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Formation of mRNA 3' termini involves cleavage of an mRNA precursor and polyadenylation of the newly
formed end. Cleavage of simian virus 40 late pre-mRNA in a crude nuclear extract generated two RNAs, 5' and
3' half-molecules. These RNAs were unmodified and linear. The 5' half-molecule contained sequences upstream
but not downstream of the poly(A) site and ended in a 3'-terminal hydroxyl. The 3' half-molecules comprised
a family of RNAs, each of which contains only sequences downstream of the poly(A) site, and ends in a
5'-terminal phosphate. These RNAs differed only in the locations of their 5' terminus. The 3' terminus of the
5' half-molecule was the adenosine 10 nucleotides downstream of AAUAAA, at the + 1 position. The 5'
terminus of the longest 3' half-molecule was at +2. Thus, these two RNAs contain every nucleoside and
phosphate of the precursor. The existence of these half-molecules demonstrates that endonucleolytic cleavage
occurs near the poly(A) site. 5' half-molecules generated in the presence of EDTA (which blocks polyadenyla-
tion, but not cleavage) ended at the adenosine at position + 1 of the precursor. When incubated in the extract
under suitable conditions, they became polyadenylated. 5' half-molecules formed in 3'-dATP-containing
reactions contained a single 3'-deoxyadenosine (cordycepin) residue added onto the +1 adenosine and were
poor polyadenylation substrates. We infer that the +1 adenosine of the precursor becomes the first A of the
poly(A) tract and provides a 3' hydroxyl group to which poly(A) is added posttranscriptionally.

The 3' terminus of most eucaryotic mRNAs is generated
by two sequential reactions, cleavage and polyadenylation.
Primary transcripts extend beyond the polyadenylation site
by as much as 20 kilobases (40, 55). Endonucleolytic cleav-
age of these long mRNA precursors generates new 3' termini
to which approximately 250 adenosine residues [poly(A)] are
added (10, 35, 40, 55). The mechanisms of cleavage and
polyadenylation are of interest because both steps are re-
quired for the maturation of nearly all mRNAs and because
both steps can be regulated (1, 2, 5, 8, 10, 45).

Sequence information sufficient for both cleavage and
polyadenylation is confined to the immediate vicinity of the
polyadenylation site (37, 38, 51, 53). At least two sequence
elements are essential: the AAUAAA sequence (15, 21, 36,
43, 51) and a sequence downstream of the poly(A) site (9, 17,
32, 33, 47, 48, 52).
By analyzing mRNA processing in vivo, Nevins and

Darnell (40) established that formation of mRNA 3' termini
requires at least one endonucleolytic scission. Two impor-
tant questions could not be resolved owing to the inherent
limitations of in vivo analysis. First, the site at which
endonucleolysis occurs could not be determined, since the
portion of the precursor which lies downstream of the
poly(A) site is degraded very rapidly. Thus, cleavage might
occur either at the poly(A) site or downstream (in which case
an exonuclease would also be required). Second, the nucle-
otide to which poly(A) is added could not be identified. In
most genes (4, 33), the poly(A) site coincides with an NA
dinucleotide in the precursor; as a result, inspection of the
sequence cannot resolve whether the first A of the poly(A)
tail is derived from the primary transcript or is added
posttranscriptionally. In vivo cleaved RNAs that are not yet
polyadenylated cannot be detected, and so data that bear on
the question cannot be obtained.

* Corresponding author.

The limitations of in vivo studies can be circumvented in
vitro by examining cleavage and polyadenylation of syn-
thetic pre-mRNAs (34) in a crude extract of HeLa cell nuclei
(12, 38). Under suitable conditions, degradation of the RNA
fragment downstream of the poly(A) site can be prevented,
and polyadenylation can be inhibited without affecting cleav-
age (38, 53). Consequently, the two half-molecules that
result from cleavage of the precursor can be detected and
analyzed (16, 39, 53).

In this report, we examine cleavage and polyadenylation
of simian virus 40 (SV40) late pre-mRNAs in vitro. We
characterized the RNA products of the cleavage reaction to
identify the nucleotide to which poly(A) is added and the
phosphodiester bond that is hydrolyzed during mRNA 3'-
end formation. In addition, we determined whether cleav-
age, like mRNA and tRNA splicing (18, 23, 25, 26, 42, 46), is
accompanied by covalent modification of the pre-mRNA.

MATERIALS AND METHODS
Construction of pSPSV- 141/+31. pSV- 141/+31 contains

a 172-base-pair fragment of SV40 spanning the polyadenyla-
tion site of virion protein (late) mRNAs (nucleotides [nt]
2533 to 2720 of the SV40 genome; numbering as in Tooze
[50]). It was constructed by digesting HindIll-cleaved
pSV-141/+70 (51) with Bal 31 exonuclease. XbaI linkers
(CTCTAGAG) were added to the +31 position of SV40, and
the DNA was resealed with T4 DNA ligase. The BamHI-PstI
fragment of this clone containing the -141/+ 31 (BamHI-
XbaI) region of SV40 was then cloned into BamHI-PstI-cut
pSP65 (34), yielding pSPSV-141/+31.

Preparation of -141/+31 RNA. pSPSV-141/+31 was
cleaved with XbaI at the +31 position of SV40 and was then
transcribed in vitro as described previously (34) except that
the reactions contained 0.1 mM GTP, 1.2 mM GpppG (27;
P-L Biochemicals, Inc., Milwaukee, Wis.), and 50 to 500 ,uCi
of an [a-32P]nucleoside triphosphate (Amersham Corp.,
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Arlington Heights, Ill.). Full-length RNAs were purified by
elution from urea-containing acrylamide gels (31).

Preparation of nuclear extract and cleavage in vitro. Nu-
clear extract was prepared by the method of Dignam et al.
(12), except that MgCl2 was omitted from buffers A and D.
RNA (5 ng or less) was incubated at 30°C in a 25-pLl reaction
mixture containing 11 ,ul of extract (equivalent to approxi-
mately 106 cells) and additional components. The final con-
centrations of the various components (including the contri-
butions of the extract) were as follows: 84 mM KCl, 8.8 mM
HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid) (pH 7.6), 0.44 mM EDTA, 2.2 mM dithiothreitol, 8.8%
glycerol, 20 mM phosphocreatine, 10 puM ATP, and 2.8%
polyvinyl alcohol. Either 2 mM EDTA or 1 mM 3'-dATP
(P-L Biochemicals) was included to inhibit polyadenylation
(38, 53). After the incubation, RNA was purified as de-
scribed previously (28). Reactions were incubated for 1 to 2
h; shorter incubation times (as little as 30 s) did not alter the
pattern of RNAs observed, but reduced their yield.
RNA structural analyses. (i) RNase T1. RNAs were mixed

with 20 ,ug of tRNA and digested with 10 U of RNase T1
(Calbiochem-Behring, La Jolla, Calif.) for 30 min at 37°C in
10 mM Tris hydrochloride (pH 8.0) in a 3-pul reaction
mixture. The resulting oligonucleotides were separated in
two dimensions (3, 6): first by high-voltage electrophoresis
on cellulose-acetate at pH 3.5 and then by homochromatog-
raphy on Cel 300 polyethyleneimine plates (Brinkmann
Instruments, Inc., Westbury, N.Y.).

(ii) RNase T2. RNAs were mixed with 20 p.g of tRNA and
digested with 10 U of RNase T2 (Calbiochem) for 8 to 12 h at
37°C in 10 mM Tris hydrochloride (pH 8.0) in a 3-plA reaction
mixure. The products were analyzed by two-dimensional
thin-layer chromatography with a mixture of isobutyric
acid-concentrated NH40H-H20 (45:30:25, vol/vol/vol) in the
first dimension and isopropanol-concentrated HCl-H20
(75:15:15, vol/vol/vol) in the second (41). For the chroma-
tography, unlabeled nucleoside diphosphates (pNp) were
mixed with samples as markers and visualized with short-
wave UV light.

(iii) Alkaline phosphatase. RNA was treated with 5 to 10 U
of calf intestinal alkaline phosphatase (Boehringer Mann-
heim Biochemicals, Indianapolis, Ind.) for 30 min at 37°C in
10 mM Tris hydrochloride (pH 9.0) in a 3-,ul reaction
mixture. The enzyme was then removed by repeated phenol-
chloroform extractions in the presence of 10 mM EDTA.

(iv) Oligonucleotide-RNase T1 assays. RNA was annealed
to a 10- to 50-fold molar excess of a DNA oligonucleotide
complementary to positions -22 through -8 of -141/+31
RNA (DNA sequence, 3'-GACGTTAT`I`TGTTCAA-5'). Hy-
bridization reaction mixtures (3-,ul total volume) contained
0.5 M KCI and were incubated at 42°C for 20 min. Then, 20
jig of yeast RNA and 5 U of RNase T1 were added, and the
samples were incubated at 20°C for another 30 min. Diges-
tion products were purified by phenol-CHCl3 extraction and
ethanol precipitation. The fraction of RNA that is protected
from T1 digestion varies between experiments from 10% (see
Fig. 5) to 80% (data not shown).

Preparation of RNA markers. The markers used in Fig. 6
were prepared as follows. For -22/-1 (CUGCAA
UAAACAAGUUAACAAGOH), DNA oligonucleotide-T1
protection (see above) was performed with a mutant
-141/+31 RNA in which the -1 position was a G, not a C,
thereby generating a -22/-1 RNA ending with a 3'-terminal
Gp. The 3'-terminal phosphate was removed with phospha-
tase, and the oligonucleotide was purified by gel electropho-
resis.

SV40

pSPSV-141 /+31

-141/+ 31 RNA

Late Early
mRNAs mRNAs

/n\
SP6 pol Xba 1

-141 +3l

SP6 pol
GpppG, rXTPS

5'GpppG_--141 t +31

polyA

FIG. 1. Structure of the RNA substrates. The region of SV40
from 141 nt before the late polyadenylation site (the natural BamHI
site) to 31 nt beyond (a synthetic XbaI site) was cloned into pSP65
(34), generating pSPSV-141/+31. Transcription of XbaI-cleaved
pSOSV-141/31 in the presence of GpppG (28, 34) and ribo-
nucleoside triphosphates (rXTPs) produces -141/+31 RNA. The
sequence of the transcript is given in Fig. 3.

-22/+1 (CUGCAAUAAACAAGUUAACAAGAH) was
prepared by incubating -22/-1 RNA with Escherichia coli
poly(A) polymerase in the presence of 3'-dATP. A total of
10% of the RNA receives a single cordycepin residue,
becoming -22/+1 RNA; the remainder does not react. Thus,
this marker is a mixture of -22/-1 and -22/+1 oligonucle-
otides.

-22/+3 (CUGCAAUAAACAAGUUAACAACAAGoH)
was prepared exactly like -22/-1, but with a mutation in
which the +3 position was a G, not a C.
An alkaline hydrolysate of uniformly labeled -141/+31

RNA was prepared by the method of Donis-Keller et al. (13).
Polyacrylamide gel electrophoresis. Electrophoresis

through 6 or 15% polyacrylamide gels containing 7 M urea
was performed as described previously (49). Lengths of
RNAs were estimated by comparison with known T1 oligo-
nucleotides and with a partial alkaline hydrolysate of labeled
RNA. For quantitation, films were scanned with a laser
microdensitometer; several exposures of the same gel were
used.

RESULTS

RNA substrates. SV40, a tumor virus with a circular
double-stranded DNA genome, directs the synthesis of
virion protein (late) mRNAs late in infection of monkey cells
(Fig. 1). We constructed a plasmid, pSPSV-141/+31, in
which a bacteriophage (SP6) promoter lies upstream of a
172-base-pair SV40 fragment containing the polyadenylation
site of these mRNAs. Transcription of XbaI-cleaved
pSPSV-141/+31 by SP6 polymerase generated a 207-nt
transcript. This RNA contained 170 nt before the poly(A)
site (141 nt of SV40 preceded by 29 nt of vector) and 37 nt
after (31 nt of SV40 followed by 6 nt of vector). The
transcript, called -141/+ 31 RNA to indicate the SV40
sequence it contains, possesses a 5'-terminal cap (27) and
includes both the AAUAAA sequence and the downstream
element (9, 51).
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FIG. 2. Two types of cleavage products. Precursor containing 170 nt (n) 5' of the polyadenylation site (141 nt of SV40) and 36 nt 3' to the

polyadenylation site (31 nt of SV40) was incubated in nuclear extract reaction mixtures containing either EDTA (lane 1) or 3'-dATP (lane 2).
The products were analyzed by electrophoresis through a 15% acrylamide gel (49). Lanes 3 and 4 are a longer autoradiographic exposure of
the same gel.

Two types of cleavage products observed. Uniformly la-
beled -141/+31 RNA was incubated in a crude extract of
HeLa cell nuclei (12, 38). Polyadenylation was inhibited with
either EDTA or 3'-dATP (cordycepin triphosphate) (38, 53).
After 1 h, RNA was recovered and analyzed by polyacryl-
amide gel electrophoresis.
With either inhibitor, two types of RNA products were

generated (Fig. 2). The first is a 170-nt RNA, evident even in
a brief autoradiographic exposure (Fig. 2, lanes 1 and 2). The
second, detected in a longer exposure, is a group of five
short RNAs (RNAs 1 through 5), the longest of which
contains approximately 36 nt (Fig. 2, lanes 3 and 4). The
molar yield ofRNAs 1 to 5 relative to the 170-nt RNA varies

between experiments from 50 to 75%. The 170-nt RNA and
RNAs 1 to 5 are generated by cleavage, not by nonspecific
nucleases, since their appearance is prevented by mutations
in AAUAAA or in the downstream element (D. Zarkower,
data not shown).

Since the precursor contains 170 nt before the poly(A) site
and 36 nt beyond, these results suggest that the two types of
RNA are 5' and 3' half-molecules generated by cleavage near
the poly(A) site (16, 38, 39, 53). In the remainder of the
results, we first focus on characterization of the 170-nt RNA
and then on RNAs 1 through 5.
The 170-nt RNA is a 5' half-molecule. The 170-nt RNA

purified from reactions containing either EDTA (Fig. 3C) or

MOL. CELL. BIOL.
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FIG. 3. The 170-nt RNA is a 5' half-molecule. [a-32P]UTP-labeled -141/+31 RNA was incubated in nuclear extract containing either
EDTA or 3'-dATP. The resulting 170-nt RNAs were purified by gel electrophoresis. Each RNA was digested with RNase TI, and the products
were fractionated by two-dimensional chromatography (see Materials and Methods). (A) Sequence of -141/+31 RNA. The sequences of the
precursor and the predicted T, oligonucleotides are provided, including numbering of the oligonucleotides (below the sequence) and positions
relative to the polyadenylation site (above the sequence). (B) Oligonucleotides generated from -141/+31 precursor RNA. (C) Oligonucleo-
tides generated from the 170-nt RNA formed in EDTA-containing reactions. The new oligonucleotide, oligonucleotide X(EDTA), is indicated
by an arrow. (D) Oligonucleotides generated from the 170-nt RNA formed in 3'-dATP-containing reactions. The prominent new
oligonucleotide, designated oligonucleotide X(3'-dATP), is indicated by an arrow. Minor, less abundant, new oligonucleotides are also
observed, and are indicated by arrows above oligonucleotide X(3'-dATP). The dotted circle in C and D indicates the position at which
oligonucleotide 1 would appear were it present.

3'-dATP (Fig. 3D) was digested with T1 RNase. The result-
ing T1 oligonucleotides were separated by electrophoresis
and chromatography (3, 6). To provide a standard,
-141/+31 RNA was analyzed in parallel (Fig. 3B).
Both 170-nt RNAs contained all oligonucleotides up-

stream of the polyadenylation site, but none downstream
(Fig. 3). They lacked the oligonucleotide which contains the
polyadenylation site (oligonucleotide 1) but instead con-
tained a new oligonucleotide not found in the precursor
[oligonucleotide X(EDTA) or oligonucleotide X(3'-dATP)].
As we shall demonstrate below, the new oligonucleotides

include the 3' end of each RNA. From these data we
conclude that the 170-nt RNAs are 5' half-molecules.
The 3' end of half-molecules cleaved in the presence of

EDTA is the polyadenylation site. Oligonucleotide X (see
above) is one residue longer in 5' half-molecules prepared
from reactions containing 3'-dATP rather than EDTA [com-
pare X(3'-dATP) (Fig. 3C) with X(EDTA) (Fig. 3D)]. Oligo-
nucleotides two and three residues longer were also detected
(Fig. 3D, arrows), although in much smaller quantities.
These differences in oligonucleotide X are the only differ-
ences between the two 170-nt RNAs and are confirmed by

-A8A

12G AAAAA^A^UG :-ITU'UAUUUG
9 ' v

C

433
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FIG. 4. Polyadenylation of 5' half-molecules. The 5' half-molecules generated from EDTA-containing (lanes 1 and 2) or 3'-dATP-
containing (lanes 3 and 4) reactions were isolated and incubated in nuclear reactions under conditions which permit polyadenylation (38, 39,
53). The products were analyzed by electrophoresis through a 15% polyacrylamide gel. Lanes: 1, EDTA 5' half-molecules before incubation;
2, EDTA 5' half-molecules after incubation; 3, 3'-dATP 5' half-molecules before incubation; 4, 3'-dATP 5' half-molecules after incubation.
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FIG. 5. Oligonucleotide protection assay. For details of the method see text. The products of RNase T1 digestion of -141/ + 31 RNA were

analyzed on a 15% acrylamide-7 M urea gel. Lanes: 1, RNase T1 digestion in the absence the DNA oligonucleotide; 2, RNase T, in the
presence of the DNA oligonucleotide. The -22/+8 protected oligonucleotide contains the poly(A) site.
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FIG. 6. Position and structure of the polyadeny
32P]UTP-labeled -141/+31 RNA was incubated in i

reaction mixtures containing either EDTA or 3'-dATI
5' half-molecules were purified by gel electroph
half-molecules were analyzed by the oligonucleol
assay followed by electrophoresis through a 15% a

urea sequencing gel. Lanes 1, 4, and 5 contain mark
cleotides. Lane 1, -22/+3 (CUGCAAUAAACA
ACAAGOH); lane 4, -22/-1 (CUGCAAUAAACA
AGOH); lane 5, -22/-1 and -22/+1 (CUGCAA1
UAACAAGAH); lane 2, oligonucleotide-T1 protectic
170-nt RNA purified from a 3'-dATP-containing re

oligonucleotide-T1 protection assay of the 170-nt RN,
an EDTA-containing reaction. The 3'-terminal o

(-22/+1:AH and -22/+1) are indicated with arro'

marker. Lanes 6 to 9 demonstrate that 170-nt RI
phosphate. Purified 170-nt RNAs were digested wit
the presence of DNA oligonucleotide (as in lanes 2 a

digestion, half of the sample was treated with phosph.
the other half was not (- lanes). Lane 6, 170-nt RN)
an EDTA-containing reaction, no phosphatase; lane
purified from an EDTA-containing reaction, phosp
lane 8, 170-nt RNA purified from a 3'-dATP-containi
phosphatase; lane 9, 170-nt RNA purified fror
containing reaction, phosphatase treated. The arroN
altered mobility of internal T1 oligonucleotides upc

treatment. The 3'-terminal oligonucleotides (-

-22/+1) do not shift.

gel electrophoresis of the oligonucleotides (dat;
We infer that in the presence of 3'-dATP,
molecule is added to the polyadenylation site, x
diately after cleavage, but sometimes after
adenosines have already been polymerized.
To test this inference, we compared 170-nt

ated in EDTA and 3'-dATP as polyadenylation
teminal cordycepin (3'-deoxyadenosine) s

polyadenylation since it lacks a 3' hydroxyl gI

170-nt RNAs were incubated in nuclear extra
ditions which permit polyadenylation (38, 39,
The EDTA RNA was efficiently polyadenylat

by its increase in length (lanes 1 and 2) and its retention by
oligo(dT)-cellulose (data not shown). In contrast, the 3'-
dATP RNA was a very poor substrate for polyadenylation
(lanes 3 and 4). Since the two RNAs differ only at their 3'
termini (Fig. 3), we conclude that in reactions containing

EDTA 3'dATP 3'-dATP, a single cordycepin residue is added which then
+ blocks elongation of the poly(A) tract. The residue to which

that cordycepin is added, the 3' end of the EDTA RNA, is
aJ d the polyadenylation site.

The polyadenylation site is the adenosine at + 1. To identify
the polyadenylation site precisely, we determined the length

- -~ of a 3'-terminal oligonucleotide by gel electrophoresis. Oli-
gonucleotide X is sufficiently short that its length cannot be
determined unambiguously by comparison with markers
owing to differences in base composition. To circumvent this
problem, longer 3'-terminal oligonucleotides were generated
by a DNA oligonucleotide-RNase T1 protection assay. The

t method is outlined in Fig. 5.
Labeled RNA was annealed to a synthetic DNA oligonu-

¢tI cleotide extending from -22 to -7 and then treated with
S - RNase T1. Those G residues in the RNA which hybridized

(-20 and -9) were protected from digestion with RNase T1,
^@ thereby generating a novel, large T1 oligonucleotide which

could be sized accurately and conveniently. In Fig. 5, the
I method is illustrated with -141/+31 RNA. T1 digestion of

dp -141/+31 RNA produced an array of oligonucleotides; after
6 7 8 9 the RNA was hybridized to the DNA, a new T1 oligonucle-

'lation site. [a- otide appeared which extended from -22 to +8.
nuclear extract This method was used to identify the 3' termini of 170-nt
P. The resulting RNAs purified from EDTA- or 3'-dATP-containing reactions
oresis. The 5' (Fig. 6, lanes 1 to 5). The lengths of the terminal oligonucle-
tide protection otides were determined by comparison with RNA markers
ceylamide-7 M extending from -22 to -1, + 1, or +3 (lanes 1, 4, and 5;
LAGUUAACA prepared as described in Materials and Methods). The 3'
kAGUUAACA terminus of the EDTA RNA lies at + 1 (lane 3). 3'-dATP
JAAACAAGU RNAs were 1, 2, and 3 nt longer (lane 2), as observed in the
cn assay of the fingerprint analyses (Fig. 3). Thus, 3'-dAPT is added to the A
action; lane 3, at position +1.
A purified from 5' half-molecules end in a 3' hydroxyl group, not in a 3'
ligonucleotides phosphate. Oligonucleotides generated by the oligonucleo-
ws, as is each tide T1 protection method were analyzed before and after
.h RNaseTl in phosphatase treatment (Fig. 6, lanes 6 to 9). All the internal
md 3). After T, T1 oligonucleotides decreased in mobility after phosphatase
atase (+ lanes); treatment, since they bear 3' phosphates (compare lane 1
A purified from with lane 2, or lane 3 with lane 4). In contrast, phosphatase
7, 170-nt RNA treatment did not alter the mobility of the 3'-terminal oligo-
hatase treated; nucleotides (-22/+1 or -22/+1:AH). Thus, 170-nt RNA
ing reaction, no does not end in a 3' phosphate. Rather, it almost certainly
n a 3'-dATP- ends in a 3' hydroxyl group, as suggested by its efficient
ws indicate the polyadenylation and by the mobility of oligonucleotide X in
n2/+o:AH and a T1 fingerprint (Fig. 3).

In summary, our analysis of 170-nt RNA leads us to
conclude that cleavage in the presence of EDTA generates a
5' half-molecule with a 3' end at + 1. This terminal adenosine

a not shown). bears a 3' hydroxyl group to which 3'-dATP [and so,
a cordycepin presumably, poly(A)] is added. Thus, the first A of the
asually imme- poly(A) tract is derived from the mRNA precursor.
one or two RNAs 1 to 5 are 3' half-molecules. The lengths of RNAs 1

to 5 were determined by comparison with an alkaline
RNAs gener- hydrolysate of uniformly labeled RNA (Fig. 7, lanes 1, 3, and
substrates; a 5). The longest RNA, RNA 1, contains 36 + 1 nt, and the
,hould block smallest, RNA 5, contains 28 ± 1 nt. T1 RNase analysis (Fig.
roup. Purified 8, column A) showed that each RNA contains T1 oligonu-
ct under con- cleotides found downstream, but not upstream, of the
, 51) (Fig. 4). poly(A) site, and possesses the same 3' terminus as the
ed, as judged precursor (oligonucleotide 12). Each RNA lacks the oligo-
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nucleotide which spans the poly(A) site of the precursor
(oligonucleotide 1) and instead contains a unique oligonucle-
otide, designated Y(1) to Y(5), not found in the other RNAs
or in the precursor.

Short RNAs that are less abundant than RNAs 1 to 5 are
also detected in Fig. 7. RNAs of every length between 15 and
45 nt are present and appear to constitute a background on
which RNAs 1 to 5 are superimposed. This background does
not reflect nonspecific degradation. Rather, these short
RNAs, like RNAs 1 to 5, are 3' half-molecules that differ
only in the position of their 5' ends. The 20- and 25-nt RNAs,
for example, contain T, oligonucleotides 12 and 21, but not
4 (Fig. 8; data not shown). The 45-nt RNA species (indicated
by an asterisk in Fig. 7) is unusual in that its 5' terminus
appears to lie upstream of the poly(A) site. More detailed
analysis of this RNA is required to identify its 5'-terminal
sequence definitively.

In summary, RNAs 1 to 5 contain only sequences down-
stream of the poly(A) site; they differ from each other only in
the location of their 5' ends. RNAs with 5' termini at each
position between nt 36 (RNA 1) and nt 15 are also observed,
but are less abundant. Thus, RNAs 1 to 5 and the other short
RNAs form a family of related 3' half-molecules.
RNAs 1 to 5 have 5'-terminal phosphates. All 3' half-

molecules carry 5'-terminal phosphates, as demonstrated by
three experiments. First, the electrophoretic mobility of
each RNA decreased upon phosphatase treatment (compare,
in Fig. 7, lanes 1 and 2, or lanes 3 and 4). Second,
phosphatase treatment before T1 digestion caused each Y
oligonucleotide to shift in the fingerprinting analysis, without

* affecting the mobility of the other oligonucleotides (Fig. 8,
column B versus column A). Third, as we show below (see

- 4 0 n t Fig. 9), T2 RNase digestion generated a pNp product from
the 5' end of each RNA.

Structure of RNAs 1 to 5. From the lengths of each RNA
-3 5 n t (Fig. 7) and the fingerprinting analysis (Fig. 8), we could

position the 5' termini with an uncertainty of 1 nt (Fig. 9). To
eliminate the uncertainty and confirm each structure, we
performed T2 RNase analyses.

- 3 0 nl t T2 digestion of each RNA should generate a characteristic
pNp product, in which N is the 5'-terminal residue of the
RNA. The pNp product should be eliminated if the RNA is
treated with phosphatase before T2 digestion. Using a pre-

- 2 5 n t cursor with [a-32P]nucleoside triphosphates, the pNp will be
detected if N or the adjacent, downstream nucleotide is
labeled. Thus, by varying the labeled nucleoside triphos-
phate used to synthesize the precursor, we can deduce the
terminal dinucleotides of RNAs 1 to 5.
An analysis of this type (Fig. 10) demonstrated that the

sequences proposed in Fig. 9 are correct and that each RNA
bears a 5'-terminal phosphate. For example, RNA 1 derived
from [a-32P]CTP-labeled -141/+ 31 RNA generated pAp
after T2 RNase digestion, as well as each of the four 3'

FIG. 7. Approximate length of RNAs 1 to 5. [a-32P]UTP-labeled
- 141/+ 31 RNA was incubated in nuclear extract reaction mixtures
containing either EDTA or 3'-dATP. Half of each sample was then
treated with phosphatase (+ lanes); the other halfwas not treated (-
lanes). The products were analyzed by electrophoresis through a
15% acrylamide-7 M urea sequencing gel. Lengths were estimated
by comparison with a partial alkaline hydrolysate (13) of -141/+31
RNA and with known purified oligonucleotides (not shown). Lanes:
1, EDTA reaction, no phosphatase; 2, EDTA reaction, phosphatase
added; 3, 3'-dATP reaction, no phosphatase; 4, 3'-dATP reaction,
phosphatase added; 5, partial alkaline hydrolysate. The asterisk
indicates a 45-nt RNA species referred to in the text.
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RNA PREDICTED STRUCTURE ESTIIIATET'
LENGTH

poly A

tPRECURSOR UUAMCAACMCAAUUG CAUUCAUUCAUUUUAUG UUUCAG G UUCCUCUAGOH
1 4 21 12 O

RNA 1 pACAUU _ 36+1 nt
Yi 4 21 12

RNA 2 pUUG _ 34+1 nt
T2 4 21 12

RNA 3 pAUUG _ 33+1 nt
T3 4 21 12

RNA 4 pG 301 nt
Y4 4 21 12

RNA 5 pAUUCADUCAUUUUAUG - 28±1 nt
F5 21 12

FIG. 9. Predicted structures of RNAs 1 to 5. See text for details. Lengths were estimated by polyacrylamide gel electrophoresis (Fig. 7).

monophosphates (Fig. 10, column A). pAp was not detected
ifRNA 1 was first treated with phosphatase (Fig. 10, column
B). The structures in Fig. 11 are the only ones that are
consistent with both these T2 analyses and the lengths of
each RNA.

In summary, cleavage in vitro generates a family of 3'
half-molecules, each bearing a 5'-terminal phosphate. The
longest member of this family, RNA 1, has a 5' end at
position +2. Thus, it directly abuts the 3' end of the 5'
half-molecule.

DISCUSSION

In this report we analyzed RNAs formed during cleavage
of SV40 late pre-mRNAs in vitro. The structures and se-
quences of these RNAs are summarized in Fig. 11.
Two types of molecules are produced in the cleavage

reaction: 5' half-molecules (which extend from the 5' end of
the precursor to + 1), and 3' half-molecules (the most abun-
dant of which extend from +2, +4, +5, +8, or + 10 to the 3'
end of the precursor). Each of the RNAs we characterized is
linear and is not detectably modified. The 5' half-molecules
possess 3'-terminal hydroxyl groups; the 3' half-molecules
each possess 5'-terminal phosphate groups. The molar yield
of 3' half-molecules is at least 50 to 75% that of 5' half-
molecules. The existence of half-molecules demonstrates
that endonucleolytic cleavage must occur near the
polyadenylation site.
The general pattern of products reported here with SV40

late pre-mRNAs, a single, predominant 5' half-molecule and
multiple 3' half-molecules with staggered 5' termini, recently
has been observed with adenovirus L3 (39) and histone H4
(16) pre-mRNAs. With histone mRNA (16), as with SV40
late mRNA, the largest 3' half-molecule directly abuts the
unique 5' half-molecule. Thus, in both cases, these two
half-molecules contain every nucleoside and phosphate of
the pre-mRNA. In contrast, L3 pre-mRNA generates 5' and
3' half-molecules that are separated by at least 1 nt (39). This

gap might simply reflect rapid exonucleolysis of the first
nucleotide of the 3' half-molecule. Regardless, the general
patterns obtained with polyadenylated (SV40 and adenovi-
rus) and nonpolyadenylated (histone H4) mRNAs are strik-
ingly similar. Furthermore, the cleavage of both polyadenyl-
ated and nonpolyadenylated RNAs requires sequences on
either side of the cleavage site and, probably, a small nuclear
ribonucleoprotein (19, 37, 38). Thus, cleavage may be similar
whether or not it is followed by polyadenylation.
To explain the presence of multiple 3' half-molecules,

three hypotheses may be considered. (i) Endonucleolysis
occurs only at one position, between the adenosines at +1
and +2, and leaves a 3'-terminal hydroxyl group and a
5'-terminal phosphate group. The multiple 3' half-molecules
are generated by 5'-to-3' exonucleolysis.

(ii) The site of endonucleolysis varies between precursors:
some are cleaved between +1 and + 2, others between + 3
and +4, and so forth. The unique 5' half-molecule is gener-
ated by 3'-to-5' exonucleolysis, as occurs during the matu-
ration of small nuclear RNA (14, 30, 54) and tRNA (20) 3'
termini.

(iii) Two simultaneous cleavages occur in each precursor:
one at the poly(A) site and the other downstream, at a site
that varies between precursors.
Each hypothesis makes testable predictions. As yet, we

have been unable to obtain evidence decisively favoring any
one model. For example, the pattern of RNAs generated by
cleavage does not change significantly during incubation in
the extract between 30 s and 2 h. Thus, even early in the
reaction, we do not observe either intermediates extending
beyond the poly(A) site or the conversion ofRNA 1 to RNAs
2 to 5 (data not shown). Similarly, purified RNA 1 is not
shortened during a second incubation in extract (data not
shown). A priori, the most attractive model to us is that
endonucleolytic cleavage occurs only at the polyadenylation
site, since all pre-mRNA molecules would be cleaved iden-
tically.

In each of these models, endonucleolytic cleavage must

MOL. CELL. BIOL.



SV40 LATE PRE-mRNA PRODUCTS 1527

A B

- PHOSPHATASE + PHOSPHATASE

C
DEDUCED TERMINAL

D I N U C L EO T D E

RNA 1

(C-labeled)

RNA 2

(A-labeled)

RNA 3

(U-Iabeled)

RNA 4

(C-labeled)

*Ap

*Cp

pAp~e@U
*Gp

i I
Pp

Ap
9Op

pApC X
Gp *UP

Pi

2

2

Ap

9Op

pApbt gUp

*Gp I

1

2

eAp

*Cp
*Up

*Gp -@

4pG p1I
2

RNA 5

(U-labeled)
Ap
OCp

pAp* Up

p i

i_

2

FIG. 10. The 5'-terminal dinucleotides of the 3' half-molecules. -141/+ 31 RNA was prepared with [a_32P]CTP, -UTP, or -ATP (indicated
in the left column). RNAs 1 to 5 were purified with phosphatase (column B) or left untreated (column A). The RNAs were digested with RNase
T2, and the products were separated by two-dimensional chromatography. (A) RNase T2 digestion products generated without prior
phosphatase treatment. The pNp residue observed in each case is indicated with an arrow. Inorganic phosphate (Pi) is liberated during RNase
T2 digestion but is due to contaminating nuclease activities, since it also is liberated from -141/+31 RNA that has never been in the extract.
(B) RNase T2 digestion products generated after each RNA was treated with phosphatase. (C) The 5'-terminal dinucleotides deduced through
this analysis.

generate a 5' phosphate and a 3' hydroxyl group. These same
termini are left by the cleavages which occur during nuclear
mRNA splicing (22) and self-splicing (7). Whether this re-
flects a fundamental similarity in the biochemical mechanism
of 3'-end formation and splicing remains to be determined.

Poly(A) is added to the adenosine residue at + 1. We draw

this conclusion because, after cleavage in the presence of
3'-dATP, a single cordycepin residue was added to + 1 (Fig.
6). We assume that 3'-dATP is added to the same residue as

is ATP normally. This is suggested by the fact that one or

two adenosines sometimes are added to +1 before a

cordycepin causes chain termination (Fig. 3 and 6).
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-10 -1+1 +10 +20 +30

PRECURSOR

5' "HALF" (3'dATP)

(EDTA)

3' "HALF": RNA 1

RNA 2

RNA 3

RNA 4

RNA 5

pAAUUGCAUUCAUUUUAUGUUUCAGGUUCCUCUAGOH

pAUUGCAUUCAUUUUAUGUUUCAGGUUCCUCUUAG.,
pGCAUUCAUUUUAUGUUUCAGGUUCCUCUAGU

pAUUCAUUUUAUGUUUCAGGUUCCUCUAGU,

FIG. 11. Summary of the products generated during cleavage of SV40 late pre-mRNAs in vitro.

In virtually all mRNA precursors, the sequence at the
polyadenylation site is NA (in which N is any nucleotide,
most commonly C) (4, 33). Presumably, in all these cases,
the first residue of the poly(A) tract is derived from the
precursor, as shown here and in recent work with adenovi-
rus L3 mRNA (39). The conservation of the A residue
suggests that it influences the site of cleavage, the efficiency
of polyadenylation, or both.
3'-dATP prevents polyadenylation in vivo (11, 35) and in

vitro (24, 29, 44). Although it has been suggested that
3'-dATP inhibits polyadenylation by acting as a competitive
inhibitor of ATP (24), our data (Fig. 4) demonstrate that it
does not; rather it inhibits by terminating elongation of the
poly(A) tract.
The data presented here define the polyadenylation site of

SV40 late pre-mRNAs and demonstrate that cleavage occurs
at or within a few nucleotides of the poly(A) site. Mutational
analysis of the region near the polyadenylation site may
reveal how the site of cleavage is specified. Further experi-
ments, perhaps requiring partially purified extract compo-
nents, will be necessary to determine precisely which phos-
phate bond is broken endonucleolytically and to identify the
component which catalyzes the reaction.
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