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Pcf11 is one of numerous proteins involved in pre-mRNA 3�-end processing and transcription termination.
Using elongation complexes (ECs) formed from purified yeast RNA polymerase II (Pol II), we show that a
140-amino acid polypeptide from yeast Pcf11 is capable of dismantling the EC in vitro. This action depends on
the C-terminal domain (CTD) of the largest subunit of Pol II and the CTD-interaction domain (CID) of Pcf11.
Our experiments reveal a novel termination mechanism whereby Pcf11 bridges the CTD to the nascent
transcript and causes dissociation of both Pol II and the nascent transcript from the DNA in the absence of
nucleotide hydrolysis. We posit that conformational changes in the CTD are transduced through Pcf11 to the
nascent transcript to cause termination.
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Transcription termination in eukaryotes is essential for
recycling polymerase II (Pol II) and for preventing Pol II
from perturbing promoters of genes located downstream
from a transcription unit (Proudfoot et al. 2002; Proud-
foot 2004). The mechanism of Pol II termination is
poorly understood. Termination depends on the polyade-
nylation site in the nascent transcript. Numerous pro-
teins involved in cleavage and polyadenylation also ap-
pear to participate in termination since mutations in
several of these proteins affect both RNA processing and
termination (Birse et al. 1998; Sadowski et al. 2003). Ter-
mination also depends on the C-terminal domain (CTD)
of the largest subunit of Pol II (McCracken et al. 1997;
Park et al. 2004). The CTD is composed of repeating
heptapeptide motifs with the consensus YSPTSPS, and
undergoes cycles of phosphorylation and dephosphoryla-
tion during the transcription process (Buratowski 2003).
It functions as both a binding site and an allosteric regu-
lator of the RNA processing machinery and serves to
couple RNA processing and transcription elongation
(Bentley 2002).

In addition to the termination that occurs at the end of
a transcription unit, premature termination within the

body of genes can affect the processivity of Pol II in ways
that regulate gene expression. One of the clearest ex-
amples of this is HIV. In the absence of the virally en-
coded protein Tat, transcription from the LTR results
in accumulation of short transcripts in the cytoplasm
due to premature termination (Feinberg et al. 1991;
Kessler and Mathews 1992). HIV Tat modifies the elon-
gation complex (EC) by recruiting the kinase, P-TEFb
(Price 2000). P-TEFb phosphorylates the CTD of Pol II,
and phosphorylation of the CTD increases the proces-
sivity of Pol II at least in part by counteracting the in-
hibitory action of two elongation factors, NELF and DSIF
(Wada et al. 1998; Yamaguchi et al. 1999, 2002; Renner
et al. 2001). Several studies have provided evidence
that cellular activators stimulate gene expression by in-
creasing the processivity of Pol II, although it is not
clear if this occurs by preventing premature termination
or by reducing the frequency of pauses and arrests
(Krumm et al. 1993; Yankulov et al. 1994; Bentley 1995;
Blau et al. 1996; Lis 1998; Lis et al. 2000; Barboric et al.
2001).

Isolated Pol II ECs are remarkably stable, resisting dis-
ruption by high salt, sarkosyl, heparin, and even protein-
ase K (Ackerman et al. 1983; Brown et al. 1996; Gnatt et
al. 1997; Zhang et al. 2004). This raises the question of
how the EC is dismantled from the DNA. Moreover,
how does the CTD impinge on the processivity since the
CTD projects from the body of the Pol II molecule in an
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unstructured conformation and is attached by a flexible
linker (Meinhart and Cramer 2004; Noble et al. 2005)?
The negative elongation factors NELF and DSIF slow the
rate of elongation but do not appear to dissociate the EC
(Wada et al. 1998; Yamaguchi et al. 1998, 1999). Nucleo-
somes also inhibit elongation, but they alone do not ap-
pear to induce termination (Izban and Luse 1991; Kireeva
et al. 2005). A protein called TTF2 (also known as factor
2) disrupts both Pol II ECs in an ATP-dependent fashion,
but this protein appears to function during mitosis to
clear ECs from the DNA during chromosome condensa-
tion (Jiang et al. 2004). Moreover, since TTF2 also acts
upon Pol I, its function does not appear to be through the
CTD (Hara et al. 1999).

Previously, we discovered that an antibody interacting
with the CTD of Drosophila Pol II caused Pol II to re-
lease the nascent transcript (Zhang et al. 2004). A search
for a Drosophila protein that had similar activity re-
sulted in the identification of a protein with sequence
similarity to yeast Pcf11 (Z. Zhang and D.S. Gilmour, in
prep.). Mutations in yeast Pcf11 cause Pol II to read
through a transcription terminator in vivo (Sadowski et
al. 2003). Moreover, Pcf11 associates with the CTD, and
a defect in termination correlates with mutations in the
CTD-interacting domain (CID) of Pcf11 (Sadowski et al.
2003). Since genetic data implicated Pcf11 in Pol II ter-
mination in yeast, we investigated what effect yeast
Pcf11 has on an EC formed from purified yeast Pol II. We
identify a novel CTD-dependent mechanism for disman-
tling the EC and propose that Pcf11 as the engine that
drives some termination reactions.

Results

Formation of stalled ECs from purified yeast Pol II
and a tailed template

We adopted a procedure first used to study murine and
yeast Pol I termination to generate a stalled EC that
could be used as a model for Pol II termination (Kuhn
et al. 1990; Lang et al. 1994; Zhang et al. 2004). Figure
1A illustrates the stalled complex. Transcription by pu-
rified yeast Pol II was initiated at the end of a tailed
template with the dinucleotide UpG. Transcription of
the G-less cassette in the presence of radiolabeled UTP
but the absence of GTP resulted in a stalled EC having
a radiolabeled nascent transcript. Analysis of the tran-
script produced under a variety of conditions verifies
that the EC formed as anticipated. The transcript
was sensitive to digestion by RNase A but not RNase
H (Fig. 1B, lanes 2,3), indicating that the nascent tran-
script had not formed a heteroduplex along its entire
length as is sometimes the case when purified Pol II
transcribes tailed templates (Dedrick and Chamberlin
1985). Transcription required the dinucleotide UpG
(Fig. 1B, lane 5), indicating that initiation occurred at
the underlined AC in Figure 1A. Results in Figure 1C
show that the stalled ECs were transcriptionally ac-
tive, since they resumed elongation upon addition of
GTP.

yPcf11 dismantles the EC

ECs containing radiolabeled RNA migrated as one
prominent complex following electrophoresis on a na-
tive gel (Fig. 2A, lane 1). Treatment of the EC with full-
length yPcf11 or the CID of Pcf11 prior to electrophore-
sis significantly diminished the amount of complex de-
tected in the gel (Fig. 2A, lanes 2,3). To determine if the
decrease in complex detected on the native gel corre-
sponded to a complete dismantling of the EC, we formed
ECs on an immobilized DNA template and determined if
treatment of these ECs affected the association of Pol II
and the nascent transcript. RNA and Pol II remained
bound (B) to the immobilized template when treated
with BSA (Fig. 2B [lanes 1,2], C [lanes 9,10]). In contrast,

Figure 1. Generation of a stalled EC from purified yeast Pol II
and a tailed template. (A) Schematic of the stalled EC formed
from highly purified yeast Pol II and a special template. In the
presence of the UpG dinucleotide, purified Pol II initiates tran-
scription at the underlined AC and elongates to the end of a
68-nt-long G-less cassette (for further description, see Zhang et
al. 2004). The bottom strand has a biotin tag at its 5�-end for
immobilizing the DNA template. (B) Evaluation of transcripts
produced under various conditions. All reactions contained 500
µM ATP, 500 µM UTP, and 25 µM UTP supplemented with 2
µCi of �-labeled 32P UTP. For samples in lanes 2 and 3, RNase
treatments were performed on stalled ECs. (C) The stalled ECs
resume elongation when supplied GTP. (Lane 1) Transcripts
recovered from complexes stalled by the absence of GTP. The
weak band marked by an asterisk appears to be due to contami-
nating GTP, since it can be eliminated by including 3�-me-
thoxy-GTP in the reaction (Zhang et al. 2004). (Lane 2) Run-off
transcripts produced when stalled ECs were supplied GTP. Ra-
dioactive transcripts were detected in denaturing gels with a
PhosphorImager.
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treatment of the EC with the CID caused transcript and
Pol II to be released (R) from the immobilized template
(Fig. 2B [lanes 5,6], C [lanes 1,2]). Dismantling of the EC
occurred in the absence of nucleotides as these were
washed away during preparation of the immobilized
complexes.

Identification of mutations in the CID that impair
the dismantling activity

A three-amino acid mutation at positions 68–70 in the
CID of yeast Pcf11 had previously been found to impair
termination in vivo (Sadowski et al. 2003). To determine
if the dismantling activity observed in vitro correlated
with termination in vivo, a CID carrying the correspond-
ing mutation was analyzed. The three-amino acid muta-
tion, CID-M3, completely abrogated the dismantling ac-
tivity as measured by native gel electrophoresis (Fig. 2A,

lane 6), release of nascent transcript (Fig. 2B, lanes 11,12),
and release of Pol II (Fig. 2C, lanes 7,8). The crystal struc-
ture of the yeast CID predicts that amino acids 68 and 69
make contact with the CTD while amino acid 70
projects into the hydrophobic core of the protein (Mein-
hart and Cramer 2004). Mutating the two amino acids
that contact the CTD resulted in partial loss of disman-
tling activity (Fig. 2A [lane 5], B [lanes 9,10], C [lanes
5,6]). A CID mutant with a single change at position 66
was also tested because this mutation in the CID, along
with several other mutations elsewhere in the protein,
impaired termination in vivo (Sadowski et al. 2003). The
single-amino acid mutation at position 66 in the CID
also impaired the dismantling activity (Fig. 2A [lane 4], B
[lanes 7,8], C [lanes 3,4]). These results are consistent
with the notion that the dismantling activity of the CID
of Pcf11 detected in vitro is involved in Pol II termina-
tion in vivo.

The dismantling reaction requires the CTD of Pol II

The CTD of the largest Pol II subunit has been impli-
cated in transcription termination in mammalian cells
(McCracken et al. 1997). To test if the dismantling ac-
tivity of the CID involved the CTD, we compared the
sensitivity of Pol IIA and Pol IIB ECs to the action of the
CID. Pol IIA has an intact CTD and was the version of
Pol II used in the experiments presented in Figures 1 and
2. Pol IIB lacks the CTD and can be produced by treating
Pol IIA with chymotrypsin, which selectively removes
the CTD (Dezelee et al. 1976; Zehring et al. 1988). Re-
moval of the CTD can be detected as a shift in the mo-
bility of the largest subunit on SDS-PAGE (Fig. 3B).
Treatment of Pol II with chymotrypsin prior to forma-

Figure 2. The CID of Pcf11 dismantles an EC. (A) Native gel
analysis of ECs treated with intact Pcf11, the CID, or mutant
derivatives. The amino acid changes associated with the M1,
M2, and M3 mutations are provided above lanes 4–6. (Lane 1)
ECs generated from purified Pol II and treated with BSA. (Lanes
2–6) ECs treated for 30 min with Pcf11, CID, or its derivatives
prior to electrophoresis on the native gel. The complexes were
detected by the presence of the radiolabeled nascent transcript.
(B) Measurement of transcripts released from immobilized ECs
following treatment with derivatives of Pcf11. The ECs were
formed on DNA templates that had been immobilized on mag-
netic beads via an avidin-biotin linkage (Zhang et al. 2004). The
immobilized ECs were incubated for 30 min with various de-
rivatives of Pcf11 and then separated into bound (B) and released
(R) fractions. The radiolabeled transcripts in each fraction were
isolated and analyzed on a denaturing polyacrylamide gel. (C)
Western blot analysis of the Pol II recovered from the bound and
released fractions following treatment of immobilized ECs with
derivatives of the CID. Pol II was detected in the bound and
released fractions using the Pol II antibody, ARNA-3 (Research
Diagnostics, Inc.).

Figure 3. The effects of the CID on Pol IIA and Pol IIB ECs. (A)
Detection of Pol IIA and Pol IIB ECs before and after treatment
with CID. Prior to forming ECs, a portion of Pol IIA was con-
verted to Pol IIB by treatment with chymotrypsin. Another por-
tion of the Pol IIA was treated first with PMSF and then chy-
motrypsin, so no proteolysis occurred. (Lane 1) Pol IIA EC
treated with buffer. (Lanes 2,3) Pol IIA EC formed from Pol IIA
that had been incubated first with PMSF followed by chymo-
trypsin. The EC in lane 3 received additional treatment with the
CID prior to electrophoresis. (Lanes 4,5) Pol IIB EC formed from
Pol IIB generated by treatment first with chymotrypsin followed
by PMSF. The EC in lane 5 received additional treatment with
CID prior to electrophoresis. (B) Western blot analysis detecting
the shift in mobility of the largest Pol II subunit following re-
moval of the CTD.
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tion of the ECs resulted in complexes with significantly
faster mobility than Pol IIA ECs on the native gel (Fig.
3A, cf. lanes 1 and 4), similar to what was previously
seen for Drosophila Pol IIA and IIB ECs (Zhang et al.
2004). PMSF was used to inhibit chymotrypsin after
trimming off the CTD. When PMSF was added before the
chymotrypsin, Pol II retained the CTD as evidenced by
the similarity in the mobility of the ECs to those gener-
ated by untreated Pol II (Fig. 3, lanes 1,2). This Pol IIA EC
remained sensitive to dismantling by the CID (Fig. 3A,
lane 3). In contrast, the Pol IIB EC was completely resis-
tant to the CID (Fig. 3A, lane 5). These data indicate that
the CID requires the presence of the CTD on Pol II to
dismantle the EC.

Pcf11 binds both the CTD and RNA,
and the dismantling reaction requires
both interactions

Because the dismantling reaction required the CTD, we
tested the ability of each CID derivative to bind an im-
mobilized version of the CTD. Figure 4A shows SDS-
PAGE analysis of each CID derivative expressed in and
purified from Escherichia coli. CID and CID-M2 bound
to immobilized GST-CTD but not GST (Fig. 4B, cf. lanes
1,3 and lanes 2,4). More CID than CID-M2 associated
with the CTD (Fig. 4B, cf. lanes 1 and 3). Further analysis
showed that the CID and the M1 mutant bound equally
well to the CTD (Fig. 4C, lanes 1,2); M2 exhibited
weaker binding and M3 exhibited the weakest binding
(Fig. 3C, lanes 3,4). Thus, the strong effect of the M3
mutation and the partial effect of the M2 mutation on
the dismantling activity (Fig. 2) might be attributed to
defects in CTD binding.

Rho-dependent termination in bacteria provides a
precedent for the potential contribution a protein–RNA
interaction might make toward termination (Richardson
2002). To determine if the CID binds RNA, a UV cross-
linking analysis was done. We incubated each derivative
of the CID with a radiolabeled RNA fragment, and UV-
irradiated the mixtures. RNA was degraded with RNase,
and the relative levels of radiolabeled RNA cross-linked
to each CID were determined following SDS-PAGE. The
CID and the M2 mutant cross-linked to RNA equally
well, while the M1 and M3 mutants cross-linked signifi-
cantly more poorly (Fig. 4D). These results suggest that
the CID and the M2 mutant bind RNA with higher af-
finity than the M1 and M3 mutants. Thus, the effect of
the M1 mutation on dismantling activity (Fig. 2) could
be attributed to a defect in RNA binding.

The CID can form a bridge between the CTD
and RNA

Since the CID associates with RNA and the CTD, we
tested if the CID could form a bridge between the CTD
and RNA. Immobilized GST-CTD or GST exhibits very
little binding to RNA (Fig. 4E, lanes 5,6). In contrast,
addition of CID causes ∼10% of the RNA to partition
with the GST-CTD (Fig. 4E, lane 1). The M3 mutation

that lacks both CTD- and RNA binding activity and the
M1 mutation that lacks RNA binding activity fail to
bring RNA into the bound fraction (Fig. 4E, lanes 2,4).
The M2 mutation, which retains RNA binding activity
but has reduced CTD binding activity, brings approxi-
mately threefold less RNA into the bound fraction than
the CID (Fig. 4E, lane 3). Collectively, our results indi-
cate that the CID can form a bridge between RNA and
the CTD.

Hybridization of an oligonucleotide to the nascent
transcript blocks the dismantling reaction

The CTD is thought to extend in an unstructured con-
formation and be attached to the rest of the Pol II mol-
ecule by a flexible linker (Meinhart and Cramer 2004;

Figure 4. Evidence that Pcf11 dismantles the EC by bridging
the CTD to the nascent transcript. (A) Coomassie blue-stained
gel showing purified preparations of derivatives of the CID. (B)
Equal amounts of the CID (lanes 1,2) and CID-M2 derivative
(lanes 3,4) were incubated with immobilized GST-CTD (lanes
1,3) or GST (lanes 2,4). After washing to remove unbound pro-
tein, the bound material was analyzed by SDS-PAGE and West-
ern blotting with antibody against the 6-histidine tag associated
with CID and its derivative. (C) CTD pull-down analysis for
binding between CID derivatives and the CTD. GST-CTD fu-
sion protein with a 6-histidine tag at the C terminus was im-
mobilized on glutathione Sepharose and separated into four ali-
quots. Each aliquot of immobilized CTD was incubated with a
different derivative of the CID. The immobilized material was
extensively washed and then analyzed by Western blotting with
antibody against the 6-histidine tag residing on both the CID
and GST-CTD. (D) Protein–RNA cross-linking assay for CID–
RNA binding. One microgram of each CID derivative was in-
cubated with radiolabeled RNA and cross-linked with UV light
for 2 min. The RNA was degraded with RNase A and proteins
retaining small radioactive tags were detected after SDS-PAGE
using a PhosphorImager. (E) CID forms a bridge between RNA
and an immobilized form of the CTD. Glutathione Sepharose
beads were first loaded with GST-CTD (lanes 1–5), or GST-CTD
(lane 6). Following several washes, the beads were incubated
with CID and its derivatives as indicated above the lanes. Beads
were again washed and then incubated with radiolabeled RNA
followed by washing to remove unbound RNA. The radiola-
beled RNA was isolated from the beads and analyzed on a de-
naturing polyacrylamide gel. Lane 7 shows 10% of the total
amount of RNA added to each of the samples.
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Noble et al. 2005). How Pcf11 might dismantle the elon-
gation posed a conundrum if its only point of contact
with the EC was the CTD. Our finding that Pcf11 can
bridge the CTD to RNA offers a possible mechanism for
the dismantling activity of Pcf11. Figure 5A presents a
model. Conformational changes in the CTD might be
transmitted via Pcf11 to the nascent transcript. Force
exerted on the nascent transcript, in turn, could cause
the EC to dissociate from the DNA. This model is analo-
gous to the mechanism by which Rho is thought to ter-
minate transcription, although there is the important
distinction that Pcf11 does not require ATP hydrolysis,
whereas Rho does (Richardson 2002).

To test our model, we determined if DNA oligonucleo-
tides complementary to different parts of the nascent
transcript affected the capacity of the CID to dismantle
the EC. A DNA oligonucleotide hybridized to the tran-
script might interfere with the dismantling reaction by
blocking association between the CID and the nascent
transcript. Three oligonucleotides were made that were
complementary to three regions in the nascent transcript
as illustrated in Figure 5B (see Material and Methods for
specific sequences). ECs were first incubated with oligo-
nucleotides, and then incubated with CID. The resulting

ECs were analyzed on a native gel. The addition of oli-
gonucleotides alone had no effect on the EC (Fig. 5C,
lane 2). Oligonucleotide 3 failed to block the dismantling
activity of the CID (Fig. 5C, lane 3). This was expected
since oligonucleotide 3 was unlikely to have access to its
complementary region buried inside the EC. In contrast,
oligonucleotide 2 provided complete protection against
the CID (Fig. 5C, lane 4). This region is complementary
to the 27-nucleotide (nt) region of the nascent transcript
that is immediately adjacent to the point where RNA
exits Pol II (Fig. 5B). The results are consistent with the
hypothesis that the CID must interact with the nascent
transcript in this region to dismantle the EC. An oligo-
nucleotide hybridizing to the last 25 nt of the nascent
transcript weakly blocked CID activity. The results sug-
gest that the dismantling activity involves contact be-
tween the CID and the region of the nascent transcript in
close proximity to Pol II. Bridging the CTD to a region
close to the exit point of the RNA might be important so
that force generated by the CTD is not dissipated by a
flexible region of RNA.

Discussion

We have discovered that the protein Pcf11 dismantles a
Pol II EC by a mechanism that involves the CTD of Pol
II. We observe that Pcf11 associates with the CTD, in
accordance with previous reports (Barilla et al. 2001; Li-
catalosi et al. 2002; Sadowski et al. 2003). We also find
that Pcf11 binds RNA, thus allowing Pcf11 to form a
bridge between the CTD and the nascent transcript. We
speculate that this bridge transmits force generated by
conformational changes occurring at the CTD to the na-
scent transcript. The force exerted on the nascent tran-
script could then disrupt the 8-nt heteroduplex formed
between the 3�-end of the nascent transcript and the
DNA template within the EC, thus resulting in total
dissolution of the EC (Kireeva et al. 2000; Komissarova
et al. 2002). This mechanism is analogous to the mecha-
nism by which Rho is thought to disrupt ECs in bacteria
(Richardson 2002), but with an important distinction:
Pcf11 dismantles the EC in the absence of nucleotide
hydrolysis. The Pcf11-mediated reaction is not unique to
the yeast proteins used in this study: The same reaction
occurs when Drosophila Pcf11 is incubated with ECs
formed from purified Drosophila Pol II (Z. Zhang and
D.S. Gilmour, in prep.).

The discovery of this Pcf11-mediated reaction offers a
new perspective on how the CTD of Pol II might regulate
transcription elongation. The CTD is required for termi-
nating transcription at the ends of genes (McCracken et
al. 1997). In yeast, Pcf11 is part of a complex called CF1
that is involved in cleaving and polyadenylating pre-
mRNA (Gross and Moore 2001a). In vivo cross-linking
analyses show that Pcf11 is concentrated in the vicinity
of the polyadenylation signal relative to the rest of the
transcription unit (Kim et al. 2004a). CF1 recognizes part
of the polyadenylation signal in the nascent transcript
(Gross and Moore 2001b), thus providing a way to recruit
Pcf11 to the EC at a point that would be appropriate for

Figure 5. DNA oligonucleotide blocking test of a Pcf11-depen-
dent dismantling mechanism. (A) A possible mechanism by
which Pcf11 disrupts the EC. By forming a bridge between the
CTD and the nascent transcript, movement of the CTD might
be transduced via the Pcf11 to the nascent transcript, and the
resulting force on the nascent transcript could disrupt the EC.
See text for further discussion. (B) Illustration of the DNA oli-
gonucleotide blocking experiment. DNA oligonucleotides
(Oligo) 1, 2, and 3 are complementary to parts of the nascent
transcript corresponding to regions 1, 2, and 3, respectively (se-
quences are provided in Materials and Methods). (C) ECs re-
maining after pretreatment with DNA oligonucleotides fol-
lowed by CID treatment. ECs were formed and then incubated
for 10 min with buffer (lane 1), all three DNA oligonucleotides
(lane 2), or one of the three individual oligonucleotides (lanes
3–5). Next, buffer (lanes 1,2) or 3 µg of CID was added to the EC,
and the mixtures were incubated an additional 30 min before
analyzing the ECs on a native gel.
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termination. We propose that Pcf11 is the engine that
disrupts the EC. In accord with this, we have observed
that a three-amino acid mutation in Pcf11 previously
shown to impair termination in vivo (Sadowski et al.
2003), also abrogates Pcf11’s dismantling activity. Char-
acterization of multiple alleles of Pcf11 has provided evi-
dence that Pcf11 contains functionally distinct domains
(Sadowski et al. 2003). Mutations in the CID impair ter-
mination, while mutations elsewhere in the protein im-
pair the cleavage and polyadenylation reactions. Impor-
tantly, some alleles that impair the RNA processing re-
actions do not impair termination. This suggests that
cleavage of the nascent transcript during the polyade-
nylation reaction is not essential for termination.

Recruitment of Pcf11 by the polyadenylation signal
provides a mechanism by which polyadenylation and
termination can be coupled. Termination occurs down-
stream from the polyadenylation signal, possibly in a
stochastic manner (Orozco et al. 2002; Kim and Martin-
son 2003). We propose that Pcf11 is transferred from the
polyadenylation signal in the nascent transcript to the
EC, where it becomes poised to trigger transcript release.
Evidence suggests that termination is preceded by paus-
ing (Orozco et al. 2002; Park et al. 2004), and our analysis
of the dismantling reaction with Drosophila Pol II and
Pcf11 indicates that Pcf11 only acts on paused Pol II (Z.
Zhang and D.S. Gilmour, in prep.). This fits our model
for the dismantling reaction. When Pol II is undergoing
active elongation, RNA reeling out of the Pol II will in-
hibit the transfer of force from the CTD to the hetero-
duplex buried inside the EC.

An alternative mechanism for coupling polyadenyla-
tion and termination involves an RNA exonuclease that
initiates degradation at the uncapped 5�-end of the na-
scent transcript generated when the polyadenylation ma-
chinery cleaves the transcript (Kim et al. 2004b; Luo and
Bentley 2004; West et al. 2004). An important role for
this reaction in yeast is indicated by the widespread im-
pairment of termination observed in a Rat1 mutant
strain (Kim et al. 2004b). Rat1 is a 5�-to-3� exonuclease
that is thought to chase down the EC as it degrades the
uncapped nascent transcript. However, it seems unlikely
that Rat1 alone can cause termination, since ECs remain
intact even after nascent transcripts have been exten-
sively degraded with various ribonucleases (Gu et al.
1996). We propose that Rat1 facilitates the action of
Pcf11. By shortening the transcript, Rat1 could reduce
the distance between Pcf11’s point of contact on the na-
scent transcript and the RNA exit channel. A short dis-
tance between these two points would be necessary if
force generated by conformational changes in the CTD is
to impact on the nascent transcript within the EC. The
Rat1 homolog Xrn1 might function to facilitate Pcf11 in
human cells as well (Teixeira et al. 2004; West et al.
2004).

The CTD also controls the elongation properties of Pol
II as it clears the promoter and traverses the body of the
gene. Efficient elongation correlates with hyperphos-
phorylation of the CTD (Price 2000). In vivo cross-link-
ing analysis shows that Pcf11 is present throughout tran-

scription units in yeast, albeit at a level lower than found
in the vicinity of the polyadenylation signal (Kim et al.
2004a). Given its distribution on the gene, Pcf11 could be
poised to induce premature termination under circum-
stances that cause Pol II to pause. Hence, Pcf11 might be
a new target that is counteracted by the action of acti-
vators and elongation factors involved in promoting
transcriptional elongation in vivo.

Materials and methods

Purification of yeast Pol II

Yeast Pol II was purified from a protease-deficient haploid strain
(CB010) using the TAP tagging strategy (Rigaut et al. 1999). A
TAP-tag was incorporated into the C terminus of the Pol II
subunit Rpb4 in the manner described previously (Bushnell and
Kornberg 2003). Briefly, following cell lysis with bead-beating,
lysate was clarified by ultracentrifugation and subjected to the
TAP purification procedure. High concentrations of salt (500
mM KCl in a Tris-HCl buffer) were then used throughout the
tandem affinity columns (IgG-Calmodulin) to wash away con-
taminants as well as several transcription factors that usually
associate with the polymerase. The eluent from the TAP puri-
fication was further cleaned using heparin resin (Amersham-
Pharmacia), followed by DEAE HPLC as the final purification
step (Edwards et al. 1990). A cocktail of protease inhibitors was
kept in solutions throughout the purification.

Purification of Pcf11 and CID derivatives

The plasmid pET32-Pcf11 was a gift from Dr. Claire Moore
(Tufts University, Boston, MA). The sequence encoding the first
140 amino acids of Pcf11 was cloned into the pET-28-(a) expres-
sion vector (Novagen). Oligonucleotide-directed mutagenesis
was used to make the mutations described in Figure 2. Plasmids
were transformed in E. coli BL21(DE3), and 6-histidine-tagged
versions of each protein were purified on Ni-NTA-agarose ac-
cording to the manufacturer’s instructions (QIAGEN).

Purification of GST-CTD fusion protein

The plasmid encoding GST-CTD with a 6-histidine tag at the C
terminus (pGST-yCTDH6) was obtained from Dr. Arno Green-
leaf (Duke University, Durham, NC). E. coli BL21 cells contain-
ing plasmids encoding glutathione S-transferase (GST) or GST-
CTD were grown in LB containing 100 µg/mL Ampicillin at
37°C to an OD600 of 0.5–0.8, and protein expression was induced
by the addition of IPTG to 1.0 mM. After 3 h at 37°C, cells were
harvested and lysed, and proteins were purified by affinity chro-
matography on glutathione-Sepharose 4B (Amersham Biosci-
ences) according to the manufacturer’s instructions.

Formation and dismantling of ECs

ECs were formed on a tailed template as previously described
(Zhang et al. 2004) with the following changes: 0.6 µg of highly
purified yeast Pol IIA was used in each reaction and transcrip-
tion reactions were done at 30°C for 30 min. For dismantling
reactions, ECs in solution or immobilized on magnetic beads
were treated with 3 µg of Pcf11 for 30 min prior to further
analysis. When used, immobilized complexes were washed
prior to treatment with Pcf11. Analysis of ECs on native gels
was done as previously described (Zhang et al. 2004).
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Conversion of Pol IIA to Pol IIB

Pol IIA was converted to Pol IIB by treating 0.6 µg of purified Pol
II in 15 µL of transcription buffer with 0.5 µg/mL chymotrypsin
at 30°C for 30 min. PMSF was added to a final concentration of
2 mM to inactivate the chymotrypsin. For controls, the order of
addition for PMSF and chymotrypsin was reversed.

GST-CTD pull-down analysis for Pcf11 binding

For this analysis, 200 ng of GST or GST-CTD was bound to 15
µL of glutathione-Sepharose 4B (Amersham Biosciences) in
binding buffer [150 mM KCl, 25 mM HEPES at pH 7.6, 50 mM
(NH4)2SO4, 12% glycerol, 1.0 mM MnCl2, 0.5 mM Dithio-
threitol (DTT), 0.1 mM PMSF] for 1 h at 4°C. Beads were washed
five times with the binding buffer containing 200 mM KCl, and
resuspended in 15 µL of binding buffer. One-hundred nanograms
of each Pcf11 derivative was incubated with GST-CTD beads for
1 h at 4°C. Each resin was washed four times with the binding
buffer containing 200 mM KCl for 5 min at 4°C. Bound material
was analyzed by Western blotting with antibody against the
6-histidine tags on each Pcf11 derivative and on GST-CTD.

UV cross-linking analysis of Pcf11-RNA binding

A 330-nt, radiolabeled RNA was produced by transcribing a re-
striction-cut plasmid with T7 polymerase in the presence of
[�-32P]UTP and other nonradioactive nucleotides. RNA was iso-
lated by phenol extraction and ethanol precipitation. For the UV
cross-linking experiments, 1 µg of each CID derivative was in-
cubated with 300,000 cpm of RNA at room temperature for 15
min in 150 mM KCl, 25 mM HEPES (pH 7.6), 1.0 mM MnCl2,
12% glycerol, and 0.5 mM DTT. Samples were irradiated with
UV light from a short-wavelength transilluminator for 2 min.
RNA was digested with 2 µg of RNase A for 30 min at 37°C. The
entire sample was electrophoresed on an SDS–polyacrylamide
gel. Radioactively tagged proteins were detected with a Phos-
phorImager.

Pcf11-mediated pull-down of RNA by immobilized GST-CTD

Five micrograms of GST-CTD was incubated with 20 µL of
glutathione Sepharose at room temperature for 30 min in 150
mM KCl, 25 mM HEPES (pH 7.6), 50 mM (NH4)2SO4, 1.0 mM
MnCl2, 12% glycerol, and 0.5 mM DTT and then extensively
washed. Beads were then incubated with 3 µg of CID derivatives
or no protein for 15 min followed by extensive washing. Finally,
each sample was incubated with 300,000 cpm of RNA at room
temperature for 20 min followed by extensive washing to re-
move unbound material. RNA was recovered from the beads by
incubating the beads at 42°C for 30 min in 100 µL of 20 mM
EDTA (pH 8), 200 mM NaCl, 1% SDS, 250 µg/mL yeast RNA,
and 0.1 mg/mL proteinase K. RNA was phenol-extracted, etha-
nol-precipitated, and analyzed on a denaturing polyacrylamide
gel.

Oligonucleotide blocking experiment

The nascent transcript associated with the ECs has the se-
quence 5�-UGAUCUUAUCCUCUCCUCACCUCUCCCUCC
UCUAUCUCCCCCCCUCACACUCAUUUCUCAUUCCACU
CCC-3�. The DNA oligonucleotides tested for blocking were
oligo 1, 5�-GAGAGGTGAGGAGAGGATAAGATCA-3� (comple-
mentary to nucleotides 1–25 of the transcript); oligo 2, 5�-
GAGTGTGAGGGGGGGAGATAGAGGAGG-3� (complemen-
tary to nucleotides 26–52 of the transcript); and oligo 3, 5�-GGG

AGTGGAATGAGAAATGAGTGTG-3� (complementary to
nucleotides 42–70 of the transcript). Each oligonucleotide was
added to a final concentration of 0.5 nM and incubated with the
ECs for 10 min prior to addition of CID.
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