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A functional mRNA polyadenylation
signal is required for transcription
termination by RNA polymerase 11

Sheila Connelly and James L. Manley
Department of Biological Sciences, Columbia University, New York, New York 10027 USA

Polyadenylation of pre-mRNAs requires the conserved hexanucleotide AAUAAA, as well as sequences located
downstream from the poly(A) addition site. The role of these sequences in the production of functional mRNAs
was studied by analyzing a series of mutants containing deletions or substitutions in the SV40 early region
poly(A) site. As expected, both a previously defined GU-rich downstream element and an AAUAAA sequence
were required for efficient usage of the wild-type poly(A) addition site. However, when either of these elements
was deleted, greatly increased levels of SV40-specific RNA were detected in the nuclei of transfected cells.
Evidence is presented that this accumulation of RNA resulted from a failure of transcription termination,
leading to multiple rounds of transcription of the circular templates. We conclude that the sequences required
for efficient cleavage/polyadenylation of the SV40 early pre-mRNA also constitute an important element of an

RNA polymerase II termination signal. A model proposing a mechanism by which the act of pre-mRNA 3’ end
formation is signaled to the elongating RNA polymerase, resulting in termination, is presented.
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Eukaryotic mRNAs have unique structural features, one
of which is a poly{A) segment at the 3" end of the mole-
cule. Unlike prokaryotic mRNAs, the 3’ ends of which
are formed primarily by termination events, higher eu-
karyotic mRNA 3’ ends are formed by endonucleolytic
cleavage and subsequent polyadenylation, with tran-
scription continuing beyond the poly(A) site {for review,
see Birnstiel et al. 1985). Much has been learned recently
about the specific signals that control 3’ end formation
of mRNA molecules. The poly(A) site has been shown to
contain at least three sequence elements. The most
highly conserved is the hexanucleotide AAUAAA, found
10 to 30 nucleotides upstream from the 3’ end of the
vast majority of polyadenylated mRNAs (Proudfoot and
Brownlee 1976; for a recent compilation, see Berget
1984). This sequence has been shown to be essential for
proper 3’ end formation in vivo (Fitzgerald and Shenk
1981; Higgs et al. 1983; Montell et al. 1983; Wickens
and Stephenson 1984) and for both cleavage and polya-
denylation in vitro (Manley et al. 1985; Moore et al.
1986; Zarkower et al. 1986). The second element, the
poly(A) addition site itself, is a dinucleotide, the second
nucleotide of which is invariably an adenosine residue
(Fitzgerald and Shenk 1981; McLauchlan et al. 1985;
Mason et al. 1986). Cleavage occurs 3’ to the adenosine
residue, and the poly|A) tail is constructed by the addi-
tion of single adenosine residues until a final length of
200-300 nucleotides is reached (Moore et al. 1986;
Sheets et al. 1987). The final element so far defined, the

downstream element, is less conserved than the
AAUAAA sequence, and it appears that there are at least
two distinct types of downstream elements (McDevitt et
al. 1986). One type, a GU-rich sequence, is present, €.8.,
in the SV40 early gene poly[A) site, whereas the other, a
U-rich sequence, is exemplified by the SV40 late gene
poly(A) site. Disruption of these elements results in a
decreased usage of the respective poly(A] sites by
75-90% (Hart et al. 1985; Sadofsky et al. 1985). These
downstream elements are, therefore, not absolutely re-
quired for polyadenylation, and may serve to modulate
the efficiency of usage of poly(A] sites.

Contrasting with what is known about eukaryotic
mRNA 3’-end formation, very little is known about
signals that control transcription termination by RNA
polymerase II in higher eukaryotes. Transcription con-
tinues beyond the poly(A) site in both viral (Ford and
Hsu 1978; Nevins and Darnell 1978} and cellular genes
(Weintraub et al. 1981; Hofer et al. 1982; Amara et al.
1984; Mather et al. 1984; Sheffey et al. 1984), termi-
nating as much as several kilobases downstream from
the poly(A) site (Citron et al. 1984; Frayne et al. 1984;
Hagenbuchle et al. 1984; LeMeur et al. 1984). Recent
studies have raised the possibility that termination by
RNA polymerase II occurs only after encountering a
functional poly(A) site. For example, the proposed
mouse major B-globin transcription termination ele-
ment, located within a region 600-1500 nucleotides
downstream of the globin poly(A) site {Citron et al.
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1984), was not functional in terminating transcription
when an 800-bp DNA fragment, located upstream of this
region and including the poly(A) site, was removed
(Falck-Pedersen et al. 1985). More recently, point muta-
tions in the AATAAA sequence within this fragment
were shown to inhibit polyadenylation and to result in
increased transcription through this termination region
{Logan et al. 1987). In addition, a thalassemic a-2 globin
gene that contains a point mutation changing the con-
served AATAAA sequence to AATAAG [Higgs et al.
1983) failed to produce mRNA polyadenylated at the
normal site and also gave rise to higher levels of RNA
transcribed from sequences downstream of the poly(A)
addition site {Whitelaw and Proudfoot 1986). Finally,
Acheson (1984) noted a correlation between inefficient
polyadenylation and inefficient termination in the po-
lyoma virus late transcription unit.

The data presented here provides direct evidence that
a functional poly(A) addition signal is a crucial element
of an RNA polymerase II termination signal. We used
transient expression assays to analyze RNA produced
from mutants containing deletions in the SV40 early po-
lyadenylation signal region and found that both the GT-
rich downstream element and the AATAAA conserved
sequence are required for transcription termination by
RNA polymerase II.

Results

Efficient production of SV40 early mRNA requires two
sequence elements

The role of conserved sequences in the formation of
SV40 early polyadenylated cytoplasmic mRNA was
studied by analyzing the mRNAs produced from a series
of deletion mutants in transient expression assays. De-
tails of the wild-type plasmid, p4-SVA, which contains
the adenovirus major late promoter controlling expres-
sion of the SV40 early region, and many of the deletion
mutants have been described previously (Manley et al.

A
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1985). A diagram of pd4-SVA, the poly|A) site nucleotide
sequence, and a map of the deletion endpoints is shown
in Figure 1. Transient expression assays were performed
in 293 cells, which are human embryonic kidney cells
transformed by adenovirus type-5 DNA and which con-
stitutively express the adenovirus E1A and E1B genes
{Graham et al. 1977; Aiello et al. 1979). Previous studies
have shown that high levels of expression from the
adenovirus type-2 (Ad2) major late promoter could be
detected when plasmids such as pdp4-SVA were assayed
in these cells (Lewis and Manley 1985). The plasmid
pSV2.CAT (Gorman et al. 1982) was included in all
assays to standardize transfection efficiencies (see Mate-
rials and methods).

Cytoplasmic RNA was isolated from 293 cells trans-
fected with each of the deletion mutants or with the
wild-type plasmid. The RNA was separated into
poly(A)* and poly({A]~ fractions by oligo(dT)-cellulose
chromatography and analyzed by nuclease S1 analysis
using a DNA probe derived from the wild-type plasmid.
With this probe, RNAs cleaved at the wild-type poly(A)
addition site generate a 230-nucleotide protected DNA
fragment. Figure 2 displays the results of such an experi-
ment and indicates that the wild-type plasmid and mu-
tant 6 generated a product of the expected size. Mutant 6
retains 19 nucleotides downstream from the poly(A) site,
and as reported previously (Hart et al. 1985), this is suffi-
cient for efficient cleavage and polyadenylation at the
wild-type site. However, with the deletion of another 8
nucleotides (mutant 12), the appearance of mRNA
cleaved at the wild-type site was reduced significantly,
although an equal amount of RNA cleaved and polyade-
nylated at an upstream cryptic site, giving rise to a pro-
tected fragment of 198 nucleotides, was detected. 3’-end
formation at this site was directed by an upstream
AAUAAA sequence (see below and Fig. 1). With the de-
letion of another 5 bases {mutant 15), usage of the wild-
type site was reduced further, and a slightly increased
amount of mRNA cleaved at the cryptic site was de-
tected. The total amount of mRNA produced by mu-
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+33, relative to the transcription start site of
the major late transcript at +1, denoted by
the heavy line. The SV40 T-antigen—en-
coding sequences extend from the SV40 Hin-
dIll site at nucleotide 5171 to the SV40
BamHI site at nucleotide 2533 and are indi-
cated by the hatched line. (B) The nucleotide
sequence of the 3'- end of the SV40 T-antigen
gene, from nucleotide 2663 to the BamHI site
at 2533 (Tooze 1981). The two copies of the
conserved hexanucleotide, AATAAA, are
boxed, as is the poly(A) addition site. The
GT-rich poly(A) site downstream element is
2533 indicated by a dotted line. The endpoints of
the deletions are denoted by half-brackets.
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Figure 2. Effects of SV40 early region poly(A site deletions on the generation of polyadenylated cytoplasmic mRNA. 293 cells were
transfected with p$p4-SVA or mutant plasmids plus pSV2.CAT (see Materials and methods). Cytoplasmic RNA was extracted 48 hr
later, selected on oligo(dT)-cellulose, and analyzed by nuclease S1 protection and polyacrylamide gel electrophoresis, as described in
Materials and methods. The 3'-end-labeled DNA probe used was derived from p$4-SVA, extending from the SV40 Styl site {nucleotide
2812) to the pBR322 SphlI site. The plasmids used for transfection are indicated at the top of A; wt corresponds to pd4-SVA and the
mutants are listed by number. The + and — symbols indicate that poly(A)* and poly(A)- RNA fractions were used in S1 analysis.
Arrows mark the nuclease S1-protected fragments. (P) Undigested probe, equal amounts of which were produced by RNA samples
from cells that were not transfected. Size marker is pBR322 DNA digested with Hpall and 5'-end labeled; sizes (in nucleotides) are
indicated on the left. The lane labeled Cos contained total cytoplasmic RNA from Cos cells, an S$V40-transformed monkey cell line
(Gluzman 1981), as a marker for accurate polyadenylation. {4 and B) The results of separate transfections. (C) A schematic diagram of
the deletions relative to the wild-type plasmid consensus sequences and poly{A) addition site. The structure of the probe and nuclease
S1 digestion products are indicated.
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tants 12 and 15, polyadenylated at either the wild-type
or cryptic poly(A} site, was reduced to approximately
one-third the amount produced by the wild-type plasmid
or mutant 6. When both AATAAA sequences were de-
leted, as with mutant 30, no cytoplasmic RNA was de-
tected.

Several mutants that extended into the region en-
coding the poly(A) signal sequences from the 5’ side
{Manley et al. 1985; see Fig. 1) were also studied by tran-
sient expression and nuclease S1 analysis. The results of
this analysis (not shown) indicate that a deletion mutant
retaining both AATAAA sequences (C71; see Fig. 1) pro-
duced high levels of mRNA polyadenylated at the wild-
type site, as did a mutant lacking the 5 AATAAA se-
quence (C25; see also Fig. 4B}, suggesting that sequences
upstream of the AATAAA are not necessary for mRNA
3’-end formation, as reported previously {Kessler et al.
1986). However, as expected, a mutant lacking both AA-
TAAA consensus sequences {C87) did not produce any
S§V40-specific cytoplasmic RNA.

Mutants that disrupt the poly(A) site downstream
element accumulate high levels of nuclear RNA

To analyze further the role of the AAUAAA sequence
and the downstream element on mRNA 3'-end forma-
tion, nuclear RNA was isolated from 293 cells trans-
fected with the wild-type and mutant plasmids and ana-
lyzed by nuclease S1 analysis {Fig. 3). The protected frag-
ment corresponding to RNA processed at the wild-type
site was again 230 nucleotides, as seen with samples ob-
tained from pp4-SVA and mutant-6—transfected cells.
The larger protected fragments represent unprocessed
RNA, the sizes of which are dependent on the endpoint
of the deletion in each plasmid, i.e., the point at which
transcript and DNA probe are no longer homologous.
Unexpectedly, there was a substantial accumulation of
nuclear RNA in cells transfected with the mutants that
disrupt or delete the GT-rich region. As judged by densi-
tometer scanning, 12- to 20-fold more nuclear RNA was
produced in cells transfected with mutant plasmids than
in wild-type or mutant-6—transfected cells. A lighter ex-
posure of the gel shown in Figure 3 (not shown) reveals
that most of this accumulated RNA was not 3' end pro-
cessed. This accumulation of nuclear RNA was not an
artifact due to contamination of the RNA samples with
transfected DNA. All samples had been treated with
DNase I before nuclease S1 analysis, and treatment of
the samples with RNase A before nuclease S1 analysis
abolished all signals (data not shown).

To determine whether plasmids that retain the GT-
rich region—but delete either one or both of the AA-
TAAA sequences—also result in accumulation of nu-
clear RNA, several additional mutants were analyzed.
Mutant LS contains a substitution that disrupts only the
3" AATAAA sequence (see Materials and methods).
Figure 4A shows the results of nuclease S1 analysis of
RNA isolated from wild-type, mutant 15—, and mutant
LS~ transfected cells. Analysis of cytoplasmic RNA re-
vealed that the cryptic poly{Al site described above was

mRNA poly(A) signal required for transcription termination

used exclusively by mutant LS, whereas mutant 15
showed approximately equal utilization of both the
wild-type and cryptic sites. The amount of mRNA pro-
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Figure 3. Effects of deletions on the levels of SV40-specific
nuclear RNA. Nuclear RNA was isolated from cells transfected
with the indicated deletion mutants plus pSV2.CAT and
treated with DNase I. Nuclease S1 analysis was done exactly as
described in Fig. 2. The plasmids used for transfection are indi-
cated at the top. Lane M utilized nuclear RNA from cells that
had not been transfected in nuclease S1 analysis. [Bottom) The
schematic diagram shows the probe and nuclease S1 digestion
products relative to wild-type plasmid sequences.
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duced by LS was equivalent to wild type, whereas, mu-
tant 15 mRNA levels were significantly reduced, as
above. However, although a 15-fold increased accumula-
tion of nuclear RNA was again observed in mutant 15—
transfected cells, the amount of nuclear RNA in LS-
transfected cells was equivalent to wild type. These
findings suggest that destruction of the downstream
AATAAA resulted in utilization of the cryptic poly(A)
site but did not cause accumulation of nuclear RNA.

To determine whether deletion of only the upstream
AATAAA would affect the levels of nuclear RNA and
whether deletion of the GT-rich region in a plasmid
containing only a single AATAAA sequence would in-
crease nuclear RNA concentrations, mutants C25 and
C25-15 were analyzed. C25-15 is a double mutant pro-
duced by in vitro recombination of C25 and 15 {see Ma-
terials and methods and Fig. 1). Figure 4B shows the re-
sults of nuclease S1 analysis of cytoplasmic and nuclear
RNA isolated from cells transfected with these mutants.
The probe used was derived from C25 DNA, and RNA
processed at the wild-type poly(A) site protects a frag-
ment of 89 bp. Both C25 and C25-15 produced cyto-
plasmic RNA processed at this site; however, the
amount of mRNA in the C25-15 sample was reduced, as
expected. Analysis of nuclear RNA revealed that
C25-15, like 15, accumulated unprocessed nuclear RNA
relative to wild type but that C25 did not. These results
indicate that accumulation of nuclear RNA did not
occur when plasmid templates contained at least a
single AATAAA sequence and an intact GT-rich region,
which coincide with the sequences required for efficient
production of polyadenylated mRNA. However, when
the GT-rich region or both AATAAA sequences (see
below) were deleted, a substantial accumulation of
SV40-specific nuclear RNA occurred.

To show directly that the mutants which disrupt the
poly({A} site region actually produced more RNA than
the wild type, rather than simply accumulating RNA in
the nucleus because it could not be efficiently processed
and transported to the cytoplasm, total cellular RNA
was isolated from transfected 293 cells and analyzed by
nuclease S1 analysis as described above. Figure 5 shows
that the mutants produced ~10-fold more SV40-specific
RNA than did wild type and mutant 6, as judged by den-
sitometer scanning. This overproduction was somewhat
less dramatic than when nuclear RNA was analyzed,
presumably because reduced amounts of cytoplasmic
RNA were present in mutant-transfected cells, as shown
in Figures 2 and 3. Therefore, the poly(A) site region is
involved in negatively regulating RNA accumulation,
rather than being solely involved in nuclear transport.

The GT-rich downstream element and the AATAAA
sequence act together as an RNA polymerase I
termination signal

How does deletion of the poly{A) signal sequences result
in overproduction of SV40 RNA? Three possibilities can
be suggested. First, the mutations could result in in-
creased levels of transcription initiation, with the RNA
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retained primarily in the nucleus because of inefficient
3'-end processing. Second, the mutations might render
the RNA more stable in the nucleus, again perhaps be-
cause of its failure to be polyadenylated efficiently. Fi-
nally, transcription termination might be impaired by
poly(A] site mutations, resulting in multiple rounds of
transcription of the circular templates and, thus, the ob-
served accumulation of SV40-specific RNA. The fol-
lowing experiments provide strong support for this last
possibility.

To test whether increased levels of transcription were
brought about by the poly(A) site mutations, nuclease S1
analysis of the 5’ ends of nuclear RNAs from wild-type
and mutant-transfected cells was performed. Nuclear or
total cellular RNA was hybridized to a probe prepared
from an Ad2 major late promoter {MLP) deletion mu-
tant, p601-SVA, which lacks sequences between —60
and — 405 (Lewis and Manley 1985). This DNA fragment
was selected to distinguish between undigested probe
{500-nucleotide protected fragment), RNA initiated at
+1 in the MLP (118-nucleotide protected fragment), and
RNA that had initiated upstream of the MLP (178-nu-
cleotide protected fragment), in which case the protected
fragment corresponds to the point at which the probe
and RNA diverge, position —60 in the MLP. We assume
that such ‘read-through’ RNA reflects transcription that
had initiated at the MLP and continued entirely around
the circular plasmid. Evidence supporting this view is
presented below. As shown in Figure 64, in both nuclear
and whole-cell RNA samples, the amounts of RNA initi-
ated at +1 (118-nucleotide band) were similar in the
wild-type and mutant RNAs. However, substantially in-
creased amounts of read-through RNA (178-nucleotide
band) were observed in the overproducing mutants com-
pared with the wild-type and mutant-6 samples. The in-
crease in the intensity of the full-length probe band (500
nucleotides) in the mutant samples probably also results
from read-through RNA, because it is likely that nu-
clease S1 did not quantitatively cleave the DNA at the
site in the RNA—DNA hybrid opposite the RNA loop.
Nuclease S1 analysis of the 5’ ends of nuclear RNA ob-
tained from cells transfected with 5'-deletion mutants
C71 and C87 is shown in Figure 6B. Mutant C87, which
deletes both AATAAA sequences, gave rise to an in-
creased level of read-through RNA (178-nucleotide band)
compared with C71 or wild type. These results, taken
together, indicate that deletion of either both AATAAA
sequences or the GT-rich region results in an increased
amount of read-through RNA and support the idea that
neither of these sequence elements influences the levels
of transcription initiation.

The next set of experiments was undertaken to test
whether the large accumulation of SV40-specific nuclear
RNA found in mutant-transfected cells was due to in-
creased levels of transcription or to increased stability of
the mutant transcripts. To distinguish between these
possibilities, nuclei were isolated from transfected 293
cells and nascent RNA chains were elongated in the
presence of [a-32P]JGTP (Salditt-Georgieff et al. 1984).
Under these conditions, transcription initiation does not
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Figure 4. Comparison of cytoplasmic and nuclear RNAs from cells transfected with poly(A) site deletion and substitution mutants.
Cytoplasmic {cyto) and nuclear (nuc) RNAs isolated from transfected cells were subjected to nuclease S1 analysis. (A) Comparison of
cytoplasmic and nuclear RNA levels in pdp4-SVA (wt), mutant-15, or mutant-LS—transfected cells, using the 3/-end-labeled pdp4-SVA
DNA probe described in Fig. 2. (B) Nuclease S1 analysis of cytoplasmic and nuctear RNAs isolated from C25- or C25-15-transfected
cells using a probe prepared from C25 DNA. (C} The probe, nuclease S1 digestion products, and mutant 15, LS, C25, and C25-15
sequences relative to pd4-SVA.
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occur, and preinitiated RNA chains are elongated by
100-300 nucleotides (Weber et al. 1977). This assay is
therefore a measure of the number of polymerase mole-
cules actively transcribing the DNA template at the
time of nuclei isolation. If transcription termination was
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Figure 5. Quantitation of SV40-specific RNA in whole-cell
RNA samples. Whole-cell RNA was isolated from cells trans-
fected with pd4-SVA (wt) and the deletion mutants indicated at
the top and analyzed by nuclease S1 as in Figure 2. Lane cos
utilized total cytoplasmic RNA isolated from Cos cells in the
nuclease S1 reaction. (Bottom) The probe and nuclease S1 di-
gestion products relative to pd4-SVA.
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disrupted, we would expect a mutant plasmid to have a
higher density of RNA polymerase molecules than the
wild-type template, leading to increased synthesis in the
isolated nuclei. Alternatively, if the mutant RNA was
simply not degraded, the number of polymerases on the
two templates should be equivalent, and the amount of
RNA synthesized in isolated nuclei would be similar.
RNA extracted from nuclei was analyzed by hybridiza-
tion to DNA fragments bound to nitrocellulose (slot
blots), and the results are shown in Figure 7. Between
six- and ninefold more labeled RNA was synthesized in
nuclei isolated from mutant-C25-15, 15, C87, and 30—
transfected cells than from wild-type or wild-type-like
mutants C25 and LS. This labeled RNA was a product of
RNA polymerase II transcription, as the addition of a-
amanitin (1 wg/ml) to reaction mixtures blocked its ap-
pearance (data not shown). With both wild-type and mu-
tant samples, the RNA hybridized to pd4-SVA and
pBR322 DNAs, consistent with the idea that transcrip-
tion extended through the pBR322 sequences even in
pb4-SVA.

To show that the transcription detected in the isolated
nuclei was authentic, i.e., initiated from the Ad2 late
promoter and not from artifactual sites elsewhere in the
plasmid, and at the same time to rule out the possibility
that deletion of the poly(A) signal sequences resulted in
a high level of random transcription initiation down-
stream of the poly({A) site, RNA synthesized in nuclei
isolated from cells transfected with p601-SVA A30 was
analyzed. p601-SVA is a deletion mutant of the late pro-
moter that lacks sequences upstream of —60 and has
been shown to be transcribed very inefficiently in 293
cells (Lewis and Manley 1985). p601-SVA A30 is a deriv-
ative of p601-SVA that contains the deleted poly(A] site
of mutant 30 (Fig. 1), thereby removing both the AA-
TAAA and GT-rich sequence elements. If the transcrip-
tion detected in the above experiments initiated from
the MLP, nuclei isolated from p601-SVA A30-—trans-
fected cells should synthesize greatly reduced amounts
of specific RNA relative to mutant-30—transfected cell
nuclei. The results shown in Figure 7 indicate that nu-
clei isolated from cells transfected with p601-SVA A30
produced very little, if any, SV40- or pBR322-specific
RNA. In an additional control experiment, labeled RNA
isolated from the nuclei of wild-type or mutant-30—
transfected cells was hybridized to both the antisense
and sense DNA strands present in an M13 clone con-
taining the SV40 HindIIl B fragment (Noble et al. 1986},
which extends from SV40 nucleotides 4002—5171. The
labeled RNA hybridized exclusively to the antisense
DNA strand (data not shown), providing further support
for the specificity of the transcription observed. These
findings suggest that random transcription initiation did
not occur and that the RNA analyzed in these experi-
ments had indeed initiated from the MLP.

The results of the nuclear transcription experiments
indicate that the plasmid templates in the nuclei of cells
transfected with the overproducing mutants contained
much higher densities of RNA polymerase molecules
than did wild-type templates. Because the amount of ini-
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tiation appeared similar in all samples {Fig. 6), we con-
clude that this arose from a failure of transcription ter-
mination and that one of the two AATAAA consensus
sequences and the GT-rich downstream element are
both necessary and function together to form at least
part of an RNA polymerase II termination signal.

Discussion

Our data provide evidence that the same sequences re-
quired for efficient polyadenylation of SV40 early
mRNA are also required for transcription termination.
Deletion mutations that reduced the efficiency of polya-
denylation resulted in a dramatic accumulation of
SV40-specific RNA in the nuclei of transfected cells, and
several experiments indicate that this was due to mul-
tiple rounds of transcription of the circular plasmids.
That this RNA was found only in the nucleus could in-
dicate that cleavage/polyadenylation is required for nu-

letion mutant transfected cells, as indicated. {C)
The probe and nuclease-S1—resistant fragments
relative to p601-SVA DNA.

clear—cytoplasmic transport or that these RNAs were
not released from transcription complexes.

We have not determined the site(s) at which termina-
tion actually occurred during transcription of the wild-
type plasmid. It appears, however, not to be at the
poly[A} addition site itself. Nuclear run-on transcription
experiments revealed roughly equal transcription of
fragments upstream and downstream of the cleavage/po-
lyadenylation site (Fig. 6; S. Connelly, unpubl.], which
would not have been observed had termination occurred
at the 3’ end of the gene. Similar findings have been ob-
served in many other systems (e.g., Ford and Hsu 1978;
Nevins and Darnell 1978; Weintraub et al. 1981; Hofer
et al. 1982; Amara et al. 1984; Frayne et al. 1984; Mather
et al. 1984; Sheffey et al. 1984). Additionally, 5'-end
analysis of nuclear RNA extracted from wild-type trans-
fected cells (Fig. 6) revealed approximately equal quan-
tities of RNA initiated at the Ad2 late promoter and
read-through RNA which, our evidence indicates, con-
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sists of molecules extending entirely around the circular
templates. Together, these two findings suggest that
each RNA polymerase II molecule traverses the entire
wild-type plasmid on average about one time.

Where might transcription normally terminate? That
approximately equal levels of RNA hybridizing to each
segment of pBR322 were synthesized in nuclei isolated
from transfected (S. Connelly, unpubl.) cells suggests
that there is not a specific termination site in these se-
quences. Indeed, it is not clear whether termination
occurs at a unique site, at heterogeneous sites that are
confined to a particular region, or at sites that are essen-

AT

£§s
¢ o

po4-SVA

C25

C25-15 |

15 '
C87 . .

30
I
p601A30

Figure 7. Nuclear transcription analysis of 3'- and 5'-poly{A)
site deletion mutants. Cells were transfected with the indicated
DNAs, nuclei were isolated, and nascent RNA chains were la-
beled with [a-32P)JGTP. Labeled RNA (1 x 107) cpm of was hy-
bridized to excess linearized DNA bound to nitrocellulose. Hor-
izontal rows labeled pd4-SVA, LS, C25, C25-15, 15, C87, 30,
p601-SVA A30 display separate filters hybridized to 32P-labeled
RNA synthesized in nuclei isolated from cells transfected with
the indicated plasmid. Nitrocellulose ‘slots’ in the first row
contained p$4-SVA DNA, whereas those in the second row
contained pBR322 DNA; the third row contained an equivalent
molar amount of a CAT gene-specific restriction fragment iso-
lated from pSV2.CAT, as described in Materials and methods.
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tially random. Experiments in other systems have pro-
vided evidence consistent with each of these ideas. In
the human gastrin gene it appears that termination may
occur at a single site (Baek et al. 1986; Sato et al. 1986),
whereas transcription of the mouse B-globin (Citron et
al. 1984), dihydrofolate reductase (Frayne and Kellems
1986), and a-amylase (Hagenbuchle et al. 1984} probably
occurs at multiple sites located within regions of several
hundred base pairs. In contrast, no specific sites of ter-
mination have been detected during transcription of the
polyoma virus late strand, and it has been suggested that
termination of polyoma late transcription occurs at es-
sentially random sites (Acheson 1984). It is possible, and
perhaps even likely, that these various types of termi-
nated transcripts reflect more than one mechanism of
transcription termination. In separate experiments ex-
amining transcription of the SV40 early strand in vitro
in a HeLa whole-cell extract, we found that a substantial
fraction of RNA polymerase molecules terminate at
multiple sites in the viral origin—promoter region (Grass
et al. 1987). Thus, a model for SV40 early transcription
in vivo can be put forth in which termination is signaled
initially by sequences at the early poly(A) addition site
but does not actually occur until the polymerase has
transcribed the entire viral DNA moleculg, i.e., in a re-
gion approximately 2000 bp downstream of the mRNA
3’ end. This model is supported by studies suggesting
that the entire early DNA strand is transcribed in vivo
{reviewed by Lebowitz and Weissman 1979).

How far does RNA polymerase transcribe when termi-
nation is blocked by the poly(A) site mutations? At-
tempts to visualize the resulting RNAs directly (by
Northern blot analysis) were only partially successful, as
the SV40-specific nuclear RNAs detected were of very
heterogeneous size {S. Connelly, unpubl.). This could
have resulted from multiple splicing events and/or lim-
ited degradation of these large abnormal RNAs. An al-
ternative way to estimate the size of the initial primary
transcripts is to compare the intensities of the bands
produced by nuclease S1 analysis of mutant and wild-
type RNA samples (e.g., Fig. 3). If, as discussed above, we
assume that the wild-type template was transcribed
once on average, because there was as much as 10- to
20-fold more SV40-specific RNA in cells transfected
with the poly(A) site mutants, we conclude that RNA
polymerase transcribed these plasmids between 10 and
20 times. Given that the size of the plasmid is ~7 kb,
this leads to an estimate of the size of the primary tran-
script of ~100 kb. Although the transcript is obviously
immense, it is of interest to note that several transcrip-
tion units approximately this size {Garber et al. 1983),
and possibly significantly greater (Kenwrick et al. 1987),
have been described.

How do sequences at the poly{A) site signal transcrip-
tion termination? Bearing in mind that termination ac-
tually occurs a considerable distance downstream of this
site, we suggest two possible models. In one, the DNA
sequences themselves might signal termination. This
could be envisioned to occur in at least two ways. First,
the nucleotide sequence in this region, or perhaps an al-
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tered DNA structure (Muller et al. 1987), might be rec-
ognized by the polymerase so that its ability to elongate
efficiently would be impaired. This could result from a
conformational change in the enzyme, or from the loss
of a subunit. Second, the polymerase could become elon-
gation inefficient by interaction with a protein bound to
this region of the DNA. For example, we note that the
GT-rich sequence is a perfect match with the enhancer
‘core’ consensus sequence (Weiher et al. 1983). As nu-
clear proteins that bind to this sequence have been iden-
tified (e.g. Johnson et al. 1987; Piette and Yaniv 1987;
Rosales et al. 1987; Xiao et al. 1987); it may be that such
a protein binds to the GT-rich poly(A) site sequence and
interacts with RNA polymerase in a way that causes it
to become elongation incompetent.

Although the proposal that DNA sequences signal ter-
mination is attractive in some respects, we favor the
view that it is the act of RNA cleavage/polyadenylation
itself that leads eventually to transcription termination,
for the following reason. Our results indicate that not
only the GT-rich sequence but also one of the two AA-
TAAA sequences are required for termination. From the
studies presented here and previously (Hart et al. 1985;
Kessler et al. 1986), these are precisely the same se-
quences that are required for efficient mRNA 3’-end for-
mation. Thus, we believe the simplest model is that the
occurrence of cleavage/polyadenylation is in some
manner signaled to the elongating RNA polymerase, re-
sulting in termination. This requires that 3'-end pro-
cessing of the pre-mRNA occurs on nascent chains. This
question has been addressed in the case of the adeno-
virus late transcription unit, where it appears that
cleavage/polyadenylation does indeed take place on na-
scent RNA chains (Nevins and Darnell 1978; Manley et
al. 1982).

How mechanistically might cleavage of the pre-
mRNA signal termination? One interesting possibility,
indicated diagrammatically in Figure 8, is that following
cleavage, the downstream RNA product is degraded by a
5' to 3’ exonuclease which, upon reaching the elon-
gating RNA polymerase, perhaps at a specific pause site,
signals the enzyme to terminate. Several observations
are consistent with this idea. First, RNA sequences
downstream of poly(A) sites have been shown to be ex-
tremely unstable in vivo (Berget and Sharp 1979), in iso-
lated nuclei (Manley et al. 1979, 1982), and in vitro
{Moore and Sharp 1985; Zarkower et al. 1986). Second,
these sequences can be degraded as nascent chains
{Manley et al. 1982). Third, we have detected and charac-
terized a 5’ to 3’ exonuclease that degrades uncapped
RNAs efficiently, including the downstream product of
cleavage and polyadenylation, in HeLa nuclear extracts
(Noble et al. 1986; Ryner and Manley 1987; P. Park, un-
publ.). Finally, we wish to point out that in several re-
spects, this proposed mechanism is analogous to p-factor
mediated transcription termination in Escherichia coli
(reviewed by Platt 1986). In this system, it appears that a
protein (p-factor) recognizes nascent RNA in a region
upstream of the actual termination site, and, in a reac-
tion dependent on ATP hydrolysis, migrates along the

mRNA poly(A) signal required for transcription termination

—
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5'-3' Exonuclease

TERMINATION

Figure 8. A model for coupling pre-mRNA 3’-end formation to
transcription termination. The double line depicts the DNA
template; the oval, RNA polymerase II; and the wavy line, the
RNA transcript. The AATAAA and GT-rich regions are indi-
cated, and the cleavage/polyadenylation site is represented by
the thin vertical line between these two sequences. Following
cleavage of the nascent RNA, the downstream RNA product is
degraded by a 5’- to 3’-exonuclease which, upon reaching the
elongating polymerase, signals transcription termination.

RNA, leading to termination when the factor encounters
the paused RNA polymerase. The 5’ to 3’ exonuclease
might then serve a function similar to the prokaryotic
p-factor. Reproduction of the termination reaction in
vitro will be required to elucidate the actual mecha-
nism.

Materials and methods
Plasmids

The plasmid pd4-SVA (Manley 1983; Lewis and Manley 1985)
contains adenoviral major late promoter sequences from —405
to +33 relative to the transcription start site (+ 1) joined to an
SV40 DNA segment extending from a HindIII site at SV40 nu-
cleotide 5171 to the BamHI site at nucleotide 2533 (Tooze
1981). To construct the poly(A) site deletion mutants, pd4-SVA
was linearized with either BamHI or Bcll (nucleotide 2770} and
digested with Bal31 exonuclease. Wild-type sequences were re-
constructed upstream of the Bcll site in the 5' mutants. Details
of deletion mutant construction have been published pre-
viously [Manley et al. 1985). In addition, the pBR322 sequences
flanking the BamHI-generated mutations were also recon-
structed so that the same pBR322 sequences abut the deletion
endpoints. This was accomplished by inserting BstXI (SV40 nu-
cleotide 4759)—BamHI fragments from the appropriate mutants
into the BstXI-BamHI sites of pd4-SVA. p601-SVA A30 was
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constructed in an analogous manner. The substitution mutant
LS was constructed by inserting a Sau3A fragment (nucleotides
2534-2771) from the 5'-deletion mutant C87 into the BamHI
site of the 3'-deletion mutant 20, thereby deleting nucleotides
2619-2610, which contain the 3'-AATAAA sequence, and re-
placing them with the sequence GGATCA. The sequence of
the resulting mutant was verified by nucleotide sequence anal-
ysis (Maxam and Gilbert 1980}. The double mutant C25-15 was
constructed in an analogous manner by joining the appropriate
sequences from the 3’-deletion mutant 15 with the 5'-deletion
mutant C25, thereby deleting SV40 nucleotides 2579-2533 and
2770-2622.

Cell culture and transfection

Type 293 cells were grown in Dulbecco’s modified Eagle’s me-
dium supplemented with 10% fetal bovine serum (GIBCO). For
transfection, ~1.8 x 106 cells were plated 24 hr before addition
of the DNA precipitate. Cell transfection was carried out as de-
scribed {Lewis and Manley 1985}, except that 30 pg of DNA,
consisting of 27 pg of the relevant plasmid DNA and 3 pg of
pSV2.CAT DNA (Gorman et al. 1982), was used. Transfection
efficiencies were standardized by quantitating the amount of
chloramphenical acetyltransferase (CAT) activity present in
cell lysates. Cells were harvested 48 hr after transfection and
resuspended in TSM [10 mMm Tris (pH 7.4}, 0.15 M NaCl, 3 mm
MgCl,). Fifteen percent of each cell suspension was removed
and used to determine CAT activities by the method of
Gorman et al. {1982). Protein concentrations of cell lysates
were measured, and equal amounts of protein were added to
each enzyme assay. 14C-labeled chloramphenicol (New England
Nuclear) and the mono- and diacetylated forms of chloroam-
phenicol were separated by silica gel thin-layer chromatog-
raphy. The reaction products, visualized by autoradiography,
were scraped from the plate and quantitated by scintillation
counting. Transfection efficiencies were found to vary by, at
most, twofold.

RNA extraction and analysis

RNA was extracted from the cytoplasm (Lewis and Manley
1985), nucleus (Maniatis et al. 1982), or the whole cell (Man-
iatis et al. 1982). Aliquots were selected on oligo(dT)—cellulose
(Aviv and Leder 1972}, where indicated. RNAs were analyzed
by nuclease Sl analysis, as described (Berk and Sharp 1977),
with the following exceptions: A standardized concentration,
based on the results of CAT enzyme assays (see above) of the
indicated RNA (30 ng or less) was hybridized to 2 ng of the
appropriate probe. The 3'-ends of SV40-specific RNAs were an-
alyzed by hybridization to single-stranded 3'-end-labeled DNA
probes labeled with T4 DNA polymerase and [a-32P|dXTPs and
strand separated according to standard procedures (Maniatis et
al. 1982). Hybridization was carried out at 45°C for 12 hr, and
the hybrids were digested on ice for 30 min with 500 U/ml of
nuclease S1 (Sigma). Hybridization using the probe derived
from C25 DNA was carried out at 37°C for 6 hr, and the hybrids
were digested at 37°C for 30 min with 150 U/ml of nuclease S1.
Determination of the 5'-ends of these RNAs was performed by
nuclease S1 analysis using a double-stranded 5'-end-labeled
DNA probe, as described (Lewis and Manley 1985). All nuclease
S1 digestion products were electrophoresed through 8% poly-
acrylamide—8 M urea sequencing-type gels (Maxam and Gilbert
1980). Autoradiographic exposures shown were obtained with
intensifying screens, although exposures for densitometer scan-
ning were produced without the use of screens.
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In vitro nuclear transcription analysis

Nuclei were purified 48 hr after transfection essentially by the
method of Salditt-Georgieff et al. (1984). Briefly, cells were har-
vested and washed in TSM, and nuclei were isolated by centrif-
ugation following lysis of cells in TSM plus 0.5% Triton X-100.
Nuclei were washed two times in TSM plus 0.1% Triton X-100,
resuspended in an equal volume of storage buffer [50 mm Tris
(pH 7.9), 5 mm MgCl,, 0.1 mm EDTA, 1 mm dithiothreitol
(DTT]J, 30% glycerol|, quick frozen and stored at —80°C. All
nuclei used in transcription reactions were from cells that
showed identical transfection efficiencies, measured as de-
scribed above. To label nascent RNA chains, nuclei were
thawed and mixed with an equal volume of 2 X reaction buffer
[1 mm ATP, UTP, CTP, 5 mm MgCl,, 300 mm KCl, 10 mm Tris
{pH 7.9]] plus 100 unCi [-32P]GTP (3000 Ci/mmole). Where in-
dicated, a-amanitin was added to a final concentration of 1
wg/ml. Transcription reactions were carried out at 30°C for 30
min, although similar results were obtained from 10-min incu-
bations. Reactions were terminated by the addition of an equal
volume of 2x HSB [20 mm Tris (pH 7.4}, 1 m NaCl, 20 mm
MgCl,| and 50 p.g/ml RNase-free DNase (Cooper) and incubated
at 25°C for an additional 15 min. RNA was purified essentially
by the method of Triesman and Maniatis (1982) and ethanol
precipitated from 1 M NH,Ac an additional three times to re-
move unincorporated [a-32P|GTP.

Four micrograms of linearized p$4-SVA, pBR322 DNA, or the
equivalent molar amount of a pSV2.CAT restriction fragment,
extending from a Scal (pSV2.CAT nucleotide 4353) to a HindIII
[pSV2.CAT nucleotide 5020 site, were denatured and bound to
nitrocellulose essentially by the method of Salditt-Georgieff et
al. (1984), using a ‘hybrislot’ manifold (Bethesda Research Labo-
ratories). Prehybridization of filters was done at 65°C for 3—6 hr
in prehybridization buffer [50 mm HEPES (pH 7.4}, 0.3 m NaCl],
10 mm EDTA, 1 mg/ml yeast tRNA, 0.5 mg/ml poly(A), 1%
Na-pyrophosphate|. Alkali breakage of RNA was performed ac-
cording to the technique of Hofer and Darnell (1981). Filters
were washed briefly with hybridization buffer [50 mm HEPES
(pH 7.4], 0.3 M NaCl, 10 mm EDTA, 0.2% SDS, 0.1 mg/ml
tRNA, 0.1 mg/ml poly(A), 0.1% Na-pyrophosphate], and hy-
bridized in 0.5 ml of hybridization buffer containing ~1 x 107
cpm RNA for 36 hr at 65°C. After hybridization, the filters were
washed for 30 min at 65°C with 2x SSC, 30 min at 37°C with
2.x SSC plus 10 pg/ml pancreatic RNase, and 30 min at 37°C
with 2 x SSC. Filters were air-dried and exposed to X-ray film
for 12-36 hr.
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