig. 6C,
lanes 3 and 4). We conclude that polyadenylation, once
uncoupled from cleavage in vitro, requires an intact
AAUAAA sequence.
Insertions near AAUAAA reduce cleavage efficiency. The
AAUAAA-containing -141/+55 RNAs analyzed in Fig. 2
and 5 differ only in that those in Fig. 5 contain two 8-base
insertions bracketing AAUAAA. To test whether the insertions effect cleavage in vitro, we examined the kinetics and
extent of cleavage of insertion-containing mRNA precursors
(Fig. 7).
-141/+55 RNAs with or without the insertions were
added separately to the nuclear extract. At various times
afterward, RNA was extracted from the reaction and analyzed by Si nuclease mapping. Cleavage of both RNAs
proceeds without a significant lag and is detectable within 20
min in both cases (Fig. 7). However, RNAs with insertions

cleaved two to three times more slowly than the wild
type; after 2 h, 20%o of RNAs with insertions have been
cleaved, as compared with 60% of RNAs without insertions.
In contrast, in vivo, both in injected oocytes (32) and in
transfected monkey cells (M. Wickens and P. Stephenson,
unpublished data), these insertions do not effect the rate (32)
or extent of cleavage. The difference in these two results
could arise either from a difference between the processing
reactions in vivo and in vitro or from a difference in the
structure of precursor RNA transcribed in vivo rather than
in vitro. These two explanations can be tested by comparing
the cleavage efficiency of synthetic RNAs with or without
insertions after injection into oocyte nuclei.
Cleaved RNAs, whether or not they contain insertions,
possess 3' termini at the same sequence (position -1 in Fig.
4), not at the same distance from AAUAAA. (The uncertainty in our positioning the 3' end by Si mapping is +2
nucleotides.) Thus the site of cleavage is not determined
solely by measurement from AAUAAA.

are

DISCUSSION
The results presented demonstrate that the AAUAAA
sequence is strictly required for cleavage of mRNA precursors in a cell-free nuclear extract; each of four point mutations (AAUGAA, AAUUAA, AAUACA, and AACAAA)
reduces cleavage dramatically. Thus, the behavior of
AAUAAA mutants in vitro parallels their behavior in vivo,
both in injected oocytes (32) and in transfected cos cells (23).
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RNA containing AACAAA instead of AAUAAA analyzed before
and after incubation in the extract.
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detectably polyadenylated. These results are consistent with
analyses of polyadenylation in the absence of cleavage (16,
17). In three respects, our results extend these previous
analyses of polyadenylation. First, the RNA substrate we
have used possesses a 3' end at position -1 and so very
closely resembles a natural RNA processing intermediate
that has been cleaved but is not yet polyadenylated. Second,
unlike the whole cell extract used previously (16) or purified
poly(A) polymerase preparations, the nuclear extract we
have used accurately cleaves precursors that extend beyond
the natural polyadenylation site (Fig. 2) in a reaction that
requires AAUAAA (Fig. 5). These two observations
strongly suggest the physiological relevance of the cleavage
and polyadenylation reactions we have examined. Third, we
have shown that recognition of AAUAAA during polyadenylation is sufficiently precise to be abolished by singlebase substitutions in the sequence.
Previous work has shown that all RNAs that are cleaved
are polyadenylated, whether or not they contain an intact
AAUAAA sequence (23, 32), suggesting that cleavage and
polyadenylation are tightly coupled (16). When the
polyadenylation is uncoupled from cleavage, as in the present work, it requires the AAUAAA sequence. To explain
these observations, we favor the general proposal of Manley
et al. (17). We present our view as three explicit working
hypotheses.
(i) The same component recognizes AAUAAA in cleavage
and in polyadenylation.
(ii) The component that recognizes AAUAAA is physically associated with a component required for cleavage and
with another required only for polyadenylation. Most simply, but not necessarily, these would be the cleavage endonuclease and the poly(A) polymerase.
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Furthermore, the data demonstrate that, as with adenovirus
hexon mRNA (25), sequences sufficient for cleavage and
polyadenylation of SV40 late mRNA are confined to the
immediate vicinity of the polyadenylation site, as expected
(32).
In vivo, the site of cleavage has not been determined,
since the 3' half-molecule is rapidly degraded and the 5'
half-molecule is rapidly polyadenylated. Our in vitro data
demonstrate that when both these processes are inhibited by
EDTA (24), SV40 late pre-mRNA, like adenovirus hexon
pre-mRNA (25), is cleaved at or near the polyadenylation
site (between -1 and +7). Our data do not identify precisely
which phosphate bond is cleaved. The oligonucleotides
corresponding to the 5' terminus of the 3' half-molecule
migrate anomalously (relative to the predicted -1
AACAAUU +7 oligonucleotide). Similarly, the analogous
oligonucleotide derived from the 3' half-molecule of an
adenovirus hexon pre-mRNA also displays slow mobility in
polyacrylamide gel electrophoresis (25). We currently are
analyzing these terminal oligonucleotides further.
The AAUAAA sequence is required for polyadenylation
in vitro of a precleaved mRNA precursor; whereas an
AAUAAA-containing transcript ending at the polyadenylation site is efficiently polyadenylated in the nuclear extract,
an identical transcript containing AACAAA instead is not
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FIG. 7. Insertions near AAUAAA reduce cleavage efficiency in
vitro. S1 nuclease mapping of -141/+55 and -141/+55L RNAs
incubated in the nuclear extract for various times. Fragments
protected by cleaved RNA (c) are 143 (-141/+55) or 159 nucleotides
(-141/+55L) in length; fragments protected by RNA that has not
been cleaved (nc) are 196 (-141/+55) or 214 nucleotides
(-141/+55L) in length.
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(iii) The requirements for polyadenylation are that the
complex be associated with AAUAAA and that an RNA 3'
terminus lie near the complex.
These three hypotheses reconcile the requirement for
AAUAAA in polyadenylation of precleaved RNAs with the
lack of requirement in polyadenylation of naturally cleaved
RNAs; furthermore, they provide a mechanistic model for
the observed coupling of cleavage and polyadenylation. The
interaction between the mRNA precursor and the component that recognizes AAUAAA limits cleavage of precursors
extending beyond the polyadenylation site; AAUAAA mutations prevent this interaction and so decrease cleavage
efficiency. Once cleaved, each RNA presents a 3' terminus
near the associated complex and so is rapidly polyadenylated. In contrast, polyadenylation of precleaved RNAs
requires de novo recognition of AAUAAA by the complex
and so is prevented by mutations in AAUAAA.
The component that recognizes AAUAAA may or may
not have endonucleolytic cleavage activity, but must discriminate the AAUAAA sequence precisely. A reasonable
candidate for such a molecule is the RNA component of a
small ribonucleoprotein particle (4, 10, 11, 25).
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