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Two phases in the addition of a
poly(A) tail
Michael D . Sheets* and Marvin Wickens*'^
^Cell and Molecular Biology Program, ^Department of Biochemistry, College of Agriculture and Life Sciences, University of
Wisconsin, Madison, Wisconsin 53706 USA

The addition of a poly(A) tail has been examined in a HeLa cell nuclear extract using SV40 late RNAs that end
at or near the natural poly(A) site. We find that the addition of a full-length, 200-nucleotide poly(A) tail occurs
in two discrete phases. In the first phase, the addition of each adenosine is dependent on the highly conserved
sequence AAUAAA. Mutations in that sequence result in an accumulation of products that contain 9 or
fewer adenosine residues. In the second phase, poly{A] addition no longer requires AAUAAA but, instead,
requires the oligo(A) primer synthesized during the first phase. Thus, RNAs carrying an AAUAAA mutation and
a 3'-terminal oligo{A) segment are extended efficiently to full-length poly(A). The transition between phases
occurs with the addition of the tenth adenosine residue. An activity exists that limits the length of poly(A)
added in the extract to - 2 0 0 nucleotides. The two phases share at least one component and are likely to involve
the same poly(A) polymerase.
[Key Words: Poly(A); polyadenylation; poly(A) polymerase; mRNA processing]
Received May 17, 1989; revised version accepted July 12, 1989.

The 3 ' end of most eukaryotic mRNAs is formed by two
sequential reactions (for review, see Darnell 1982;
Nevins 1983; Bimstiel et al. 1985; Humphries and
Proudfoot 1988; Manley 1988). In the first step, the precursor is cleaved at a specific phosphodiester bond,
leaving a 3'-hydroxyl group (Moore et al. 1986; Sheets et
al. 1987). In the second, —200 adenylate residues
[poly(A)] are added to that 3' end, 1 nucleotide at a time
(Moore and Sharp 1985). In this paper we focus on the
addition of the poly(A) tail (polyadenylation).
In vivo, polyadenylation is coupled to cleavage and
therefore cannot be analyzed in isolation. In vitro, however, the two reactions can be uncoupled (Manley et al.
1985; Zarkower et al. 1986). In particular, polyadenylation can be examined in the absence of cleavage by using
synthetic RNA substrates that end at the cleavage site.
These precleaved RNAs are polyadenylated efficiently
both in cell-free extracts (Zarkower et al. 1986) and in
the nucleus of frog oocytes (C. Fox, M. Sheets, and M.
Wickens, in prep.). The addition of poly(A) to precleaved
RNAs requires the sequence AAUAAA (Manley et al.
1985; Zarkower et al. 1986; Skolnik-David et al. 1987).
This highly conserved sequence typically is located
1 5 - 2 0 nucleotides upstream of the 3 ' hydroxyl to which
poly(A) is added [the poly(A) site].
In this paper we examine the mechanism of poly(A)
addition, using precleaved RNAs. We find that polyadenylation occurs in two distinct phases. In the first
phase, the addition of each adenosine requires the
AAUAAA sequence. In the second phase, poly(A) addition becomes independent of AAUAAA but, instead, requires the oligo(A) primer synthesized in the first phase.

The activities that add the poly(A) in both phases are as
yet indistinguishable and may reside in the same molecule.

Results
RNA

substrates

All RNAs used in this report are derived from the late
region of SV40 and are prepared by transcription in vitro,
using SP6 polymerase (Melton et al. 1984). Typically,
they extend from 58 nucleotides before the poly(A) site
to the poly(A) site (i.e., - 5 8 / - f l ) or to 6 nucleotides
beyond ( - 58/ + 7). These - 58/ + 7 RNAs receive poly(A)
without undergoing cleavage and enable us to detect
readily intermediates in the polyadenylation reaction
(see below). The AAUAAA seqence lies at positions - 13
to - 1 8 .
Requirement

for AAUAAA

obviated by 3' oligo(A)

Precleaved RNA is polyadenylated efficiently in nuclear
extract. Uniformly labeled RNAs containing either
AAUAAA or AAGAAA were incubated with extract for
3, 10, or 30 min. RNA was recovered and analyzed by gel
electrophoresis (Fig. 1). By 30 min, 8 0 - 9 0 % of the
AAUAAA-containing RNA has received a poly(A) tail of
- 2 0 0 nucleotides (lanes 1-4). In contrast, <10% of the
AAGAAA-containing RNA has received a poly(A) tail
(Fig. 1, lanes 13-16). Therefore, as shown previously
(Manley et al. 1985; Zarkower et al. 1986), polyadenylation of precleaved RNAs requires AAUAAA.
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Is AAUAAA required to add each one of the 200 adenosine residues in the poly(A) tail? To answer this question, we prepared AAUAAA- and AAGAAA-containing
RNAs with 40 adenosine residues beyond the poly(A)
site. These RNAs were incubated with extract and the
products analyzed by gel electrophoresis. The 40-nucleotide oligo(A) tails are extended efficiently to fulllength, 200-nucleotide poly(A) (lanes 5-8). AAUAAAcontaining substrates with and without the oligo(A)
primer receive poly(A) with comparable efficiency (Fig.
1, lanes 1-4 versus lanes 5-8). The reaction that converts A40 to A200 is largely independent of AAUAAA, as
it occurs on substrates containing AAGAAA (Fig. 1,
lanes 17-20). Thus, a 3'-terminal oligo(A) segment effectively suppresses an AAUAAA mutation. The suppression is efficient (Fig. 1, lanes 1 3 - 1 6 versus lanes
17-20) and restores polyadenylation to the efficiency
observed on an AAUAAA-containing RNA without any
oligo(A) (lanes 1-4). Suppression of the AAGAAA mutation is specifically due to the tract of oligo(A). RNA with
a 40-nucleotide non-poly(A) sequence at its 3 ' end is not
polyadenylated efficiently (lanes 9 - 1 2 and 21-24).
Oligo(A) also suppresses an AAUAAA mutation in frog
oocytes injected with RNA, demonstrating that the result is not an artifact of the in vitro system (C. Fox, M.
Sheets, and M. Wickens, in prep.).
The data in Figure 1 suggest that poly(A) addition may
occur in two phases. In the first phase, adenosine addition requires AAUAAA. In the second phase, this requirement is lost; rather, adenosine addition depends on
an oligo(A) primer.
Oligoadenylated

intermediates

If each polymerization step in the first phase of polyadenylation were sufficiently slow, then oligoadenylated
intermediates might be detected that have too few adenosine residues to trigger the second phase. To identify
such intermediates, -58/-I-7 RNA was incubated with
extract for various times. The data are shown in Figure
2A and are plotted in Figure 2B. After 2 min, 65% of the
RNAs receiving any adenosine residues have received
1402
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Figure 1. AAUAAA requirement obviated by
an oligo(A) tail. Labeled - 58/ + 7 RNA was incubated in nuclear extract under standard conditions for times indicated above each lane. The
products were analyzed by electrophoresis
through a 10% polyacrylamide gel. (Lanes 1-4]
RNA containing AAU7\AA; (lanes 5-8) RNA
containing AAUAAA and a 40-nucleotide
oligo(A) tail; (lanes 9-12) RNA containing
AAUAAA and a tail of 40 nucleotides of vector
sequence; (lanes 13-16) RNA containing AAGAAA; (lanes 17-20) RNA containing AAGAAA and a 40-nucleotide oligo(A) tail; (lanes
21-24) RNA containing AAGAAA and a tail of
40 nucleotides of vector sequence.

<10. At later times, the amount of these short products
decreases gradually, whereas the amount of full-length
poly(A) increases gradually. Thus, by 30 min, >90% of
the products are full-length poly(A). These kinetics suggest a precursor-product relationship between the short
and long species.
The short products contain 9 or fewer nucleotides
added in the extract. Products with 10 more nucleotides
are conspicuously missing, except for full-length poly(A)
(Fig. 2A, lanes 1 and 2). The discrete cutoff after the addition of 9 adenosine residues suggests that the transition from the first to the second phase may occur with
the addition of the tenth adenosine residue.
To determine whether the short products are indeed
oligoadenylated, we analyzed the sequence of the short
product extended by 9 nucleotides (Fig. 3). This product
was purified from reactions containing a-^^P/C-labeled
- 5 8 / - f 7 RNA as a substrate and then was analyzed by
RNase T l digestion and two-dimensional fingerprinting
(Fig. 3D). For comparison, we analyzed -58/-1-7 RNA
that had not been incubated in extract (Fig. 3B) and
-58/-I-7 RNA with 9 3'-terminal adenosine residues
[added with purified Escherichia coh poly(A) polymerase; Fig. 3C].
Each RNA generates seven RNase T l oligonucleotides, six of which are identical. As expected, the 3'-terminal oligonucleotide of the unreacted substrate (Fig.
3B, oligonucleotide 1) is missing in the other two RNAs.
Rather, RNA to which 9 adenosine residues had been
added, using E. coli poly(A) polymerase, contains a new
3'-terminal oligonucleotide [Fig. 3C (oligo)l -I- 9A]. The
same oligonucleotide is generated from the short
product purified from extract (Fig. 3D). We conclude that
the short product contains a 3'-terminal oligo(A) segment.
The shortest length of poly (A) that
suppresses a mutation in AAUAAA

efficiently
is
9nucleotides

The distribution of short products suggests that the
second phase of polyadenylation may be triggered by the
addition of the tenth adenosine residue. To test this, we
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Figure 2. Short intermediates. Labeled - 5 8 / + 7 RNA was incubated with nuclear extract under standard conditions for various
times. The products were analyzed by electrophoresis through a 15% polyacrylamide gel. [A] Experimental results. AAUAAA-containing RNA incubated with extract for 0, 2, 5, 10, and 30 min. {B] Quantitation of the amount of both products versus time. The
amounts of short (1-9 nucleotides added), and long (>9 nucleotides added) products were quantitated by scanning densitometry (see
Materials and methods). The fraction of total RNA found in each product is plotted versus time of incubation. For example, at 2 min,
13% of the substrate has received short oligo(A) tails, whereas 8% has received full-length tails.
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Figure 3. Short products are oligoadenylated. Uniformly a-'^^P/C-labeled - 5 8 / + 7 RNA was incubated in extract for 10 min. The
resulting product, 9 nucleotides longer than the - 5 8 / + 7 RNA, was purified by two rounds of gel electrophoresis. The RNA was
digested with RNase Tl, and the products were fractionated in two dimensions by electrophoresis and homochromatography (see
Materials and methods). For comparison, - 58/ + 7 RNA and - 58/ + 7 RNA with 9 adenosine residues (9A) added with £. coli poly(A)
polymerase were analyzed. [A] Sequence and predicted RNase Tl oligonucleotides of - 5 8 / + 7 RNA. Numbering of the oligonucleotides (numbers given below sequence) are provided. [B, C, and D) Experimental results. [B] - 5 8 / + 7 RNA; (C) -58/+7 RNA with 9
3'-terminal adenosine residues; (D) the short product extended 9 nucleotides longer than the precursor. (Oligo)l + 9A is the new
oligonucleotide found in both C and D, but not in B. The dashed circle in C and D indicates the position at which oligonucleotide 1
would appear if it were present.
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prepared AAGAAA-containing RNAs with 1-16 adenosine residues, using purified E. coli poly(A) polymerase.
These RNAs then were tested as substrates for the synthesis of a full-length poly(A) tail (Fig. 4).
First we tested a population of RNAs containing
oligo(A) lengths ranging from 1 to 16 nucleotides (lane
5). After incubation in extract, only molecules with 9
nucleotides or less remain (lane 6). This distribution is
similar to that seen with substrates lacking adenosine
residues, but containing AAUAAA (lane 2): RNAs with
1 0 - 1 6 adenosine residues are not detected after incubation (cf. lanes 5 and 6), presumably because they have
been extended into full-length poly(A). This conclusion
is corroborated by analysis of RNAs having unique
oligo(A) tail lengths, ranging from 5 to 15 nucleotides
(7-18). The data are quantitated in Figure 4B.
We conclude that at least 10 adenosine residues are
required to obviate the requirement for AAUAAA in
poly(A) addition. This corresponds well with the discrete
cutoff observed after 9 adenosine residues have been
added (Fig. 2).
Poly(A) tails cannot be extended
nucleotides

same final length (Fig. 5, lanes 3-10). However, RNAs
with poly(A) tails oi 210 or more nucleotides fail to receive any additional poly(A) (lanes 13-16). This failure
is a result of the length of the poly(A) tail, not of the
overall length of the transcript or the amount of SV40
sequence it contains (M. Sheets, unpubl). We conclude
that a mechanism exists that 'measures' the total length
of poly(A) present on an RNA and limits the length of
poly(A) added. This limitation is observed with substrates that possess a 3'-terminal oligo(A) tail or that end
at the poly(A) site, indicating that the mechanisms by
which these two substrates receive poly(A) are similar.
AAUAAA mutations
in the first phase
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The first phase of polyadenylation requires AAUAAA.
To examine this requirement in greater detail, we analyzed three RNAs containing different AAUAAA mutations: AGUAAA, ACUAAA, and AUUAAA (Fig. 6).
These mutations vary in the severity to which they impair poIy(A) addition. Our biphasic model predicts that
at a fixed time, the ratio of full-length poly(A) to short
products ( 1 - 9 adenosine residues) should vary as a function of the strength of the AAUAAA mutation: 'Strong
down' mutants should accumulate more short products
than 'weak down' mutants. We analyzed the distribution of products derived from each substrate after a fixed
time (30 min; Fig. 6A). The data were quantitated by mi-

The length of poly(A) added under our standard reaction
conditions is 150-200 nucleotides (Fig. 5, lanes 1 and 2).
AAGAAA-containing RNAs comprising between 25 and
120 3'-terminal adenosine residues are extended to that
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Figure 4. The shortest length ot oligo(A) that etticientiy suppresses a mutation in AAUAAA is 9 nucleotides. Labeled - 58/ + 7 RNAs
were incubated with nuclear extract under standard conditions for 30 min. The products were analyzed by electrophoresis through a
10% polyacrylamide gel. The RNAs contained either AAUAAA or AAGAAA and a variable number of adenosine residues (A's) added
with £. coh poly(A) polymerase, as indicated above the lanes. [A] Experimental results. RNA substrates contain AAUAAA and no
adenosine residues (lanes 1 and 2); AAGAAA and no adenosine residues (lanes 3 and 4); AAGAAA and 1-16 adenosine residues (lanes
5 and 6); AAGAAA and 4-5 adenosine residues (lanes 7 and 8); AAGAAA and 6-7 adenosine residues (lanes 9 and 10]-, AAGAAA and
8-9 adenosine residues (lanes 11 and 12); AAGAAA and 10-11 adenosine residues jlanes 13 and 14); AAGAAA and 12-13 adenosine
residues (lanes 15 and 16). [B] Quantitation of polyadenylation efficiency versus number of adenosine (A) residues present in the
substrate. The amount of polyadenylated product in each reaction was quantitated by scaiming microdensitometry (see Materials and
methods).
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Figure 5. Long polyadenylated products cannot be extended
past 200 nucleotides. RNA was incubated with nuclear extract
under standard conditions for 30 min. The products were analyzed by electrophoresis through a 10% poly aery lamide gel.
The 'body' of each RNA is - 5 8 / + 7. The RNAs contain
AAUAAA and no adenosine residues (A's) (lanes 1 and 2); AAGAAA and 30 adenosine residues (lanes 3 and 4); AAGAAA and
45 adenosine residues (lanes 5 and 6); AAGAAA and 65 adenosine residues (lanes 7-8]; AAGAAA and 120 adenosine residues
{9-10]) AAGAAA and 175 adenosine residues (lanes 11 and 12])
AAGAAA and 210 adenosine residues (lanes 13 and 14]) AAGAAA and 325 adenosine residues (lanes 15 and 16]. The position and lengths of DNA markers (an Mspl digest of pBR322)
are indicated (M). The bands of apparent high molecular weight
in lanes 10, 12, 14, and 16 are artifacts. Their appearance is not
reproducible and, in contrast with polyadenylation, does not require Mg^^. They probably are RNA ligation products, as we
have observed and characterized RNA circles formed in the extract from shorter but otherwise comparable RNA substrates.

crodensitometry and are presented in Figure 6B. The xaxis indicates the fraction of the substrate that receives
poly(A) of any length and therefore reflects the overall
severity of the mutation. The y-axis indicates the fraction of the total products that contain between 1 and 9
adenosine residues and reflects the efficiency of the
transition between the first and second phases.
The fraction of products that contain <9 adenosine
residues increases with the severity of the mutation (Fig.
6A and B). AUUAAA is a mild down mutation: 65% of
the substrate containing this sequence receives at least 1
adenosine residue. Most of the products derived from
this substrate have long poly(A) tails. In contrast, only
12% of the substrate molecules containing AGUAAA

receive at least 1 adenosine residue. More importantly,
almost half of these products receive <9 nucleotides of
oligo(A). A third mutation, AGUAAA, lies between
AGUAAA and AUUAAA, both in its severity and in the
ratio of short to long products that it generates.
We prepared and analyzed 15 other point mutations in
AAUAAA to examine this correlation further. Most of
these mutations impair polyadenylation so drastically
that the data are difficult to quantitate. However, qualitatively, it is clear that these strong down mutations accumulate predominantly short products. The same result is obtained using - 5 8 / + 1 RNA and adenovirus L3
RNA (data not shown).
As the severity of the mutation increases, the average
length of the short oligo(A) segments decreases. The distribution of short products (<9 adenosine residues) was
quantitated by scanning microdensitometry (data not
shown). The oligo(A) segments added to AAUAAA- and
AUUAAA-containing RNAs are, on average, between 5
and 9 nucleotides in length: the oligo(A) segments added
to AGUAAA and AGUAAA residues are shorter (Fig. 6).
To summarize these results, the length distribution of
products generated varies as a function of the severity of
the mutation in AAUAAA. Substrates carrying strong
down mutations rarely receive any adenosine residues,
and few adenosine residues are added on those molecules that do react. Presumably the RNAs with very
short oligo(A) tails accumulate because they are too
short to prime the second AAUAAA-independent phase
of polyadenylation. We conclude that in the first phase
of polyadenylation, the addition of each adenosine requires AAUAAA.
The two phases share components
To determine whether both phases might involve the
same factor(s), we tested whether excess substrate for
one phase would prevent the other. In the first experiment, we determined whether excess oUgo(A) prevents
the addition of poly(A) to a substrate lacking any adenosine residues. Labeled - 5 8 / + 7 RNA containing
AAUAAA was incubated with extract in the presence of
either oligo(Ai2) or oligo(Gi2). The oligo(Ai2) and
oligo(Ci2) were not labeled (Fig. 7A). Polyadenylation of
the labeled RNA is inhibited by 5 |xg of oUgo(A12) but not
by the same amount of oligo(Ci2) (Fig. 7A).
In the reciprocal experiment, we determined whether
excess precleaved RNA without an oligo(A) tail would
prevent addition of poly(A) to an oligo(A) primer. We
prepared - 58/ -f 7 RNAs containing either AAUAAA or
AAGAAA as competitors. To ensure that these competitors did not receive any adenosine residues in the extract, a 3'-terminal, 3'-dATP residue was added, using E.
coli poly(A) polymerase. As a labeled substrate for the
second phase, we use AAGAAA-containing RNA with a
30-nucleotide oligo(A) tail. Although both the competitor and the substrate are labeled, both RNAs can be analyzed on a single gel lane because the specific radioactivity of the competitor RNA is only 1% that of the substrate, and the two RNAs differ in length.
GENES & DEVELOPMENT
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Figure 6. AAUAAA mutations impair each polymerization step in the first phase. Labeled - 58/ + 7 RNA was incubated with extract
under standard conditions for various times. The products were analyzed by electrophoresis through a 6% polyacrylamide gel. [A]
Experimental results. (Lanes 1-4] RNA containing AAUAAA incubated for 0, 3, 10, and 30 min with extract; (lanes 5 and 6) RNA
containing AUUAAA incubated for 0 and 30 min with extract; (lanes 7 and 8) RNA contammg ACUAAA incubated for 0 and 30 min
with extract; (lanes 9 and 10] RNA containing AGUAAA incubated for 0 and 30 min with extract. [B] Quantitation of the relative
amounts of short and long products. The amounts of total, short, and long polyadenylated products in each reaction were quantitated
by scanning densitometry (see Materials and methods). Short products are defmed as those RNAs that have received 1-9 adenosine
residues; long products contain poly(A) tails of > 150 adenosine residues. On the x-axis is plotted the fraction of the total RNA present
that has received any adenosine residues (A's) (i.e., short products + long products/short products + long products + unreacted substrate). On the y-axis is plotted the fraction of the total products that are short (i.e., short products/short products + long products).
In the absence of any competitor, the AAGAAA-containing RNA with 30 3'-terminal adenosine residues is
extended efficiently to a full-length poly(A) tail (Fig. 7B,
lanes 1 and 2). Addition of a 100-fold excess of
AAUAAA-containing competitor RNA greatly reduces
the extent of this reaction (Fig. 7B, lane 3). As expected
(Zarkower and Wickens 1987a), this competitor also prevents poly(A) addition to an RNA lacking any adenosine
residues (lanes 5-7). Thus, this competitor, which lacks
an oligo(A) tail, prevents use of a substrate with an
oligo(A) tail. The competition is specific: Competitors
containing AAGAAA instead of AAUAAA fail to compete (lanes 4 and 8).
From these results we conclude that the two phases of
polyadenylation must share at least one component. The
interaction of this component with an RNA lacking any
adenosine residues is dependent on AAUAAA.
The two poly(A) polymerase

activities

copuhfy

To assess whether the same polymerase is involved in
the two phases, we determined whether the activity that
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extends an oligo(A) primer copurifies with the activity
that adds a poly(A) tail to a substrate without any adenosine residues. The latter activity was purified partially
by a fractionation scheme (Fig. 8A), adapted from a protocol published previously (Christofori and Keller 1988).
These fractions, obtained and generously donated by D.
Zarkower, then were used in the following experiments.
The activity that adds poly(A) to a substrate without
any adenosine residues can be separated by DEAESepharose chromatography into two fractions. One
(DE-100) contains the poly(A) polymerase activity,
whereas the other (DE-600) contains a specificity factor
thought to be involved in the recognition of AAUAAA
(Fig. 8A) (Christofori and Keller 1988, 1989; McDevitt et
al. 1988; Takagaki et al. 1988). The polymerase activity
present in the DE-100 was purified further by Biorex-70
and Mono-Q chromatography (D. Zarkower, data not
shown). Individual fractions of the Mono-Q column
were assayed for their ability to catalyze polyadenylation when supplemented with specificity factor (Fig. 8B).
A peak of activity centered in fraction 4 is observed.
This activity requires AAUAAA (data not shown). The
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adenosine residues. Competitor RNAs [-587 + 7 with a 3'-termmal oligo(A) segment] were synthesized at a sp. act. 100-fold lower
than the substrates being assayed. To prevent these RNAs from receivmg poly(A) in the extract, they were modified at their 3' termini
by the addition of a 3'-dA residue using 3' dATP and £. coli poly|A) polymerase (see Materials and methods). The extent of 3'-dA
addition was complete, as judged by the failure of these RNAs to receive poly(A) in extract (not shown). The substrates (10-50 fmoles)
and competitors (1.75 pmoles) present in each reaction are given above each lane. (Lane 1) RNA containing AAGAAA and a 30-nucleotide poly(A) tail; (lane 2) same RNA as lane 1, incubated in extract; (lane 3) same RNA as in lane 1, incubated in extract in the
presence of - 5 8 / + 7 RNA containing AAUAAA as competitor; (lane 4) same RNA as lane 1, incubated in extract in the presence of
- 58/ + 7 RNA containing AAGAAA; (lane 5) - 59/ + 1 RNA with no poly(A) tail, incubated in extract; (lane 6) same RNA as lane 5,
incubated in extract; (lane 7) same RNA as lane 5, incubated in extract in the presence of - 58/ + 7 RNA containing AAUAAA as
competitor; (lane 8) same RNA as lane 5, incubated in extract in the presence of - 5 8 / + 7 RNA containing AAGAAA as competitor.
activity that extends a short oHgo(A) primer, independent of AAUAAA, exhibits a very similar activity profile
(Fig. 8C), demonstrating that the two activities copurify.
How^ever, because the fractions are not yet pure, the possibility remains that the polymerases responsible for the
first and second phases are similar but not identical.
To demonstrate that the peak fractions actually are
the polymerase, we assayed the same column fractions
in the presence of MnClj, rather than MgClj (Takagaki
et al. 1988; Christofori and Keller 1989), but without
specificity factor(s). Under these conditions, the polymerase exhibits a nonspecific activity that adds poly(A)
to any substrate, regardless of AAUAAA. AAGAAAcontaining RNA was incubated with each Mono-Q fraction in the presence of MnClj (Fig. 8D). A peak of nonspecific activity is centered in fraction 4. We infer that
the activity detected in fraction 4 is likely to be the polymerase.
Partially purified poly(A) polymerase
oligo(A) primer

extends a short

To test whether the partially purified poly(A) polymerase could extend an oligo(A) tail in the absence of

specificity factor(s), we assayed each Mono-Q fraction
alone, using a substrate containing a 30-nucleotide
oligo(A) tail and MgCli- The oligo(A) elongation activity
is centered around fraction 4 (Fig. 8E). In parallel experiments (data not shown), these same fractions were found
to have no activity using - 5 8 / + 7 RNA as a substrate,
although purer polymerase does. The Mono-Q polymerase fractions extend the oligo(A) tail more efficiently
when combined with the specificity factor(s) fraction (cf.
Fig. 8C and E).
We conclude that the poly(A) polymerase activities
involved in AAUAAA-specific polyadenylation of an
RNA without adenosine residues, extension of a short
oligo(A) tail, and nonspecific polyadenylation appear to
cofractionate. Whether these activities reside in the
same molecule will require further analysis and purification.

Discussion
Addition of a poly(A) tail is biphasic. In the first phase,
AAUAAA is required for the addition of each adenosine
residue. In the second, addition is independent of
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Figure 8. Analysis of polymerase activities. [A] Fractionation scheme used for purification of poly(A) polymerase. The different
chromatographic steps are indicated. DE-100 indicates that the material that did not bind to DEAE-Sepharose in 100 mM KCl.
Numbers refer to the salt concentrations used to elute particular fractions (for details, see Materials and methods). [B] Specific
polyadenylation. Uniformly ^^P-labeled - 59/ -H 1 RNA was incubated with 4 |JL1 of DE-600, and each Mono-Q fraction under standard
conditions for 30 min (the fractions are indicated below the gel lanes). The products were analyzed by electrophoresis through a 10%
polyacrylamide gel. (Lane IN] (input) is the unreacted precursor RNA; (lanes 1-20] Mono-Q fractions 1-20. (C) Oligo(A) elongation
with specificity factor(s). Uniformly •^^P-labeled - 5 8 / + 7 RNA containing AAGAAA and a 30-nucieotide poly(A) tail [added with E.
coli poly(A) polymerase] was incubated with 4 ^il of DE-600 and each Mono-Q fraction under standard conditions for 30 min. [D]
Nonspecific polyadenylation. Uniformly •^^P-labeled - 58/ + 7 RNA containing AAGAAA was incubated with 4 jjil of each Mono-Q
fraction and 0.5 mM MnCl, instead of MgCl, for 30 min. (£) 01igo(A)-specific poly(A) polymerase in the absence of specificity factors.
Uniformly ^^P-labeled - 5 8 / + 7 RNA containing AAGAAA and a 30-nucleotide poly(A) tail [added with £. coli poly(A) polymerase]
was incubated with 4 jil of each Mono-Q fraction under standard conditions for 30 min.
AAUAAA; instead, it requires the oligo(A) primer synthesized in the first phase.
Two findings indicate that the short oligo(A) products
are bona fide intermediates and not the result of abortive
initiation or polymerase pausing. First, the kinetics of
product formation are consistent with the short oligoadenylated species, being precursors to full-length
poly (A). Second, we detect oligoadenylated RNAs that
received 1 - 9 adenosine residues but not 10 or more. The
discreteness of this boundary suggests that the transition from the first to the second phase occurs with the
addition of the tenth adenosine. Furthermore, the same
boundary between 9 and 10 adenosine residues is observed using substrates containing < 9 adenosines [e.g., a
substrate with 5 adenosine residues yields a boundary at
9 rather than 14 (data not shown)]. Thus, the boundary
results from a specific effect of 10 adenosine residues,
rather than from polymerase pausing or terminating
after it has added 9 nucleotides.
The experiments reported here used - 58/ + 7 RNA as
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a substrate. This RNA receives poly(A) without undergoing cleavage (Fig. 3; M. Sheets, data not shown). Comparable results have been obtained using - 5 8 / + 1 RNA,
which might be regarded as a more physiological substrate for polyadenylation because its 3 ' end coincides
with the cleavage site (data not shown). In particular,
- 5 8 / + 1 RNA containing mutations in AAUAAA is
polyadenylated inefficiently and accumulates short oligoadenylated products. The polyadenylation efficiency
of these RNAs can be rescued by the addition of short
oligo(A) primers. Unlike - 5 8 / 4 - 7 RNA, - 5 8 / - t - l does
not yield a distinct collection of intermediates with a
discrete cutoff after 9 adenosine residues. This makes it
difficult to pinpoint the transition between phases with
this RNA. However, like - 5 8 / + 7 RNA, 8 - 1 2 adenosine residues are required to suppress AAUAAA mutation in -58/-I-7 RNA. We infer that polyadenylation of
both RNAs occurs in two phases with a transition after
— 10 adenosine residues.
The biphasic mechanism may be general. Polyadeny-
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lation of precleaved adenovirus L3 RNA appears to be
biphasic: It yields a collection of short, presumably oligoadenylated products (Skolnik-David et al. 1987). Furthermore, L3 RNA containing a mutation to AAGAAA
accumulates short oligoadenylated products, and this effect is suppressed by an oligo(A) tail (M. Sheets, data not
shown).
Poly(A) synthesis is slow in the first phase but rapid in
the second. In the first phase, the addition of each adenosine requires AAUAAA. Polymerization may be processive because, after brief incubations, only a small
fraction of the substrate has reacted but has received 9
adenosine residues (Fig. 2). Mutations in AAUAAA may
make the reaction distributive by preventing the stable
interaction between specificity factors and the substrate, consistent with the failure to detect processing
complexes on mutant substrates (Zarkower and
Wickens 1987a; Wilusz and Shenk 1988; V.B. Bardwell
and M. Wickens, in prep.).
Polyadenylation with highly purified vaccinia poly(A)
polymerase also occurs in two phases (Shuman and
Moss 1988). The vaccinia enzyme generates short intermediates of 10-16 nucleotides, which are converted
into long poly(A), much as we observe in the nuclear extract. The vaccinia enzyme consists of two subunits
(Moss et al. 1975); by analogy to the extract reaction,
perhaps one subunit is the polymerase and the other
confers sequence specificity. Regardless, the similar
products and kinetics obtained with vaccinia polymerase and nuclear extract may indicate a common
two-phase mechanism of poly(A) synthesis.
The existence of two phases may provide an opportunity for regulation. For instance, blocking entry into the
second phase would result in RNAs with short adenosine tails. Certain maternal mRNAs possess short
poly(A) tails that lengthen at the time of meiotic maturation and/or fertilization (Colot and Rosbash 1982; Rosenthal et al. 1983; Dworkin and Dworkin-Rastl 1985;
Fiuarte et al. 1987; Rosenthal and Ruderman 1987).
These increases in poly(A) tail length often are correlated with, and may cause, increases in translational efficiency (for review, see Richter 1987; Rosenthal and
Wilt 1987). Clearly, sequences in the body of the mRNA
must govern both the block in poly(A) extension and the
relief of that block at fertilization. Whether the lengthening of poly(A) tails is biochemically similar to the
onset of the second phase is yet to be determined.
In extracts of Saccharomyces cehvisiae, two polymerases with different substrate specificities have been
identified: One adds poly(A) to any RNA, whereas the
other prefers a short oligo(A) tail (Half and Keller 1975).
This has led to the proposal that two separate poly(A)
polymerases are required to add a poly(A) tail. Our data
suggest that polyadenylation in the HeLa cell-free
system requires only one polymerase. This difference
might represent a fundamental distinction between
humans and yeast or the impurity of the yeast enzyme.
For example, whereas crude human polymerase
(DE-100; Fig. 8A) adds poly(A) only to short oligo(A) tails
(Fig. 8E), purer enzyme will add poly(A) to any RNA

with comparable efficiency (Edmonds 1989; M. Sheets,
data not shown).
Components in the specificity factor fraction are required both for recognition of AAUAAA (McDevitt et al.
1988; Takagaki et al. 1988; Christofori and Keller 1989;
V.B. Bardwell et al., in prep.) and for efficient extension
of the oligo(A) primer (Fig. 8C and E; M. Sheets, data not
shown). Whether the same molecule interacts with
AAUAAA and an oligo(A) primer is not clear, but is suggested by their apparent copurification (Christofori and
Keller 1988). If AAUAAA and a short oligo(A) primer
were recognized by the same factor, then the two sequences might be interchangeable. It is intriguing that
some genes in Dictyostelium contain both AAUAAA
and short oligo(A) stretches in regions thought to be important for 3'-end formation (Reymond et al. 1984;
Romans and Firtel 1985).
The final length of a poIy(A) tail is -200 nucleotides,
whether the substrate to which poly(A) was added ended
at the poly(A) site or in a poly(A) primer. What controls
the length of poly (A) added? The length limitation is not
exhibited by the purified polymerase alone or by a
mixture of the polymerase and specificity factor fraction
(D. Zarkower, data not shown), suggesting that another
protein controls poly(A) length and has been discarded in
the fractionation. By analogy to the bacterial termination factor, rho, a polyadenylation termination factor
might function by binding to the poly(A) tail during synthesis. After 200 nucleotides of poly(A) has been added, a
structure might form that disengages the poly(A) polymerase from the substrate. Nuclear poly(A)-binding protein is an obvious candidate for such a polyadenylation
termination factor; however, we are not aware of any
evidence suggesting that this protein forms a unique
structure with a 200-nucleotide poly(A) tail.
Complexes between processing factors and polyadenylation substrates have been examined by RNase protection (Hashimoto and Steitz 1986; Fiumphrey et al. 1987;
Stefano and Adams 1988), gel retardation (Humphrey et
al. 1987; Skolnik-David et al. 1987; Zarkower and
Wickens 1987b; Zhang and Cole 1987), and UV-crosslinking (Moore et al. 1988; Wilusz and Shenk 1988). In
each assay, polyadenylation complexes disappear by the
time a full-length poly(A) tail has been added. A change
in complexes occurs after only —10 adenosine residues:
At this point, a 68-kD protein no longer can be crosslinked to AAUAAA and the polyadenylation complex
becomes heparin-sensitive (V.B. Bardwell and M.
Wickens, in prep.). These data, obtained using -58/-I-1
substrates, support our conclusion that the addition of
the poly(A) tail is biphasic.
No single component catalyzes poly(A) addition identical to that seen in the unfractionated extract. The purified HeLa cell polymerase alone adds poly(A) to any
RNA, regardless of its sequence, and shows no limitation of poly(A) length. Specificity factor(s), which have
no catalytic activity on their own, confer sequence specificity on the polymerase but also are insufficient to regulate length. Components in the specificity factor
fraction (i.e., DE-600), including the 68-kD protein, bind
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to the substrate in the absence of the polymerase, as long
as the substrate contains AAUAAA (P. Wigley and M.
Wickens, unpubL). Understanding the interactions between these specificity components, the polymerase,
and the RNA substrate and how these interactions
change to trigger the transition from the first to the
second phase awaits further purification and analysis.

Materials and methods
Plasmid construction and mutagenesis
A 128-bp fragment of SV40 spanning the polyadenylation site of
virion protein (late) mRNAs [nucleotides 2533-2720 of the
SV40 genome; numbering as in Tooze (1981)] was derived from
pSPSV-141/ + 70 (Wickens and Stephenson 1984) and cloned
into the Hindlll site of pGEM3Z(f+), generating pSPSV-58/
+ 70. This template was cleaved with Bsml, 9 nucleotides past
the poly(A) site, and the 2-nucleotide, 3' overhang was removed
with T4 DNA polymerase treatment. This DNA was transcribed to produce - 5 8 / + 7 RNA. This 77-nucleotide RNA
contains 12 nucleotides of vector sequence, followed by 65 nucleotides of SV40 sequence.
pSPSV-58/-l-7 was generated by digesting pSPSV-58/ + 70
with Bsml and Sphl, removing the small DNA insert and the
single-stranded overhangs with T4 DNA polymerase and resealing the plasmid with T4 DNA ligase. This template was
cleaved with £coRI, 40 nucleotides downstream of the SV40
sequence and transcribed to produce -58/-I-7/40N RNA. The
123 nucleotide RNA contains 12 nucleotides of vector sequence upstream of the SV40 sequence (-587 + 7) and 45 nucleotides of vector sequence downstream.
pSPSV-59/ -I-1 contains 60 nucleotides of SV40 sequence
cloned into the Smal site of pSP64. A Haell linker has been
inserted at the cleavage site. This template was cleaved with
Haell and transcribed to produce -59/-I-1 RNA. This 101-nucleotide RNA contains 41 nucleotides of vector sequence, followed by 60 nucleotides of SV40 sequence, ending at the
poly(A) site.
Mutations in the AATAAA sequence of pSPSV - 58/ -I- 70 and
pSPSV- 58/ -f 7/40N were generated by the procedure of Kunkel
(1985). RNAs generated from these templates are identical to
-58/-h7 and - 58/-I-7/40N, except for the changes in
AAUAAA and a G -^ C change at the - 9 position. This latter
change does not affect processing (M. Sheets, unpubL).

Preparation of nuclear extract and processing in vitro
Nuclear extract was prepared by the method of Dignam et al.
(1983), except that MgClj was omitted from buffers A and D.
RNA (10 fmole or less) was incubated at 30°C in a 12.5-|JL1 reaction containing 5.5 |xl of extract (equivalent to ~10^ cells) and
additional components. The final concentrations of the various
components (including the contributions of the extract) were as
follows: 44 mM KCl, 8.8 mM HEPES (pH 7.6), 0.44 mM EDTA,
2.2 mM DTT, 8.8% glycerol, 20 mM phosphocreatine, 100 M-M
ATP, and 2.8% polyvinyl alcohol. The concentration of ATP
and MgClj were increased to 0.5 mM when fractions were analyzed instead of extract. To assay nonspecific polyadenylation
activity, 0.5 mM MnCli was substituted for MgClj. After incubation, the RNA was purified as described (Sheets et al. 1987).
Fractionation of extract
Extract was fractionated essentially as described (Christofori
and Keller 1988), except that a 25-40% ammonium sulfate precipitation was performed prior to chromatography on DEAESepharose.
RNase Tl analysis
RNAs were mixed with 20 |xg of tRNA and digested with 10
units of RNase Tl (Calbiochem) for 30 min at 37°C, in 10 mM
Tris (pH 8.0), in a 3-pLl reaction. The resulting oligonucleotides
were separated in two dimensions (Barrel 1971; Brownlee 1972),
first by high-voltage electrophoresis on cellulose-acetate (pH
3.5), and then by homochromatography on Gel 300 polyethyleneimine plates (Brinkmann Instruments).
Poly acrylamide gel electrophoresis
Electrophoresis through 6, 10, or 15% polyacrylamide gels containing 7 M urea was performed as described (Sanger and
Coulson 1978).
Quantitation and scanning desitometry
For quantitation, films were scanned with a laser microdensitometer; several exposures of the same gel were used. Films were
preflashed to ensure linearity of response. Each exposure was
checked against standards of known amounts of radioactivity
to ensure that the bands in question were in the linear range of
the film.

RNA synthesis in vitro
Truncated DNA templates were transcribed in vitro, as described (Melton et al. 1984), except that the reactions contained
0.1 mM GTP, 1.2 mM GpppG (from P-L Biochemicals) and
50-500 |xCi of [a-^^P|nucleoside triphosphate (Amersham).
Full-length RNAs were purified by elution from urea-containing acrylamide gels (Maxam and Gilbert 1980).
Addition of poly(A) using bacterial poly(A) polymerase
RNAs were treated with E. coli poly(A) polymerase (Sippel
1973), under conditions recommended by the manufacturer
(Pharmacia). The length of poly(A) added was modulated by
omitting MnClj and varying the concentrations of MgClj and
ATP in the reaction buffer. When RNAs were modified with 3'
dATP, this analog was substituted for ATP and the optimal
conditions used.
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