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The carboxyl-terminal repeat domain (CTD) of RNA polymerase II is thought to help coordinate events
during RNA metabolism. The mammalian CTD consists of 52 imperfectly repeated heptads followed by 10
additional residues at the C terminus. The CTD is required for cleavage and polyadenylation in vitro. We
studied poly(A)-dependent termination in vivo using CTD truncation mutants. Poly(A)-dependent termination
occurs in two steps, pause and release. We found that the CTD is required for release, the first 25 heptads being
sufficient. Neither the final 10 amino acids nor the variant heptads of the second half of the CTD were required.
No part of the CTD was required for poly(A)-dependent pausing—the poly(A) signal could communicate
directly with the body of the polymerase. By removing the CTD, pausing could be observed without being
obscured by release. Poly(A)-dependent pausing appeared to operate by slowing down the polymerase, such as
by down-regulation of a positive elongation factor. Although the first 25 heptads supported undiminished
poly(A)-dependent termination, they did not efficiently support events near the promoter involved in abortive
elongation. However, the second half of the CTD, including the final 10 amino acids, was sufficient for these

functions.

Termination of transcription at the ends of genes by RNA
polymerase II depends on the same signals that are responsible
for 3’-end processing of the RNA itself (53). Thus, in the case
of polyadenylated mRNAs, the very same poly(A) signal that
drives cleavage and polyadenylation also directs the polymer-
ase to terminate (53). For many years it was thought that a
poly(A) signal would require an assisting pause site in the
downstream DNA in order to slow down the polymerase to
allow time for the poly(A) signal to act. However, it is now
clear that after it has been transcribed, the poly(A) signal alone
can apprehend the polymerase as it moves down the template,
without the assistance of any additional element in the DNA
(49). Of course, various auxiliary elements are used to modify
and regulate the core mechanism in specific circumstances
(53).

Intriguingly, although no pause site in the DNA is required
to assist the poly(A) signal, the first effect of the poly(A) signal
on the polymerase is, nevertheless, to cause it to pause (49).
Subsequently, as the polymerase continues on down the tem-
plate, communication between the poly(A) signal and the poly-
merase is sustained until the final trigger to terminate is deliv-
ered (33). Thus, the poly(A) signal drives termination in two
steps—poly(A)-dependent pausing followed by poly(A)-de-
pendent release.

The design of the poly(A) signal in mammals is fairly
straightforward (60). The core sequence consists of a highly
conserved upstream element (AAUAAA), recognized by
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cleavage-polyadenylation specificity factor (CPSF), and a
poorly defined downstream region (rich in Us or Gs and Us),
bound by cleavage stimulation factor (CstF). The poly(A)
cleavage site lies in between these two elements. However, the
process of cleavage and polyadenylation has turned out to be
far more complex than might be inferred from the simplicity of
this basic arrangement (5). Apparently this reflects an impor-
tant coordinating function of 3’-end processing which serves to
integrate transcription with both splicing and transport (5, 24,
31). Thus, not only do splicing factors (43, 53), export factors
(24, 31), and transcription initiation factors (5) interact func-
tionally with the cleavage and polyadenylation apparatus, but
even RNA polymerase II itself is a required participant in the
cleavage and polyadenylation reaction (28).

The role of the polymerase in cleavage and polyadenylation
has been studied both in vitro and in vivo. In vitro, the poly-
merase is a required cleavage and polyadenylation factor, and
it is the carboxyl-terminal repeat domain (CTD) of its largest
subunit (Rpb1) that provides the processing activity (29). This
domain, in mammals, consists of a seven-amino-acid sequence
repeated, with some deviations, 52 times followed by a unique
10-amino-acid motif at the C terminus. Ryan et al. (55) showed
that at least half the length of the CTD is necessary for func-
tion in the 3’-end cleavage reaction in vitro, but the 10-amino-
acid C-terminal motif is not required. Consistent with an im-
portant role for the CTD, several yeast and mammalian
cleavage and polyadenylation factors (Pcf11, Yhhl, Ydhl, and
CstF50) (52) have been shown to be CTD-binding proteins (3,
15, 19, 36).

However, the role of the CTD in vivo remains somewhat
uncertain. Even in vitro its contribution to 3’-end processing
depends on assay conditions (29), suggesting that in vivo its
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role in processing may depend on the local environment. Ac-
cordingly, the CTD is in fact not essential for cleavage and
polyadenylation in vivo in yeast (16, 37), and CstF50, the only
metazoan 3’-end processing factor known to bind the CTD
(19), is not an essential protein in worms (40, 43), as defined by
RNA interference (RNAi). Thus, the CTD participates in (16,
37) but may not be essential for 3'-end processing in vivo.
Indeed, the burden may be shared by other parts of the poly-
merase. For example, Ssu72, an essential component of cleav-
age and polyadenylation factor in yeast (26), binds to Rpb2
(14), the second largest subunit of RNA polymerase II. Simi-
larly, mammalian CPSF appears to bind to the polymerase
(13), but evidently not via the CTD (19).

Fong et al. (20) studied the role of the CTD in vivo by
transfecting cells with expression vectors coding for a-aman-
itin-resistant Rpb1 subunits having wild-type or mutant CTDs.
By growing the cells in a-amanitin for 2 days, they inactivated
the resident polymerases containing the endogenous Rpbl,
thereby forcing the cells to survive on the ectopically provided
a-amanitin resistant Rpbl subunits. They then interrogated
the cells for their content of cleaved and polyadenylated RNA.
Consistent with the in vitro results of Ryan et al. (55), Fong et
al. (20) found that cells surviving on less than half of a CTD
contained little properly cleaved and polyadenylated RNA.
However, in contrast to the in vitro results, Fong et al. (20) also
found that even a full-length CTD was unable to support the
production of polyadenylated RNA in vivo in the absence of
the final C-terminal motif. Since the final 10 amino acids are
required for efficient transcription per se (20), and the CTD
itself is required for transcription in a manner that is promoter
dependent (22), it is possible that pleiotropic effects are re-
sponsible for the failure of cells to produce polyadenylated
RNA when they are forced to survive on these subfunctional
polymerases. Thus, the nature of any direct involvement of the
CTD in the 3'-end processing reaction in vivo remains unclear.

The CTD is thought also to be involved in transcription
termination (42). Although this has not yet been tested di-
rectly, the fact that at least two of the CTD-binding cleavage
and polyadenylation factors in yeast (Pcf11 and Yhh1) are also
termination factors (3, 15) supports this view. However, though
not obvious for processing, in the case of termination it is clear
a priori that more than the CTD of the polymerase must be
involved because any transcriptional transition, whether paus-
ing or release, must obviously involve the catalytic core of the
enzyme. This is consistent with the known Rpb2-binding activ-
ity of Ssu72 (14), which, in addition to being required for
processing (26), appears also to be both a pausing and a ter-
mination factor in yeast (14, 56).

Here we report that the poly(A) signal communicates with
the polymerase by both CTD-dependent and CTD-indepen-
dent mechanisms. The Rpbl CTD is required for poly(A)-
dependent termination, but the body of the polymerase, with
the CTD deleted, is sufficient for poly(A)-dependent pausing.
We also show, as was found for cleavage and polyadenylation
in vitro (29), that the 10-amino-acid C-terminal motif is not
required for poly(A)-dependent termination.

MATERIALS AND METHODS

The plasmids used in this work have been described previously (19, 49).
Transfection and G-less run-on transcription were carried out using COS cells as
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described by Kim and Martinson (33) except that the transfected DNA was a
mixture of 0.9 g of G-less cassette reporter plasmid plus 0.1 pg of a-amanitin-
resistant Rpb1 expression plasmid, and a-amanitin was added to the nuclei prior
to run-on to give a final concentration of 0.3 pwg/ml. TRIzol was used to isolate
the RNA, which was then digested with 1,000 (rather than 500) U of T1 RNase.

Transfections for RNase protection assays were in 100-mm plates (instead of
the 35-mm plates used for run-on) and utilized a mixture of 6.2 ug of reporter
DNA, 0.8 pg of Rpbl DNA, and 0.5 pg of an RNA polymerase III transfection
control plasmid. The control plasmid consisted of pCR2.1 (Invitrogen) into
which a 111-nucleotide (nt) transcription unit under the control of the U6
promoter had been inserted. Nuclear RNA for the RNase protection was iso-
lated using RNeasy columns (Qiagen). Cells were collected by scraping and lysed
with buffer RLN (Qiagen). After removal of the cytoplasmic RNA fraction, the
nuclear pellet was washed twice more in buffer RLN, homogenized on
QIAshredder columns (Qiagen), and then processed following the manufactur-
er’s instructions for obtaining animal cell total RNA. The isolated RNA was
treated with DNase I (Roche) prior to the assay.

For immunoblotting, nuclei were prepared as previously described (49) except
that after removal of the lysis buffer, nuclei were resuspended in sodium dodecyl
sulfate (SDS) loading buffer and heated at 95° for 5 min. Immunoblotting was
carried out according to the manufacturer’s instructions (Roche) using polyvi-
nylidene difluoride membrane for protein transfer. Anti-B10, N-20, and anti-
symplekin antibodies were purchased from Chemicon, Santa Cruz Biotechnol-
ogy, and BD signal transduction, respectively. Proteins were separated using an
SDS-5% polyacrylamide gel (Bio-Rad).

RESULTS

G-less run-on transcription assay for a-amanitin-resistant
polymerases. To study the role of the CTD in poly(A)-depen-
dent termination, we transfected various Rpb1 expression plas-
mids (19) into COS cells. These plasmids encode either full-
length Rpb1 subunits or mutant forms of the subunits bearing
various deletions in the CTD. We then used run-on transcrip-
tion of cotransfected G-less cassette reporter plasmids to mea-
sure the ability of polymerases containing either full-length or
mutant CTDs to terminate (49, 58). The transiently expressed
Rpbl subunits contained, in addition to any deletions in the
CTD, a mutation that confers resistance to a-amanitin (19).
Adding a-amanitin to the nuclei during the run-on transcrip-
tion procedure allowed us to restrict transcription in the assay
to only those polymerases containing the ectopically expressed
Rpb1 subunit (20).

First we characterized the properties of the polymerases in
our system. Figure 1A shows an immunoblot of the proteins
from transfected nuclei (COS cells) and from a nuclear extract
(nontransfected HeLa cells), probed and reprobed with vari-
ous antibodies. For panel 1 in Fig. 1A we probed with N-20, an
antibody directed against an endogenous epitope near the
amino terminus of Rpb1. This epitope was present in all of the
polymerase II enzymes in these samples, endogenous and re-
combinant. Nuclear extract from nontransfected cells (panel 1,
lane 1) gave rise to only one prominent band, presumably
hypophosphorylated RNA polymerase I1a. Nuclei, in contrast,
gave substantial amounts of the highly phosphorylated RNA
polymerase Ilo as well (panel 1, lanes 2 to 5).

To look specifically at the recombinant Rpb1 subunits in the
transfected cells, we used an antibody against the N-terminal
B10 epitope tag present in all of these constructs (19). This
antibody does not cross-react with any protein in the nontrans-
fected extract (lanes 1 of panels 2a and 2b). Cartoons of the
different recombinant polymerases used are shown at the top
of each panel. These polymerases contain Rpb1 subunits bear-
ing either an intact CTD (lane 2) or CTDs containing various
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deletions (lanes 3 to 5). As previously described by Fong and
Bentley (19, 20), the intact Rpb1 subunit carries all 52 heptad
repeats followed by the final 10-residue C-terminal motif
(lanes 2), whereas the deletions carry only heptads 27 to 52
plus the C-terminal motif (lanes 3), only heptads 1 to 25 (lanes
4), or no CTD at all (lanes 5). The anti-epitope tag blot shows
that most of the recombinant full-length Rpbl is in the Ilo
form in the isolated nuclei (panel 2a, lane 2). Most of the 27-52
Rpbl also is highly phosphorylated, with the predominant
form migrating at the same position as the hypophosphory-
lated form of full-length Rpbl (Fig. 1A, compare lane 3 with
lane 2 in panel 2a).

The 1-25 Rpbl and ACTD constructs are expressed less well
than the others, as previously reported (19), perhaps because
they lack the natural C terminus (7, 19). A significant fraction
of 1-25 Rpb1 appears to be an N-terminal degradation product
(panel 2b, lane 4) with a higher mobility on the gel than even
the ACTD Rpbl (Fig. 1A, compare lanes 4 and 5 in panel 2b).
This species has been seen before (7, 30) and is also produced
in cells expressing the full-length Rpb1 (see lanes 2 in all the
panels). However, the 1-25 Rpbl construct also yields a spe-
cies, (1-25),, having a mobility similar to that of the presump-
tive hypophosphorylated form of 27-52 Rpbl, (27-52),, as
would be expected from the similarity of their molecular
weights (compare lane 4 of panel 2b with lane 3 of panel 2a).
The third, most slowly migrating form of 1-25 Rpbl is presum-
ably highly phosphorylated (panel 2b, lane 4).

To characterize the transcription properties conferred on
RNA polymerase II by the various ectopically expressed Rpb1
subunits, we carried out run-on transcription in the presence of
a-amanitin for nuclei isolated from cells transfected with the
various a-amanitin-resistant Rpb1 constructs (Fig. 1B). For
this we used the G-less cassette reporter plasmid illustrated in Fig.
1B. Polymerase densities are monitored within the cassette re-
gions by run-on transcription in the absence of GTP, followed by
detection and quantitation of the cassette RNAs by RNase T1
digestion and gel electrophoresis (49, 58). For this initial charac-
terization of the transcription properties of polymerases contain-
ing the various ectopically expressed Rpbl subunits, we used a
reporter that did not exhibit termination. Thus, the polymerase
densities are expected to be the same on the upstream and down-
stream cassettes so that the run-on signal for each cassette should
be essentially proportional to cassette length.

Figure 1B shows that only cells transfected with a-amanitin-
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resistant Rpb1 subunits (lanes 2 to 5) give significant run-on
transcription under our assay conditions (which include 0.3 pg
of «a-amanitin/ml). Transfection with «-amanitin-sensitive
Rpbl, as expected, yields nuclei that give a negligible run-on
signal (lane 1). The near absence of signal in lane 1 also
confirms that the endogenous RNA polymerase II is essentially
fully inhibited under these conditions. Therefore, we assume
that the bands in lanes 2 to 5 are almost exclusively the product
of transcription by polymerases containing the ectopically ex-
pressed a-amanitin-resistant Rpb1l subunits. Consistent with
the protein levels evident in panels 2a and 2b of the immuno-
blot in Fig. 1A, cells transfected with constructs containing the
C-terminal half of the CTD, including the 10-amino-acid C-
terminal motif (lanes 2 and 3), show more transcriptional ac-
tivity than cells transfected with the 1-25 Rpbl and ACTD
Rpbl constructs (lanes 4 and 5).

The CTD is not required for poly(A)-dependent pausing but
is required for termination. We showed previously that the
poly(A) signal exerts two separate effects on transcription,
pausing and release (49). Pausing takes hold almost as soon as
the poly(A) signal is crossed, and then release ensues, continu-
ing stochastically far down the template (49). The poly(A)
signal is both necessary and sufficient to generate the signal
that causes pausing (49), and sustained communication of the
poly(A) signal with the polymerase is required in order to
trigger release (33). The CTD is thought to be intimately
involved in mediating communication between the polymerase
and the poly(A) signal (52), but little is known about its role in
poly(A)-dependent termination.

To address the role of the CTD in poly(A)-dependent ter-
mination, we compared the abilities of polymerases with and
without a CTD to transcribe beyond a poly(A) signal. For this
we used the construct shown in Fig. 1C in which the two G-less
cassettes were placed far apart and the simian virus 40 (SV40)
early poly(A) signal was inserted immediately downstream of
the first cassette. Cells were transfected with either full-length
or ACTD Rpbl constructs, and then the nuclei were isolated
and run-on transcription was carried out in the presence of
a-amanitin. The cells also were grown either in the presence
(lanes 2 and 4) or absence (lanes 1 and 3) of a-amanitin prior
to isolation of the nuclei. Growth in the presence of a-amanitin
causes a-amanitin-sensitive polymerases to be destroyed (48).
We wanted to know whether the presence of stalled, a-aman-
itin-sensitive polymerases on the template (for cells not treated

FIG. 1. G-less run-on assay for a-amanitin-resistant polymerases. (A) Expression levels of polymerases with different CTD lengths. Nuclear
proteins prepared from cells transfected with the indicated epitope-tagged (B10) Rpb1 constructs were separated by SDS-5% polyacrylamide gel
electrophoresis for immunoblotting. The membrane was probed with anti-B10, stripped, probed with antisymplekin, stripped, and probed with
N-20. Panels 2a and 2b are from same anti-B10 probing but with different lengths of exposure. (B) Transcription activity in cells transfected with
different Rpb1 expression plasmids. A scale drawing of the reporter construct, A;(E,,C,), is shown. This is the mutant version of construct number
1 in Fig. 5A of Orozco et al. (49). It contains 136- and 174-bp G-less cassettes located more than 2.2 kb downstream of the transcriptional start site.
The 2.2-kb spacer includes the SV40 small intron as shown and is a patchwork of DNA sequences taken from the chicken B*-globin gene and pRSVcat
(49, 58). A mixture of 0.9 pg of reporter construct and 0.1 pg of expression construct was transfected into COS cells for the various a-amanitin-sensitive
(o®) and -resistant («") polymerases shown. After 2 days, nuclei were harvested and G-less run-on transcription was carried out in the presence of 0.3 pg
of a-amanitin/ml. The reporter does not have a functional poly(A) signal and therefore yields a straightforward estimate of the transcriptional efficiencies
of the different polymerases. (C) The CTD is required for poly(A)-dependent termination but not for poly(A)-dependent pausing. G-less run-on
transcription was as for part B. When the cells were treated with a-amanitin (lanes 2 and 4), this was added to a concentration of 20 wg/ml approximately
9.5 h before harvest. These conditions were chosen, based on data in the work of Nguyen et al. (48), so as to minimize the time spent by the cells in the
toxin. RNase protection was carried out on nuclear RNA. The positions of the protected RNAs corresponding to poly(A) cleaved (252 nt) and uncleaved
(304 nt) RNA were estimated based on size markers run in the same gel.
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with a-amanitin) may be a hindrance to the progress of the
a-amanitin-resistant polymerases during the run-on assay.

The results show (Fig. 1C, top panel) that a-amanitin-resis-
tant polymerases having a full-length CTD (lanes 1 and 2)
respond normally to a poly(A) signal. The polymerase density
in the upstream 136-bp cassette is substantially higher than it is
in the downstream cassette on the other side of the poly(A)
signal. In contrast, polymerases with no CTD cannot terminate
(top panel, lanes 3 and 4). Indeed, the polymerase density
increases rather than decreases following the poly(A) site, sug-
gesting the presence of paused polymerases across the down-
stream template.

Prior growth of the cells in a-amanitin did not affect the
results (Fig. 1C, top panel, compare lanes 1 and 3 with lanes 2
and 4). This is consistent with the fact that polymerases are
spaced a minimum of 750 bp apart on our templates (58), while
the greatest distance any polymerase would have to travel in
the assay is the length of the longest cassette (174 bp). Thus,
the probability of interference by sensitive polymerases stalled
in the a-amanitin is remote. To confirm that our conditions of
a-amanitin treatment were comparable to those of previous
studies (19, 42) in their effects on the recovery of processed
RNA from cells, we transfected and prepared nuclei as for the
experiment described above but then isolated RNA from the
nuclei for RNase protection assays instead of carrying out
run-on transcription. The bottom panel of Fig. 1C confirms
first that cells not grown in a-amanitin efficiently process the
RNA transcribed from our reporter (lanes 1 and 3) and second
that cells with an ectopic a-amanitin-resistant full-length
Rpbl, even when grown in a-amanitin, also produce 3’-end-
processed RNA (lane 2). Finally, the RNase protection results
show that cells forced to depend on a ACTD polymerase by
growth in a-amanitin can produce hardly any processed RNA
(lane 4) despite the fact that transcription persists unabated
(see lane 4 in the top panel of Fig. 1C). Note that the failure
to produce processed RNA is not balanced by the recovery of
an equivalent amount of unprocessed RNA (Fig. 1C, bottom
panel, lanes 3 and 4). Similar results were observed previously
(19, 42). Therefore, it is not known whether the defect is in
processing or some other step of mRNA biogenesis. Because
of these uncertainties with cells grown in a-amanitin, we chose
to do all subsequent experiments with nuclei isolated from
healthy (i.e., non-a-amanitin-treated) cells.

To address the role of the CTD in poly(A)-dependent paus-
ing and release quantitatively, we repeated the experiments of
Orozco et al. (49), using the transfected a-amanitin-resistant
Rpbl subunits with or without a CTD (Fig. 2). To measure
pausing and release as a function of distance, we cotransfected
the series of G-less cassette reporter constructs shown in Fig.
2 (which are identical to the constructs described in detail in
Fig. 5 of reference 49). In these constructs a 136-bp G-less
cassette was followed by an SV40 early poly(A) signal as for
Fig. 1C, but the position of the downstream 174 bp G-less
cassette was systematically varied as shown in Fig. 2. We pre-
viously showed that endogenous monkey (COS cell) RNA
polymerase II terminated downstream of the poly(A) site both
gradually and stochastically, resulting in a progressive decrease
in polymerase density in the 174-bp cassette as it was placed at
increasing distances downstream (49). As shown in Fig. 2,
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ectopically expressed human a-amanitin-resistant Rpb1 with a
full-length CTD behaves similarly.

The ectopically expressed full-length Rpbl also exhibits
pausing like its endogenous counterpart. This is indicated in
Fig. 2 by polymerase densities greater than 100% at short
distances downstream of the poly(A) site. These percentages
refer to the polymerase densities downstream of functional
poly(A) signals after normalization to the polymerase densities
obtained from identical plasmids whose poly(A) signals had
been inactivated by mutation (49). Therefore, the increase in
polymerase density (pausing) is directly attributable to the
functionality of the poly(A) signal. Thus, the ectopically ex-
pressed full-length Rpb1 subunits support poly(A)-dependent
pausing followed by release (Fig. 2) in the same manner as do
the endogenous polymerases (49).

In contrast to full-length Rpbl, truncated Rpb1 lacking the
entire CTD (ACTD) does not support termination (Fig. 1C).
The data shown in Fig. 2 confirm this and show that there is no
decrease in polymerase density across the entire 1,000 bp of
assay space. Interestingly, in spite of its complete inability to
support termination, the ACTD Rpbl continues to exhibit
robust poly(A)-dependent pausing. Indeed, the increase in
polymerase density immediately downstream of the poly(A)
signal is greater for the ACTD construct than for the full-
length CTD (compare data for the two normal run-on reac-
tions in Fig. 2). Moreover, this high polymerase density for the
ACTD construct persists for more than 1 kb farther down-
stream, suggesting a process of iterative pausing (i.e., slower
elongation), as would be expected, for example, from modifi-
cation of an elongation factor. The apparent increase in the
level of downstream pausing by the ACTD Rpbl compared to
that by the full-length Rpb1l may indicate an increase in the
propensity of the ACTD Rpbl to pause or it may reflect the
absence of polymerase attrition through termination.

We wanted an independent indication that the high poly-
merase density downstream of a functional poly(A) signal re-
flects pausing or slowing down of transcription. Run-on tran-
scription, as typically carried out, uses high salt, Sarkosyl, or
heparin to relieve impediments to elongation so that all elon-
gationally competent polymerases can be counted (21, 27).
However, by using milder run-on conditions it is possible to
obtain a better approximation of the level of transcriptional
elongation activity actually occurring within the cell (17, 18, 21,
35, 54). If the high density of ACTD polymerases observed
downstream of the wild-type poly(A) signal under normal
run-on conditions (Fig. 2) reflects pausing or slowing down
relative to the mutant template, then run-on transcription un-
der conditions of low salt that better retain this functional
difference should diminish this increase in signal. For example,
if polymerases slow down by a factor of 2, the polymerase
density will increase by a factor of 2, but the polymerase flux
through the region would not change (e.g., twice the density of
polymerases, each transcribing at half the rate). Therefore, if
the increased run-on signal observed downstream of the wild-
type poly(A) site under normal assay conditions reflects an
increase in the number of polymerases from pausing or slowing
down, then carrying out run-on transcription under low-salt
conditions to try to retain the difference in elongation rates of
the polymerases on the wild-type and mutant templates should
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FIG. 2. The CTD is required for termination but not for poly(A)-dependent pausing. The reporter constructs shown, containing the SV40 early
poly(A) signal (the same as those in Fig. 5A of reference 49), were transfected into COS cells along with expression plasmids for full-length Rpbl
or Rpb1 with its CTD deleted. Each reporter was transfected in parallel with its poly(A) signal mutant (the two SV40 early AAUAAA hexamers,
each inactivated by two nucleotide changes; see Fig. 3 of reference 49). After run-on transcription, the 174-nt cassette signal from the wild-type
reporter was expressed as a percentage of that for the mutant (following normalization of all 174-nt signals to their respective 136-nt signals; see
reference 49). The lines are exponential fits to the data. In the case of polymerases with the full-length CTD, these fits illustrate the first-order
nature of poly(A)-dependent termination (49). In the case of the ACTD polymerases, the lines have no theoretical significance. Normal and
low-salt conditions refer to run-on in the presence of 280 and 28 mM ammonium sulfate, respectively. Points without error bars represent single
determinations. All other data, except for ACTD under normal run-on conditions, show the average and range for two separate transfections. For
ACTD under normal run-on conditions, the mean = standard deviation for three separate transfections is shown.

reduce or eliminate the wild-type-specific increase in signal
(49).

When we repeated the run-on transcription assay for ACTD
Rpbl-transfected cells using low-salt conditions, the excess
run-on signal downstream of the wild-type poly(A) site was
substantially reduced (Fig. 2). This supports the interpretation
that the excess polymerase density downstream of the wild-
type poly(A) signal in ACTD Rpbl-transfected cells reflects an
increased density of polymerases that suffer from impaired
elongation. We also carried out a low-salt run-on assay for
full-length-CTD-transfected cells (Fig. 2). Although there are
minor differences compared to experiments with endogenous
polymerases (49), the results generally confirm the observation

of Orozco et al. (49) that the excess in polymerase density
immediately downstream of the poly(A) signal detected by the
normal run-on assay also corresponds to pausing or slowing
down.

The results shown in Fig. 2 were obtained with the SV40
early poly(A) signal. This is a fairly typical poly(A) signal, its
principal unusual feature being that it overlaps with another
typical, but weaker, poly(A) signal that starts about 30 nt far-
ther upstream (11). We wanted to see whether truncation of
the CTD would abrogate termination by a stronger poly(A)
signal. The SV40 late poly(A) signal is reported to be about
fivefold stronger than the SV40 early signal (6) and is charac-
terized by the possession of both upstream and downstream
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FIG. 3. The SV40 late poly(A) signal also requires the CTD for
termination but not for pausing. The data were obtained and analyzed
as for Fig. 2. The reporter constructs resemble those shown in Fig. 2
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transfections is shown. For ACTD, the mean =+ standard deviation for
two or three separate transfections is shown.
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enhancers (2, 39). We compared the ability of full-length and
ACTD versions of Rpbl1 to pause and terminate downstream of
the SV40 late poly(A) site (Fig. 3). In agreement with the
results reported previously (49) for endogenous COS cell poly-
merases, polymerases containing the full-length ectopically ex-
pressed a-amanitin-resistant Rpbl pause and terminate effi-
ciently downstream of the SV40 late poly(A) site (Fig. 3). In
contrast, when the Rpb1 subunit lacks its CTD, termination is
completely abolished but robust downstream pausing remains
(Fig. 3). Therefore, the requirement for a CTD in poly(A)-
dependent termination applies to two very different poly(A)
signals. Likewise, the CTD-independent nature of poly(A)-
dependent pausing may also be general.

Either half of the CTD suffices for termination, and the
10-residue C-terminal motif is not required. Fong and Bentley
(19) have reported that Rpb1 carrying only the first half of the
CTD (1-25 Rpbl) cannot support efficient cleavage and poly-
adenylation in vivo, whereas Rpb1 carrying the second half of
the CTD (27-52 Rpbl) can. More recently, Fong et al. (20)
have attributed this effect primarily to the fact that the 27-52
Rpbl construct also contains the 10-residue C-terminal motif.

We wondered whether these two partial deletions of the
CTD would exhibit similar contrasting effects on poly(A)-de-
pendent termination. Surprisingly, Fig. 4A shows that 1-25
Rpbl1 and 27-52 Rpb1 behave similarly in a poly(A)-dependent
termination assay. The line in Fig. 4A, taken directly from Fig.
2, shows the results for the full-length CTD. The data points
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for the two CTD partial deletions fall reasonably close to the
line, indicating that there is little deficit in their ability to
support poly(A)-dependent termination.

Given its reported inability to support efficient cleavage and
polyadenylation, we were surprised that 1-25 Rpb1 resembled
full-length CTD in its ability to respond to a poly(A) signal by
terminating. We therefore repeated the termination assay for
1-25 Rpb1 using a different poly(A) signal. The results of Fig.
4A were for the SV40 early poly(A) signal. Figure 4B shows
that the 1-25 Rpbl construct supports efficient termination by
the SV40 late poly(A) signal as well. The line in Fig. 4B is
taken directly from Fig. 3 and shows the termination profile for
the SV40 late poly(A) signal as delivered by Rpbl carrying a
full-length CTD. A comparison of the line with the data points
shows that poly(A)-dependent termination by the 1-25 Rpbl1 is
as effective as that for the full-length CTD.

ACTD and 1-25 CTD constructs are deficient in promoter-
proximal abortive elongation. Polymerases that fail to achieve
high processivity following escape from the promoter undergo
a process of premature termination called abortive elongation
(51). The mechanism of premature termination immediately
downstream of the promoter differs from that of poly(A)-
dependent termination downstream of a poly(A) signal (49).
We wondered whether the CTD requirement for premature
termination (abortive elongation) also differs from that for
poly(A)-dependent termination.

To measure abortive elongation, we used the set of reporter
constructs shown in Fig. 5 (same as the constructs in Fig. 4 of
reference 49). In these constructs, a 131-bp cassette is placed
immediately downstream of the promoter and is followed by a
174-bp cassette placed at increasing distances downstream for
each member of the series. Figure 5 shows that polymerases
containing ectopically expressed full-length Rpb1 abortively
elongate in a manner similar to that previously reported for the
endogenous COS cell polymerases (49), such that most of the
polymerases are lost from the template within several hundred
base pairs. In contrast, the results for ACTD Rpbl (Fig. 5)
suggest a reduced amount of abortive elongation that occurs
only very close to the promoter. A similar observation was
made previously by McCracken et al. (44). Interestingly, 1-25
Rpbl and 27-52 Rpbl, which both functionally resemble full-
length Rpbl in poly(A)-dependent termination (Fig. 4), be-
have quite unlike each other in abortive elongation. This fur-
ther underscores the fact that poly(A)-dependent termination
and abortive elongation are mechanistically distinct processes.

DISCUSSION

CTD required for poly(A)-dependent termination. Poly(A)-
dependent termination involves two activities, downstream
pausing and release (49). Under normal circumstances there is
a transient rise in polymerase density immediately downstream
of a poly(A) signal, reflecting pausing. Then, the polymerase
density begins a sustained decline down the template as ter-
mination ensues (49). Here we have shown that these two
aspects of poly(A)-dependent termination can be uncoupled.
Figures 2 and 3 illustrate that robust termination occurs when
the polymerase possesses a CTD, but that no termination at all
can be detected across the same region of template when the
CTD is absent.

The absolute CTD-requirement for poly(A)-dependent ter-
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FIG. 4. Both halves of the CTD are equivalent to full-length CTD in the ability to support poly(A)-dependent termination. (A) SV40 early
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value at 807 bp, which is a single data point. For comparison, the line for full-length CTD from Fig. 3 is shown.

mination suggests the involvement of a CTD-binding process-
ing-termination factor. An obvious candidate is CstF, the only
mammalian cleavage and polyadenylation factor so far con-
firmed as a CTD-binding protein (19). CstF has three subunits,
p50, p64, and p77. The p64 subunit binds to the downstream
U/GU-rich element of the poly(A) signal (60), which is known
to be required for efficient termination (11). Consistent with a
role for mammalian CstF in termination, a termination factor
identified genetically in Schizosaccharomyces pombe has been
found to be a homolog of CstF64 (1). A C-terminal truncation
of this protein supported normal cleavage and polyadenylation
but not termination.

CstF binds to the CTD through its p5S0 subunit (19). Sur-
prisingly, however, CstF50 has been reported not to be an
essential protein in Caenorhabditis elegans (40, 43). However,
these conclusions were based on RNAI, so it is possible that
CstF is abundant and stable and therefore a poor candidate for
RNAI depletion. On the other hand, another protein with no
RNAi phenotype, SRm160, was synthetically lethal with
CstF50, indicating that there was indeed a functional decrease
in CstF50 protein concentration (43). If CstF50 is indeed non-
essential, it may be that other cleavage and polyadenylation
factor(s) also contribute to binding the CTD so that CstF50 is
dispensable. In addition, it is likely that there are redundant
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points represent the mean = standard deviation for at least three
separate transfections.

pathways to ensure termination even when poly(A)-dependent
termination fails (see below).

The CTD requirement for poly(A)-dependent termination
can be fulfilled even if half of the CTD has been deleted (Fig.
4). Importantly, the first 25 heptads alone of the CTD are
sufficient. Thus, the 1-25 Rpb1 construct, lacking not only the
27 downstream heptads but also the final 10-residue C-termi-
nal motif, was equal to the full-length CTD in the efficiency
with which it supported poly(A)-dependent termination (Fig.
4). Interestingly, Fong et al. reported that constructs lacking
the 10-residue C-terminal motif, including the 1-25 Rpbl con-
struct, cannot support the production of cleaved and polyade-
nylated transcripts in vivo (19, 20). This might mean that par-
tial deletions of the CTD can uncouple processing from
termination. Alternatively, it might reflect the different exper-
imental methods used. In the work reported here, cells were
cultured under normal conditions and then the nuclei were
isolated and exposed to a-amanitin for the run-on transcrip-
tion. In the work of Fong et al., the cells were cultured in the
presence of a-amanitin for 2 days prior to isolation and anal-
ysis of the RNA (19, 20). Growth in the presence of a-amanitin
forces the cells to survive on the truncated, but a-amanitin-
resistant, Rpb1 that was provided by transfection. Since CTD
truncations have promoter-specific effects on transcription
(22), the failure to recover processed RNA could reflect both
direct and indirect effects of the impaired Rpb1 on RNA me-
tabolism.

In vitro, 25 heptads support cleavage and polyadenylation
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only weakly—the full 52-heptad length is required for maximal
activity (55). The in vitro reaction is also modestly favored by
the variant heptads in the distal half of the CTD (55). For
poly(A)-dependent termination in vivo, we find neither this
length preference nor any advantage conferred by the variant
heptads in the second half of the CTD (Fig. 4). We do not
know whether these different requirements reflect differences
between the processing and the termination reactions or dif-
ferences between in vitro and in vivo conditions.

CTD-less polymerase supports poly(A)-dependent pausing.
Instead of responding with a decrease in polymerase density,
CTD-less polymerases respond to the poly(A) signal with an
increase in polymerase density that persists far down the tem-
plate (Fig. 2 and 3). The downstream pausing for CTD-less
polymerases is much more dramatic than for normal poly-
merases. This may reflect the absence of any offsetting termi-
nation. These data, together with previous work (49), allow us
to say the following about poly(A)-dependent pausing. First,
pausing is unquestionably triggered by the poly(A) signal, or at
least its AAUAAA hexamer, because all poly(A)-dependent
effects are defined exclusively by wild type-mutant comparisons
(where mutants differ from wild types only by two or three
positions in their hexamers). Second, the poly(A) signal causes
pausing to occur at positions downstream on the template.
Third, as illustrated by the CTD-less polymerases, pausing
does not occur at a discrete distance downstream of the
poly(A) site but rather takes place across a large region (Fig. 2
and 3). Fourth, the lack of a requirement for the CTD indi-
cates that the signal to begin pausing is delivered directly to the
body of the polymerase. We now discuss these last two points
at greater length.

By eliminating termination, the CTD-less polymerases re-
veal that poly(A)-dependent pausing is not a unique event that
occurs at a particular distance downstream of the poly(A) site.
This distinguishes poly(A)-dependent pausing clearly from the
conventional idea of pause “sites.” Most likely, poly(A)-depen-
dent pausing reflects a long-lasting change in the polymerase,
causing it to pause iteratively as it proceeds down the template.
In fact, polymerases normally have some probability of pausing
at every step of nucleotide addition (10, 47), and average rates
of transcription reflect largely the action of elongation factors
that modify the length and probability of this pausing (10).
Therefore, it is likely that the poly(A) signal down-regulates
one or more positive elongation factors or up-regulates a neg-
ative one. Interestingly, recent chromatin immunoprecipitation
experiments with yeast suggest that some elongation factors
dissociate from the transcription complex as it crosses the
poly(A) signal (32).

Since the poly(A) signal does not require the CTD in order
to enhance pausing, it probably communicates with one or
more factors that bind the body of the polymerase. One can-
didate is CPSF, which reportedly binds to the polymerase (13)
yet does not interact well with the CTD (19). The common
perception that CPSF does bind the CTD may reflect the fact
that CPSF and CstF exist together as a complex (57) and so
bind the CTD through CstF50 (19). CPSF recognizes the
AAUAAA hexamer of the poly(A) signal (45). Perhaps CPSF
rides the body of the polymerase (13), binds the poly(A) signal
hexamer when it emerges (42), and then signals the polymer-
ase to slow down. It is possible that CPSF itself possesses
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elongation factor activity; alternatively, CPSF may interact
with an elongation factor or, finally, the poly(A) signal may
interact with other elongation factors directly. Candidate elon-
gation factors that are known or thought to bind the body of
the polymerase include TFIIF (9, 59), Fcpl (34, 41), DSIF
(38), NELF (46), and Ssu72 (14). All of these are multifunc-
tional factors (for example, Fcpl is best known as a CTD
phosphatase) whose repertoires include direct effects on elon-
gation. Thus, TFIIF, Fcpl, and DSIF act to accelerate elonga-
tion under appropriate conditions in vitro, whereas NELF and
Ssu72 intensify pausing.

Although iteratively pausing (slowly elongating) poly-
merases persist for at least 1 kb downstream of the poly(A) site
in the ACTD experiments (Fig. 2 and 3), they do not persist for
ever. The way in which our assay detects pausing is through a
higher polymerase density in the downstream cassette than in
the upstream cassette. If the polymerases remained slow in-
definitely, they would encounter the G-less cassettes multiple
additional times as they circled the plasmid, and the distinction
in polymerase density between the upstream and downstream
cassettes would vanish. Therefore, at some point farther down-
stream, either the slow polymerases terminate by a different
mechanism or they resume transcription at normal rates and
then respond to the poly(A) signal again the next time around.
Termination by an alternative mechanism is consistent with the
fact that the CTD-binding CstF50 appears to be dispensable in
C. elegans (see above). Possibly the polymerases, having been
modified by the poly(A) signal at the pause step, become
substrates for backup, non-CTD-dependent mechanisms of
termination, such as transcript release factor 2 (25) or other
DNA binding proteins (4, 12).

The two-step, pause-release mechanism of poly(A)-depen-
dent termination. We have shown that poly(A)-dependent ter-
mination involves both enhanced pausing (slowing down),
which depends only on the body of the polymerase, and re-
lease, a step that requires also the CTD. Data presented here
and previously (33, 49) show that both steps require the
poly(A) signal. Thus, we know that downstream pausing re-
quires the poly(A) signal because, as pointed out above, paus-
ing is observed for wild-type but not mutant poly(A) signals.
And we know that release requires the poly(A) signal because
cis antisense inactivation of the poly(A) signal following the
onset of pausing prevents release (33). Thus, it appears that
these two processes, release and downstream pausing, are
mechanistically independent—they depend on different parts
of the polymerase, and they require separate input from the
poly(A) signal.

Is the poly(A) signal a composite element in which separate
pausing and release functions are superimposed? If so, one
might expect to find elements having only one but not both of
these functions. Such elements may exist. Peterson et al. (50)
described an element, unrelated to poly(A) signals, that leads
to increased polymerase densities downstream but no process-
ing or termination. Thus, the element appears to induce down-
stream pausing in the absence of release. If poly(A)-dependent
pausing is a processing and termination checkpoint (49), can-
didates for elements that cause termination but not pausing
may include the 3’-end processing signals of RNA polymerase
II genes whose transcripts are not subject to complex process-
ing alternatives for which a checkpoint would be required. The
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replication-dependent histone genes, whose transcripts are not
spliced or polyadenylated but whose 3'-end processing signals
are nevertheless required for termination (8, 23), may fall in
this class.

The CTD and abortive elongation. The premature termina-
tion that takes place during abortive elongation near the pro-
moter differs mechanistically from poly(A)-dependent termi-
nation (49). Here we have shown that these two types of
termination also have different CTD requirements. Poly(A)-
dependent termination is supported equally by full-length
Rpbl or by Rpbl constructs lacking either the first or the
second half of the CTD (Fig. 4). All of these constructs differ
dramatically from the ACTD construct in their ability to sup-
port poly(A)-dependent termination (Fig. 2 and 3). In contrast,
for premature termination the 1-25 Rpbl construct behaves
identically to the ACTD construct and very differently from the
27-52 and full-length CTD constructs (Fig. 5).

It is possible that the abortive elongation shown in Fig. 5
does not reflect premature termination but, instead, promoter
proximal pausing. Thus, copious pausing near the promoter
would drive up the polymerase density in the 131-bp cassette,
and the gradual resumption of normal elongation downstream
would yield decreasing polymerase densities in the 174-bp cas-
sette. According to this interpretation, the ACTD and 1-25
Rpbl constructs would engage poorly in promoter-proximal
pausing relative to the full-length and 27-52 Rpb1 constructs.
Although we cannot presently distinguish between the prema-
ture termination and the promoter-proximal pausing possibil-
ities, the general considerations discussed below are similar by
either model. In what follows we will simply refer to abortive
elongation.

The abortive elongation illustrated in Fig. 5 takes place
across the first several hundred base pairs downstream of the
promoter. In contrast, the SV40 early poly(A) site (Fig. 2 and
4A) lies 2.4 kb downstream of the transcriptional start site, and
the SV40 late poly(A) site (Fig. 3 and 4B) lies 1.2 kb down-
stream. Thus, it is only polymerases that survive abortive elon-
gation in our constructs that manage to get far enough down-
stream to engage in poly(A)-dependent termination (Fig. 2 to
4). This shows that whatever differences may exist in the effi-
ciency with which full processivity is established near the pro-
moter (Fig. 5), the full or partial CTD-containing polymerases
that ultimately survive go on to respond to the poly(A) signal
similarly (Fig. 4).

Importantly, although 1-25 Rpbl polymerases are indistin-
guishable from ACTD polymerases during abortive elongation
(Fig. 5), their response to the poly(A) signal downstream is
dramatically different (termination for 1-25 construct versus
pausing for ACTD construct). The absence of any discernible
effect of heptads 1-25 at the beginning of transcription suggests
that the termination ability conferred by these heptads reflects
interactions of the CTD during elongation, such as with pro-
teins recruited by the poly(A) signal (55), rather than indirect
effects stemming from events at the promoter.
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