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The Ccr4–Not complex has been implicated in the control of multiple steps of mRNA metabolism; however, its
functions in transcription remain ambiguous. The discovery that Ccr4/Pop2 is the major cytoplasmic mRNA
deadenylase and the detection of Not proteins within mRNA processing bodies have raised questions about
the roles of the Ccr4–Not complex in transcription. Here we firmly establish Ccr4–Not as a positive elongation
factor for RNA polymerase II (RNAPII). The Ccr4–Not complex is targeted to the coding region of genes in
a transcription-dependent manner similar to RNAPII and promotes elongation in vivo. Furthermore, Ccr4–Not
interacts directly with elongating RNAPII complexes and stimulates transcription elongation of arrested
polymerase in vitro. Ccr4–Not can reactivate backtracked RNAPII using a mechanism different from that of the
well-characterized elongation factor TFIIS. While not essential for its interaction with elongation complexes,
Ccr4–Not interacts with the emerging transcript and promotes elongation in a manner dependent on transcript
length, although this interaction is not required for it to bind RNAPII. Our comprehensive analysis shows that
Ccr4–Not directly regulates transcription, and suggests it does so by promoting the resumption of elongation
of arrested RNAPII when it encounters transcriptional blocks in vivo.
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Regulation of gene expression is the result of the com-
bined control of transcription and mRNA processing in
the nucleus, as well as translation and mRNA decay in
the cytoplasm. While most protein complexes have been
assigned to function in a particular aspect of gene regula-
tion, the Ccr4–Not complex has been proposed to have
roles throughout the ‘‘life’’ of mRNAs and protein (for
review, see Collart 2003; Denis and Chen 2003; Collart
and Timmers 2004).

The Not proteins were originally identified in a screen
for mutations that increased expression of the HIS3 gene,
particularly through the noncanonical TATA promoter
(Collart 2003; Denis and Chen 2003; Collart and Timmers
2004). The Not proteins were then shown to be a part of a
larger transcriptional complex, which additionally con-
tained Ccr4p and Pop2p, among others (Collart 2003;
Denis and Chen 2003; Collart and Timmers 2004). The
Ccr4–Not complex is an evolutionarily conserved com-
plex composed of nine core subunits, of which only Not1
and Not2 are essential in yeast. The C terminus of Not1

associates with the ‘‘Not group’’ of proteins, which
contains Not2–Not5 (Collart 2003; Denis and Chen
2003). Previous studies support a role for the ‘‘Not
group’’ in transcription initiation, especially regulating
TFIID (Badarinarayana et al. 2000; Deluen et al. 2002).
Some subunits of this complex can cross-link to the
promoters of stress and Gcn4-regulated genes, and Ccr4–
Not mutants display reduced TFIID recruitment to pro-
moters (Deluen et al. 2002; Swanson et al. 2003; Qiu
et al. 2004). A role for Ccr4–Not in elongation has also
been suggested based on the 6-AU and MPA sensitivity
of mutants and genetic interactions with mutations in
elongation factors such as DST1 (TFIIS) and SPT16
(Denis et al. 2001). Additionally, some Ccr4–Not com-
plex genes were identified in a screen for mutants that
affect expression in a gene length-dependent manner,
but not all elongation factors show phenotypes in this
assay, and many factors involved in diverse processes
such as mRNP biogenesis, mRNA export, and trans-
lation also score in this assay (Gaillard et al. 2009).
Despite early evidence supporting a role for this complex
in some aspect of transcription, whether the genetic and
physical interactions are direct is unclear.

The growing body of evidence for nontranscription
activities of Ccr4–Not has generated questions about its
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true functions. One subunit of the complex, Not4, was
shown to be an E3 ubiquitin ligase that regulates the nascent
polypeptide-associated complex (NAC) in the cytoplasm
(Panasenko et al. 2006). Mutations in Not4 or other Ccr4–
Not complex subunits reduce H3K4 methylation levels in
cells (Laribee et al. 2007; Mulder et al. 2007a), but recently
this has been attributed to the stabilization of Jhd2, the
H3K4me3 demethylase, in Not mutants (Mersman et al.
2009). Therefore, the proposed effect of Ccr4–Not mutations
on elongation and elongation-linked histone modifications
may be indirect. Thus, a direct involvement of this complex
in elongation is not certain, and if it participates in
elongation, its mechanism of action is not known.

Although initially characterized for its role in transcrip-
tion, Ccr4 was identified as the major cytoplasmic mRNA
deadenylase in yeast (Tucker et al. 2001; Chen et al. 2002).
Additional support for the complex playing a role in mRNA
degradation was the identification of Dhh1, an RNA heli-
case, as a protein associated with the N terminus of Not1
(Maillet and Collart 2002). Ccr4, Pop2, Dhh1, and other
Not subunits regulate mRNA stability and localize to cyto-
plasmic processing bodies (P-bodies), which are the sites of
mRNA degradation (Parker and Sheth 2007). Hence, some
of the Ccr4–Not mutant phenotypes and genetic interac-
tions with transcription factors might be an indirect result
of its functioning in mRNA processing or decay.

In this study, we present strong evidence that the Ccr4–
Not complex plays a direct role in transcription elonga-
tion. The Ccr4–Not complex cross-links in vivo to the
ORF of genes in a transcription- and RNA polymerase II
(RNAPII)-dependent manner. We show that Ccr4–Not
interacts physically with RNAPII and, importantly, binds
to functional RNAPII elongation complexes (ECs) in vitro.
In vitro transcription run-on assays indicate that purified
Ccr4–Not can stimulate the resumption of RNAPII elon-
gation from an arrested state. Finally, inactivating the
Ccr4–Not complex changes the RNAPII distribution along
the gene in a way that suggests an elongation defect.
Together, our data provide the first comprehensive analysis
of how the Ccr4–Not complex functions in elongation, and
firmly establish Ccr4–Not as a bona fide elongation factor.

Results

Ccr4–Not is recruited to genes during elongation
by RNAPII

Ccr4–Not is required for the full expression of the RNR3
gene (Mulder et al. 2005). We verified this observation and
showed that TFIID (TBP and TAF1) recruitment is im-
paired in Ccr4–Not mutants (Supplemental Fig. S1). The
recruitment of Ccr4–Not to RNR3 has not been shown
before, so we analyzed this to test if it directly regulates
this gene. Following the induction of transcription by the
addition of the DNA-damaging agent methyl methane-
sulfonate (MMS), Dhh1 cross-linking increased across
RNR3 (Fig. 1A,B). In addition to cross-linking to the pro-
moter region, Dhh1 was strongly recruited over the entire
ORF, showing a fourfold increase in MMS-treated cells.
Ccr4–Not was not recruited to the ORF of POL1, a gene

not regulated by DNA damage (Fig. 1B). As a control, we
examined the recruitment of TBP across RNR3, and, not
surprisingly, it was only recruited to the promoter (Supple-
mental Fig. S1). Because Dhh1 may have functions in-
dependent of Ccr4–Not, we verified that other subunits
of the complex are recruited to RNR3. We examined
representatives of the Ccr4 group and the Not group (see
above), and found that Ccr4 and Not5 are recruited to
RNR3 in an MMS-dependent manner (Fig. 1C,D). The
distribution of Ccr4 and Not5 cross-linking across RNR3
was similar to that of Dhh1 (data not shown). Of the
subunits examined, Dhh1 cross-linked most robustly,
and was used throughout the remaining studies. Inter-
estingly, Ccr4–Not subunits were not recruited to the
upstream regulatory region, which contains the binding
sites for the repressor/activator Crt1 and the activator
Rap1 (Zhang and Reese 2005; Tomar et al. 2008). This
suggests that sequence-specific DNA-binding proteins
do not recruit Ccr4–Not to RNR3, and that, in addition
to regulating TFIID function at promoters, Ccr4–Not
may regulate transcription elongation.

Next, we examined Ccr4–Not’s cross-linking to the well-
characterized GAL1 gene to take advantage of its fast on–
off kinetics (Fig. 1E). The recruitment of Dhh1 and Ccr4 to
GAL1 was analyzed under repressed (dextrose) and acti-
vated (galactose) conditions, and both subunits showed
enrichment at the promoter and within the ORF when
GAL1 was activated (Fig. 1F). As observed at RNR3, Dhh1
cross-linked more robustly to GAL1 than Ccr4 (Fig. 1F),
and neither was recruited to the upstream activating se-
quence of GAL1 (Fig. 1G; data not shown). The cross-
linking profile of Ccr4–Not to GAL1 and RNR3 suggests
that RNAPII or its associated factors play a role in the
recruitment of the complex to genes. To better correlate
RNAPII and Ccr4–Not recruitment, we compared the
kinetics of cross-linking of these factors during the activa-
tion and repression of transcription. The cross-linking of
both RNAPII and Dhh1 gradually increased at the GAL1
ORF following the addition of galactose, reaching a max-
imum level by 90 min (Fig. 1H). Furthermore, adding
dextrose to repress GAL1 led to a rapid loss of RNAPII and
Dhh1 back to preinduction (raffinose) levels within 2 min
(Fig. 1I). The correlative recruitment and disassociation of
Dhh1 and RNAPII at GAL1 suggest that these two events
are linked to one another, and implicate RNAPII in the
recruitment of Ccr4–Not to genes.

Ccr4–Not associates with RNAPII

Ccr4–Not has been shown to have physical interactions
with TBP, TAFIIs, and SAGA (Collart 2003; Denis and
Chen 2003); however, it is not known if it associates with
RNAPII. Ccr4p copurified with a PAF1C–RNAPII com-
plex, but other Ccr4–Not subunits were not present in
this complex, leading Chang et al. (1999) to conclude that
it was distinct from the Ccr4–Not complex. We re-
evaluated whether the Ccr4–Not complex interacts with
RNAPII by coimmunoprecipitation. Our results show
that all Ccr4–Not subunits examined coimmunopreci-
pitated with RNAPII (Fig. 2A). Because Dhh1, Ccr4,

Kruk et al.

582 GENES & DEVELOPMENT



Pop2, and Not4 potentially bind RNA, RNase was added
to the extracts. The addition of RNase did not disrupt
the association between Ccr4–Not and RNAPII; there-
fore, it is unlikely that the interaction is mediated
exclusively through RNA (Fig. 2A). These results, com-
bined with the chromatin immunoprecipitation (ChIP)
results, suggest that the Ccr4–Not complex is recruited
to genes through an interaction with RNAPII during
elongation.

To test the specificity of the interaction and determine
the requirement for the integrity of the Ccr4–Not complex
for its binding to RNAPII, we examined the interaction
between Dhh1 and RNAPII in Ccr4–Not mutants. The
Ccr4–Not complex can be divided into two subcomplexes
based on their association with Not1: the Ccr4 group and
the Not group. The Not group, consisting of Not2–Not5,
interacts with the C terminus of Not1; the Ccr4 group,
comprised of Ccr4, Pop2, and Dhh1, associates with the N
terminus (Bai et al. 1999). The association of Dhh1 with
RNAPII was greatly reduced when either of the Ccr4 group
subunits—Ccr4 (Fig. 2B) or Pop2 (data not shown)—was

deleted. In addition, mutation of NOT2 or deletion of
NOT4 reduces or abolishes the interaction, respectively.
Finally, the interaction between Dhh1 and RNAPII did not
require Not3 or Not5. These results show that the integ-
rity of the Ccr4–Not complex is important for maintaining
its association with RNAPII, and indicates that Dhh1
associates with RNAPII within the context of the Ccr4–
Not complex.

As discussed above, Ccr4 copurifies with the Paf1c
complex. Additionally, Paf1c mutants display a number
of similar phenotypes as Ccr4–Not mutants (Chang et al.
1999; Mueller et al. 2004). We explored the possibility that
the interaction of Ccr4–Not with RNAPII is mediated
through Paf1c. We examined two strains with mutations
in PAF1C: paf1D and cdc73D. Deletion of PAF1 reduces
the levels of other PAF1C subunits in cells, while deletion
of CDC73 eliminates the interaction of PAF1C with
chromatin and RNAPII (Mueller et al. 2004). However,
deleting either of these PAF1C subunits does not disrupt
the association between Ccr4–Not and RNAPII (Fig. 2C).
This indicates that the interaction described here is not

Figure 1. Ccr4–Not is recruited to genes during elon-
gation by RNAPII. (A) Schematic of RNR3 and primer
locations. (B–D) ChIP analysis of Dhh1-myc, Ccr4-myc,
and Not5-myc across RNR3 in cells untreated or treated
with MMS for 2.5 h. Background (untagged) percent
immunoprecipitated (%IP) was subtracted from anti-
myc %IP. %IP was calculated by dividing the immuno-
precipitation DNA signal by the Input DNA signal
using each primer set. POL1 was used as a control. (E)
Schematic of GAL1 and primer locations. (F) Recruit-
ment of Dhh1-myc and Ccr4-myc to the GAL1 ORF
under dextrose or galactose conditions. (G) Location of
Dhh1p at GAL1 in cells grown in raffinose or galactose
media. (H) Cells were grown overnight in raffinose and
induced with 2% galactose for 15, 30, 60, and 90 min.
RNAPII (dotted line) and Dhh1 (solid line) densities at
the GAL1 ORF. (I) Galactose-grown cells were treated
with 4% dextrose and cross-linked at 2, 5, 10, and
15 min.
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the Paf1C–Ccr4–RNAPII complex isolated by others. A
chd1D mutant was also examined as a control, as it is
implicated in elongation but has no known link to Ccr4–
Not. Deletion of CHD1 did not impact the association of
Ccr4–Not with RNAPII (Fig. 2C). Finally, we examined
whether Ctk1, the kinase that modifies Ser2 within the
C-terminal domain (CTD) of the large subunit of RNAPII,
is required for the association of Ccr4–Not with RNAPII.
Ser2 phosphorylation coordinates the recruitment and
release of mRNA processing factors with RNAPII (for
review, see Bentley 2005; Buratowski 2009) and, since
Ccr4–Not plays a role in mRNA metabolism, it may be
recruited to RNAPII by phosphorylation of Ser2. However,
deletion of CTK1 did not disrupt the association of Ccr4–
Not with RNAPII (Fig. 2C).

We examined the requirement for the CTD of the largest
subunit of RNAPII, Rpb1, for the RNAPII–Ccr4–Not in-
teraction. The CTD of Rpb1 is known to serve as a docking
site for a number of elongation and mRNA processing
factors (Bentley 2005; Buratowski 2009). Because deletion
of the entire CTD is lethal, we coexpressed a CTD-less
version (DCTD) of Rpb1 in the presence of endogenous
wild-type Rpb1 and immunoprecipitated Ccr4–Not sub-

units from the extracts (Supplemental Fig. S2). The pres-
ence of both forms of Rpb1 was detected using an antibody
specific for the N-terminal region of Rpb1, and the DCTD
version is distinguished from the full-length protein by its
faster mobility in SDS-PAGE gels. Both the wild-type and
CTD-less versions of Rpb1 copurified with myc-tagged
Dhh1 or Not2. Similar results were obtained when immu-
noprecipitations were conducted in extracts from strains
containing progressive truncations in the CTD as the only
source of Rpb1 (data not shown). These results suggest that
Ccr4–Not does not require the CTD to interact with
RNAPII.

An alternative possibility for what could mediate the
interaction between Ccr4–Not and RNAPII is the Rpb4/
Rpb7 heterodimer. Rpb4 is a nonessential subunit of
RNAPII and is required for the association of Rpb7 with
the core of RNAPII (Pillai et al. 2001). Rpb4 regulates
cotranscriptional RNA processing and accompanies
the nascent transcript from the nucleus to cytoplasmic
P-bodies during cell stress to regulate the turnover of certain
RNAs (Lotan et al. 2005; Runner et al. 2008). These func-
tional similarities between Ccr4–Not and Rpb4 prompted
us to examine whether Rpb4 tethers Ccr4–Not to RNAPII.
The interaction of Ccr4 and Dhh1 with RNAPII was
examined in an rpb4D mutant, and they are capable of
coimmunoprecipitating RNAPII lacking the Rpb4 subunit
(Supplemental Fig. S2). Thus, the Rpb4/7 heterodimer is
dispensable for the interaction of Ccr4–Not with polymer-
ase, and suggests that Ccr4–Not is interacting with the
‘‘core’’ of RNAPII.

Ccr4–Not directly binds to RNAPII elongation
complexes

The Ccr4–Not complex copurifies with RNAPII from
whole-cell extracts. However, these assays cannot de-
termine if Ccr4–Not directly interacts with RNAPII or if
it can bind elongating RNAPII. Yeast RNAPII (yRNAPII)
was isolated to high purity, as described previously (Suh
et al. 2005), and the Ccr4–Not complex was purified by
tandem affinity purification (TAP) from a TAP-Not4 strain.
Silver-staining reveals that all 12 subunits of RNAPII are
present (Fig. 3A). Rbp1 is predominantly hypophosphory-
lated (Suh et al. 2005; data not shown). All of the known
core subunits of the Ccr4–Not complex were detected
in the TAP purification, and its composition matched
that published by others (Mulder et al. 2007b; Azzouz
et al. 2009). We assembled radiolabeled elongation
complexes (EC70) on a tailed template, as described pre-
viously (Zhang et al. 2005) and illustrated in Figure 3B.
Transcription from some tailed templates by eukaryotic
RNA polymerases produces RNA:DNA hybrids with the
transcribed strand, displacing the nontranscribed strand
and affecting elongation (Dedrick and Chamberlin 1985).
However, this was not detected using the EC70 template
described here and yeast RNAPII (Zhang et al. 2005). In-
creasing amounts of the Ccr4–Not complex were incu-
bated with the EC70 complexes, followed by resolution
of the complexes on a native polyacrylamide gel. A slower-
migrating species formed with the addition of Ccr4–Not,

Figure 2. Ccr4–Not associates with RNAPII. (A) Coimmuno-
precipitation of myc-tagged Ccr4–Not subunits with RNAPII.
Whole-cell extracts (WCEs) were either treated or left untreated
with 100 mg/mL RNase A at room temperature prior to addition
of antibody. Rpb1 subunit of RNAPII (8WG16) was detected by
Western blotting. The amount of immunoprecipitated protein
recovered was analyzed by Western blotting using an anti-myc
antibody. Since Ccr4–Not subunits run at different molecular
weights, regions corresponding to the location of each myc-
tagged protein were cut from their respective regions on the
membrane and placed in a row. (B) Same as in A except immuno-
precipitation was performed using a polyclonal Dhh1 antisera.
Anti-Dhh1 was used to probe the blot as an immunoprecipita-
tion control. (C) Same as in B except extracts from various
transcription factor mutants were analyzed.
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with a corresponding decrease in the faster-migrating
EC70 complex (Fig. 3C). Similar results were obtained
when Ccr4–Not was purified through a TAP tag in
Ccr4 (Supplemental Fig. S3). This demonstrates that
the Ccr4–Not complex directly interacts with elongating
RNAPII.

Although excess competitor RNA was included in the
reactions to suppress nonspecific binding to the nascent
transcript, it is possible that Ccr4–Not associates with ECs
exclusively through RNA or a transcription-dependent
nucleic acid structure. To rule out this possibility, we re-
peated the assay using ECs formed from either Drosophila
melanogaster RNAPII (dRNAPII) or archael RNA poly-
merase. ECs formed from these other sources of poly-
merase contain the same transcript and template DNA as
those formed from yeast RNAPII. The results in Figure 3D
indicate that the Ccr4–Not complex failed to shift ECs
formed from dRNAPII or archael polymerase. Interest-
ingly, even though yeast and Drosophila RNAPII are
highly conserved, species specificity was observed. Sim-
ilar species specificity was observed recently where
Drosophila DSIF failed to shift ECs formed from yeast
RNAPII (AG Missra and DS Gilmour, unpubl.). This
result demonstrates that the interaction of Ccr4–Not
with the yRNAPII EC is specific and requires direct
contacts with the enzyme.

Ccr4–Not rescues arrested/backtracked RNAPII

Next, we examined whether Ccr4–Not affects elonga-
tion. The use of the defined system allows us to bypass

potentially confounding effects of Ccr4–Not on initiation
and focus exclusively on its effect on RNAPII elongation.
We set up elongation complexes on the 70-nucleotide (nt)
G-less cassette template, added Ccr4–Not or carrier pro-
tein, and, after 10 min, GTP and excess cold UTP were
added to the mixture to allow transcription to run off the
template (Fig. 4A, schematic). The addition of excess cold
UTP prevents the detection of newly initiated transcripts
during the runoff period; thus, only products produced
from the stalled EC are observed. In the absence of Ccr4–
Not, only ;40%–50% of the elongation complexes can be
chased into runoff products (Fig. 4B). The ECs not being
chased into runoff products by the addition of GTP
display the characteristics of backtracked RNAPII com-
plexes, rather than ‘‘dead-end’’ products, because they can
be reactivated to produce runoff products by TFIIS (Fig.
4C). As shown in Figure 4B, elongation by RNAPII is
stimulated by the Ccr4–Not complex by 1.5-fold to 2.0-
fold, converting most of the arrested ECs into an elonga-
tion-competent form. Since Ccr4–Not was added after
RNAPII was arrested, it can reactivate the backtracked
RNAPII complexes. It should be noted that the length of
the runoff product is only 150 nt, and any stimulation of
elongation rate (nucleotides per second) would not be
detected on such a short template; therefore, the effects
we observe are likely the result of ‘‘reactivating’’ the
arrested—and, in some cases, backtracked—RNAPII. Al-
though carrier protein was added to the RNAPII-only
reactions in approximately equal amounts to that of the
Ccr4–Not complex, it is possible that stimulation of
elongation by the Ccr4–Not complex may be a nonspe-
cific effect caused by adding the complex to the reaction.

Figure 3. The Ccr4–Not complex interacts directly with
yeast RNAPII elongation complexes. (A) Silver-stained SDS-
PAGE gels showing the composition of yeast RNAPII
purified from a TAP-Rpb4 strain (left) and the Ccr4–Not
complex purified from a TAP-Not4 strain (right). (B)
Schematic representation of the in vitro elongation
system. RNAPII initiates transcription with UpG on the
tailed template and stalls at the G-residues located at the
end of the G-less cassette. (C) Native gel analysis of
the interaction of Ccr4–Not with elongation complexes.
RNAPII elongation complexes were formed on the tailed
template (EC70) containing a 70-nt radiolabeled nascent
transcript. One-hundred nanograms of template was used
in each reaction. Approximately 100 ng (;0.25 pmol) of
RNAPII was present in each sample. Elongation com-
plexes stalled at the end of the G-less cassette were in-
cubated for 10 min with increasing amounts of purified
Ccr4–Not complex (;0.5, 1, and 1.5 pmol of Ccr4–Not
complex). The concentrations of all proteins were esti-
mated by comparing intensities of their bands with those
of known amounts of BSA on a silver-stained SDS-PAGE
gel. RNAPII-only lane contains 1 mg of BSA. (D) Yeast
(yRNAPII), Drosophila (dRNAPII), and archaeal polymer-
ase from Pyrococcus furiosus (aPol) were used to generate
elongation complexes (EC70) on the tailed template.
Ccr4–Not complex (0.5 pmol and 1 pmol) was added to
each of the elongation complexes and reactions were
analyzed on a 4% native gel.
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To rule out this possibility, we carried out transcription
run-on assays using Drosophila RNAPII in the presence
and absence of Ccr4–Not. Consistent with the inability
of Ccr4–Not to shift Drosophila ECs (Fig. 3D), addition of
Ccr4–Not to the reaction failed to stimulate elongation of
dRNAPII (Supplemental Fig. S3). Together, these results
provide evidence that the Ccr4–Not complex directly and
specifically interacts with elongating yRNAPII and stim-
ulates transcription elongation.

The previous experiment assessed the ability of Ccr4–
Not to stimulate the ‘‘reactivation’’ of an arrested RNAPII
complex on a short runoff template. We altered the ex-
perimental design and conducted the assay on a longer
runoff template, which allowed us to determine if Ccr4–
Not stimulates the rate of transcription. RNAPII, initi-
ating dinucleotide, and the template were incubated to
form initiation complexes. Ccr4–Not was then added,
followed by all NTPs, enabling runoff to occur (Supple-
mental Fig. S4). Interestingly, Ccr4–Not did not stimu-
late the production of runoff products when RNAPII was
not stalled at a G-tract (Supplemental Fig. S4). This was
observed with high (100 mM) or low (10 mM) amounts of
GTP. The assay was also repeated in parallel on the longer
template, where stalled elongation complexes were pre-
formed prior to the addition of nucleotides (Supplemental
Fig. S4). Under these conditions, stimulation (approxi-
mately twofold to 2.5-fold) was observed. These results
suggest that Ccr4–Not predominantly stimulates the
reactivation of arrested RNAPII, rather than affecting the
rate of elongation per se.

Ccr4–Not mechanism of action is distinct
from that of TFIIS

Our data suggest that Ccr4–Not stimulates the reactiva-
tion of stalled and backtracked RNAPII in vitro. This
activity is similar to that of the well-characterized elon-
gation factor TFIIS (Dst1). These observations prompted us
to test whether Ccr4–Not functions by a similar mecha-
nism. TFIIS binds to RNAPII and stimulates the intrinsic
nuclease activity of the enzyme, leading to cleavage of the
displaced 39 end of the RNA, realignment of the RNA in
the active site, and the resumption of elongation (Fish and
Kane 2002; Arndt and Kane 2003). This activity allows
TFIIS to reactivate ECs terminally stalled by the incorpo-
ration of chain-terminating nucleotides into the 39 end
of the transcript. We exploited this property of TFIIS to
compare its mechanism of action with that of Ccr4–Not.
ECs arrested by the incorporation of O-me-GTP into the
39 end of the transcript were formed and then incubated
with either TFIIS or the Ccr4–Not complex, followed by
the addition of excess GTP and UTP to allow transcription
runoff (Fig. 4A). In the absence of TFIIS, a small percentage
of ECs ran off (Fig. 4D), indicating that the majority of the
ECs remained arrested. Adding TFIIS greatly stimulated
the resumption of elongation, and significant readthrough
was detected immediately after the addition of GTP (t = 0)
(Fig. 4D). In contrast, adding Ccr4–Not did not stimulate
the resumption of elongation of ECs containing blocked
39 ends (Fig. 4E). These results indicate that Ccr4–Not can-
not stimulate the intrinsic nuclease activity of RNAPII;

Figure 4. Ccr4–Not stimulates the resumption of
transcription from arrested RNAPII elongation com-
plexes. (A) Outline of the in vitro elongation runoff
assay. Arrested RNAPII elongation complexes (EC70)
were formed in the absence of GTP. RNAPII is able to
resume elongation and generate a 150-base runoff tran-
script after the addition of GTP and UTP. (B) In vitro
runoff assay in the presence of Ccr4–Not. Arrested elon-
gation complexes were incubated with 1.5 pmol of
Ccr4–Not complex or 1 mg BSA for 10 min, and then
GTP and UTP were added to allow runoff. A total of 1.5
pmol of complex was used because it is just above the
amount required to fully shift polymerase in the gel
shift assay (Fig. 3). (C) TFIIS rescues arrested EC70
complexes. TFIIS (0.5 pmol) was added to the reaction
after forming the arrested EC70. (D,E) Ccr4–Not, unlike
TFIIS, does not stimulate the nucleolytic activity of
RNAPII. In vitro elongation system was set up as
described above, with the exception that O-me GTP
was added to form the arrested elongation complex.
Prior to the addition of nucleotides, 0.5 pmol of TFIIS
(D) or 1.5 pmol of Ccr4–Not complex (E) was added to
the reactions.
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thus, Ccr4–Not and TFIIS stimulate elongation by a differ-
ent mechanism.

Ccr4–Not activity is transcript length-dependent

In order to reactivate the backtracked complexes, Ccr4–
Not must effectively realign the 39 end of the RNA back
into register with the active site of the enzyme without
stimulating the nucleolytic activity of RNAPII. One way it
could do so is by binding to the transcript and promoting
forward translocation of RNAPII. The association of Ccr4–
Not with RNAPII is not dependent on RNA (Figs. 2A, 3D);
however, this does not preclude the possibility that it
binds to the RNAPII EC, interacts with the RNA emerging
from the exit channel, and exerts its functions in a tran-
script-dependent manner.

Elongation complexes were formed on templates con-
taining a 31- and 22-nt G-less cassette, producing EC31
and EC22, respectively. These ECs have the same 39-end
sequences as EC70, but differ in length by the incorpora-
tion of different nucleotides at the 59 end. Transcription
runoff assays were performed in the presence and absence
of Ccr4–Not on EC31 and EC22 complexes. Unlike what
was observed with EC70 complexes (Fig. 4B), adding Ccr4–
Not failed to stimulate the activation of the stalled EC31
and EC22 complexes (Fig. 5A,B). The extension of the
stalled EC31 and EC21 complexes into runoff products
could be stimulated by TFIIS, indicating that they are not
prematurely terminated (data not shown). The transcrip-
tion length requirement for the activity of Ccr4–Not sug-
gests that its ability to stimulate elongation is dependent
on the emerging transcript.

A trivial explanation for this result is that Ccr4–Not
does not bind to the shortened ECs. The association of
Ccr4–Not with ECs of various lengths was compared by
native gel electrophoresis. An amount of Ccr4–Not that

shifts ;30%–50% of the EC70 was examined in the assay
to allow for the detection of changes in its binding to the
shorter ECs. The results shown in Figure 5C indicate that
Ccr4–Not supershifts EC70, EC31, and EC22 complexes to
approximately equivalent levels. The greater intensity of
the signal from the EC70 complex results from more label
incorporated into the longer transcript, rather than a quan-
titative difference in the amount of EC complex formed.

Next, we examined whether Ccr4–Not binds to the tran-
script using a UV cross-linking assay. UV cross-linking as-
says were conducted on ECs containing 22-, 31-, and 70-base
radiolabeled transcripts in the presence or absence of Ccr4–
Not. In the absence of Ccr4–Not, Rpb1 was the predomi-
nantly cross-linked species, with Rpb2 cross-linking to a
lesser degree (Fig. 5D, lane 1). This agrees well with the
results of others (Ujvari and Luse 2006; Missra and Gilmour
2010). No incorporation of label into proteins was detected
in the absence of UV cross-linking (Supplemental Fig. S5,
data not shown). Adding Ccr4–Not to the ECs resulted in
the detection of two cross-linked species in the gel (Fig. 5D,
lane 1 vs. 2). The small amount of the faster-migrating
species varied between experiments and may be a break-
down product of the larger cross-linked protein (data not
shown). The estimated molecular weight of the major
cross-linked product is ;65–70 kDa, and runs in a region
of the gel devoid of any subunits of RNAPII. Allowing for
some alteration in the migration due to the incorporation
of RNA into the protein (not all of the RNA can be
digested), the cross-linked protein in Ccr4–Not could be
Pop2, Not4, Not5, or Dhh1. Pop2 migrates near 50 kDa,
while the latter three migrate very closely to each other
between 65–70 kDa. Interestingly, the level of cross-linking
of Rpb1 and Rpb2 was enhanced in the presence of Ccr4–
Not (Fig. 5D, cf. even vs. odd lanes). This result is highly
reproducible (data not shown), and would be consistent
with Ccr4–Not stabilizing or altering the conformation of

Figure 5. Ccr4–Not functions in a transcript length-
dependent manner and binds the transcript. (A,B) Tran-
scription elongation assays from EC31 and EC22 com-
plexes. Assay conditions and experimental design are
described in the legend for Figure 4. (C) Native PAGE of
EC complexes. The assay was carried out as described
in Figure 3C, except that Ccr4–Not was added at 1:1 and
2:1 to RNAPII. (D) UV cross-linking of Ccr4–Not to the
transcript in elongation complexes. EC complexes were
formed from templates containing a 70-, 31-, and 22-nt
G-less cassette, forming EC70, EC31, and EC22, re-
spectively. Transcription was carried out in the pres-
ence of radiolabeled CTP and bromouridine. After the
formation of the ECs, Ccr4–Not was added to the com-
plexes and the mixture was cross-linked by UV light as
described in the Materials and Methods. DNase and
RNase were added prior to electrophoresis. The migra-
tion of molecular weight markers (in kilodaltons) are
indicated on the left, and the Ccr4–Not-specific band is
marked by a star on the right.
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RNAPII in the ECs. As the transcript length was shortened,
the amount of the Ccr4–Not-dependent cross-linked prod-
uct decreased with transcript length. Since the cross-linked
material was extensively treated with nucleases prior to
SDS-PAGE analysis, the greater intensity of the band
observed when Ccr4–Not was cross-linked to ECs of
different lengths is not explained by more label incorpo-
ration into the longer transcripts. However, the reduced
level of cross-linking could be explained, at least par-
tially, by the number of photo-activatable groups incorpo-
rated into the transcript. When corrected for the cross-
linking to Rpb1, shortening the transcripts to 31- and 22-nt
reduced the cross-linking of Ccr4–Not to ;40% and 25%
of that observed on EC70, respectively. Some cross-linking
is still observed with EC22, which is predicted to have ;4
nt emerging from RNAPII (Andrecka et al. 2008), including
two bromouridine bases. The detection of some level of
cross-linking to the transcript in the EC22 complex sug-
gests that Ccr4–Not subunits are located near the RNA
exit channel.

Ccr4–Not stimulates elongation in vivo

We used an assay that measures RNAPII density across
a long GAL1p-regulated gene (GAL1P-YLR454W) to test
whether Ccr4–Not affects elongation in vivo. First, we
analyzed processivity in Ccr4–Not mutants by measuring
RNAPII density at multiple locations across the 8-kb
gene under galactose-inducing conditions (Fig. 6A). Pre-
vious studies described a processivity defect as showing
a gradual decrease in RNAPII density as you move across
the gene, which suggests that a certain fraction of the
RNAPII loaded onto the promoter is released prior to the
completion of the gene (Mason and Struhl 2005). Surpris-
ingly, deletion of DHH1, NOT4, and, to a lesser extent,
CCR4 resulted in the opposite phenotype—the density of
RNAPII increased further along into the gene (Fig. 6B).
This implies that, although RNAPII remains engaged with
the template, it is not efficiently traversing the gene. As a
control, we analyzed processivity in a TFIIS mutant,
dst1D, and, consistent with the results of others (Mason
and Struhl 2005), it did not show a significant change in
processivity. The difference in phenotypes between dst1D

and Ccr4–Not mutants in this assay further supports the
idea that they stimulate transcription elongation through
distinct mechanisms.

In order to confirm that the increase in RNAPII density
is due to the slowed progression of RNAPII across the
gene, we adapted this assay to monitor the kinetics of the
‘‘last wave’’ of polymerase after repressing GAL1p with
dextrose (Mason and Struhl 2005). In wild-type cells,
RNAPII levels at 2 kb within the gene are reduced to near
background levels by 2 min after adding dextrose (Fig. 6C).
In contrast, there is a higher density of RNAPII over the
gene in the mutants at the same time point, suggesting
a delay in RNAPII progression across the gene (Fig. 6C).
Ccr4–Not mutants have as much as fourfold higher levels
of RNAPII after 2 min of transcription shutoff, and at
4 min, there is still a higher level of RNAPII in the ccr4D

and not4D cells. Since the level of RNAPII is so low at 4

min in wild-type cells, an accurate estimation of the in-
crease in RNAPII in the Ccr4–Not mutants is not possible.

To examine this differently, we analyzed the amount of
RNAPII across the entire length of GAL1p-YLR454W at the
2-min time point. In wild-type cells, RNAPII levels are
reduced to near background levels at the 59 end of the gene
(+1 and 2 kb). However, progressively higher levels are
detected in the middle (4 kb) and toward the end (6 kb) of
the gene because the RNAPII loaded onto the promoter has
not completed its ‘‘last wave’’ (Fig. 6D). All regions exam-
ined in the ccr4D mutant show significantly higher RNAPII
density relative to wild-type cells (Fig. 6D). These results
support the hypothesis that, in the absence of the Ccr4–Not
complex, elongation of RNAPII across the gene is impaired,
resulting in more RNAPII remaining within the body of the
gene. As a whole, the data presented herein clearly show

Figure 6. Ccr4–Not promotes elongation in vivo. (A) Schematic
of GAL1P-YLR454W and primer locations. (B) ChIP analysis of
RNAPII density across GAL1P-YLR454W in wild-type and mu-
tant strains under galactose-inducing conditions. RNAPII%IP in
mutant strains was normalized to the corresponding region in
wild type, and the promoter region for each strain was then set to
1. (C) ChIP of relative RNAPII density for wild-type and mutant
strains at the 2-kb region under inducing and repressing condi-
tions for the indicated times. RNAPII density in galactose-grown
cells was set to 1, and time points after addition of glucose were
normalized to the RNAPII%IP prior to repression. (D) ChIP of
relative RNAPII density in wild-type and ccr4D strains following
2 min of treatment with dextrose. A ratio of (RNAPII%IP at
2 min + glucose)/(RNAPII%IP in galactose) was calculated for wild-
type and ccr4D strains at the indicated primer regions.
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that the Ccr4–Not complex functions directly during
transcription elongation, and solidify it as a bona fide
elongation factor.

Discussion

Many functions have been attributed to the Ccr4–Not
complex. Early on, it was proposed to regulate transcrip-
tion initiation by controlling the function of the general
transcription factor TFIID (Denis and Chen 2003; Collart
and Timmers 2004). Later, the complex was shown to
regulate mRNA decay and protein ubiquitylation (Tucker
et al. 2001; Panasenko et al. 2006). Here we show that
Ccr4–Not is recruited to DNA damage-dependent genes
and regulates TFIID recruitment to these genes. More
importantly, we demonstrate that Ccr4–Not is a direct
regulator of RNAPII elongation. Below, we describe a model
for how Ccr4–Not regulates elongation, and reconcile its
seemingly contradictory functions in promoting transcrip-
tion and mRNA decay.

Ccr4–Not directly associates with elongating RNAPII

Our results support a mechanism in which Ccr4–Not
directly functions in elongation by interacting with
RNAPII as it transcribes the gene. Ccr4–Not associates
with the body of the gene in a transcription-dependent
manner (Fig. 1). The pattern of Ccr4–Not cross-linking to
genes is very similar to that of RNAPII and other factors
that function during elongation, consistent with it being
loaded and disassembled with RNAPII at GAL1 in re-
sponse to gene activation and repression. Cross-linking of
Ccr4–Not complex subunits was observed at stress and
Gcn4-dependent promoters, but the presence of the com-
plex within the ORF was not examined (Deluen et al. 2002;
Swanson et al. 2003). The cross-linking of these subunits
to promoters could have been attributed to its function in
regulating TBP recruitment through TFIID or SAGA.

Numerous proteins in yeast have been defined as
elongation factors if they possess a number of character-
istics (see below), but in many cases these factors have
not been shown to directly affect elongation. Although
previous studies on Ccr4–Not have implied roles in elon-
gation, no direct evidence for this function has been pro-
vided. Evidence supporting a role in elongation include
genetic interactions between Ccr4–Not subunits and elon-
gation factors and 6-AU sensitivity (Denis et al. 2001).
While mutations in elongation factors cause 6-AU and
MPA sensitivity and show reciprocal genetic interactions
with other elongation factor mutants (Arndt and Kane
2003), many of these putative elongation factors also dis-
play genetic interactions with initiation and chromatin
remodeling factors (Davie and Kane 2000; Simic et al.
2003), and mutations of many genes not known to be
involved in transcription cause 6-AU and MPA sensitivity
(Desmoucelles et al. 2002; Riles et al. 2004). Significantly,
some of these genes are involved in mRNA processing and
metabolism. Other tests are to demonstrate that they
cross-link within the coding region of genes or can copurify
with RNAPII (for review, see Arndt and Kane 2003).

Although the latter test demonstrates a potential associ-
ation with RNAPII, it fails to directly demonstrate that
the factor associates with RNAPII in the context of an
elongation complex.

Ccr4–Not mutants were recently identified in a screen
for factors involved in mRNA biogenesis using the gene
length-dependent accumulation of mRNA (GLAM ratio)
(Gaillard et al. 2009). Ccr4–Not mutants failed to accu-
mulate mRNA with long 39 untranslated regions (UTRs)
containing the lacZ gene. It is difficult to conclude from
this assay alone if a factor is involved in elongation
control because factors involved in all stages of mRNA
biosynthesis and processing show reduced GLAM ratios
(Morillo-Huesca et al. 2006; Gaillard et al. 2009). In
addition, analysis of a not5D mutant showed that RNA-
PII density was reduced weakly at the end of the GLAM
reporter gene in this mutant, and an extract prepared
from a not5D mutant could not transcribe through a long
lacZ-containing reporter gene in vitro (Gaillard et al.
2009). Thus, while these assays individually have limi-
tations, the body of evidence suggested that Ccr4–Not is
involved in elongation. However, the mechanism of
action and whether the effects observed in the mutants
are direct were not clear at the time. Surprisingly few
putative elongation factors have been shown to have
a direct effect on RNAPII elongation, and fewer yet have
been shown to assemble into elongation complexes.
Paf1c, long suspected to be an elongation factor in yeast,
was only recently shown biochemically to affect elon-
gation, and this study involved human Paf1c (Kim et al.
2010), however. The ability of Ccr4–Not to bind to
functional elongation complexes and directly stimulate
elongation provides the strongest possible evidence that
it is a bona fide elongation factor.

Factors that bind to elongating RNAPII often do so
through the CTD. We expected this to be true of Ccr4–
Not because Not5 was identified in a screen for proteins
retained on an affinity matrix of synthetic CTD peptides
phosphorylated at Ser2 and Ser5 (Phatnani et al. 2004).
However, other Ccr4–Not subunits were not identified in
this screen, so the association of Not5 with the modified
CTD peptides may have been indirect, or Not5 may bind
to the CTD outside of the context of the Ccr4–Not
complex. We found that Ccr4–Not does not require the
CTD to interact with RNAPII and does not require
phosphorylation on Ser2 on the CTD (Fig. 2C; Supple-
mental Fig. S2). Furthermore, Ccr4–Not interacted well
with the hypophosphorylated form of RNAPII used in
our elongation complex association assay (Fig. 4), and
phosphorylating the CTD in vitro did not affect the
association of Ccr4–Not with elongation complexes (A
Dutta and JC Reese, unpubl.). The idea that Ccr4–Not
binds to polymerase independent of its modification
states is further substantiated by its cross-linking across
the entire length of the gene, and cross-linking across
the gene supports its role as a general regulator of
elongation (Fig. 1B). It cannot be ruled out that changes
in the CTD phosphorylation pattern throughout the tran-
scription cycle modulate the activity of Ccr4–Not inde-
pendent of recruitment.
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Mechanism for Ccr4–Not function during elongation

Here we employed a simple, but powerful, assay to directly
monitor elongation and characterize the function of the
Ccr4–Not complex. Biochemical assays indicate that the
Ccr4–Not complex interacts directly with elongating
RNAPII and promotes elongation (Figs. 3, 4). Interestingly,
the effect of Ccr4–Not on elongation is not detectable if
RNAPII is not arrested (Supplemental Fig. S4). This sug-
gests that Ccr4–Not is not affecting, or having a lesser
effect on, the rate of transcription, but instead is affecting
RNAPII’s ability to resume transcription from an arrested
state. Since TFIIS also stimulates the arrested RNAPII to
resume elongation, it is likely that the arrested RNAPII
has backtracked on the DNA template under the condi-
tions used here. TFIIS overcomes the transcription block
by stimulating the intrinsic nuclease activity of RNAPII.
Ccr4–Not must be acting by a different mechanism be-
cause it was unable to overcome the transcription block
caused by a chain terminator. In this regard, Ccr4–Not
corrects backtracked complexes by a novel mechanism
that possibly complements that of TFIIS. Such a mecha-
nism provides an explanation for the synthetic growth
defect when a ccr4D mutation is combined with dst1D

mutation (Denis et al. 2001).
The experiments demonstrating that Ccr4–Not requires

a minimal-length transcript to reactivate arrested RNAPII
and that it cross-links to the transcript strongly suggest
that an interaction with the emerging transcript is neces-
sary for Ccr4–Not to function. Forward translocation of
RNAPII occurs via Brownian motion, and stalled ECs are
believed to undergo excursions in the forward and reverse
directions (Cramer et al. 2008; Nudler 2009). Arrested
RNAPII can move along the template in the forward and
backward directions, causing the threading of the tran-
script through the RNA exit channel. The binding of
proteins to the transcript could prevent the translocation
of RNAPII by preventing the movement of the transcript
in and out of the RNA exit channel. There is evidence that
the binding of proteins to the emerging transcript can favor
elongation by disfavoring backward translocation of the
polymerase (Reeder and Hawley 1996; Roberts et al. 2008;
Nudler 2009; Proshkin et al. 2010). We propose that Ccr4–
Not stimulates elongation by promoting realignment of
the 39 end of the transcript in the active site by trapping
RNAPII during its forward excursions along the template
by binding to the transcript and preventing backward
transitions. As RNAPII moves forward without nucleotide
synthesis, more transcript emerges from the RNA exit
channel, and Ccr4–Not undergoes reiterative cycles of
transcript release and rebinding down the transcript in
the 39 direction and pushes RNAPII forward through a
‘‘ratcheting-like’’ mechanism (Fig. 7). This would lead to
the realignment of the 39 end of the transcript in back-
tracked complexes and promote elongation.

Ccr4–Not affects RNAPII elongation across a gene

The development of assays to measure RNAPII elonga-
tion rates and processivity in vivo across a large model
gene, GAL1-YLR454W, has shed some light on the roles of

transcription factors in elongation. This assay has the
advantage that it measures RNAPII density, and any
effects of a mutation on other aspects of mRNA metab-
olism do not confound the results. Deletion of CCR4,
DHH1, or NOT4 results in a change in the distribution of
RNAPII across GAL1p-YLR454W that is unique among
elongation factors mutants described thus far. Mutation
of most elongation factors leads to either no phenotype or
reduced processivity, which appears in this assay as a loss
of RNAPII across the gene under steady-state conditions
(Mason and Struhl 2005). In contrast, RNAPII density
increases across the ORF in Ccr4–Not mutants (Fig. 6B).
The Ccr4–Not mutant phenotype suggests that the poly-
merase loaded onto the promoter is slow to complete
transcription of the gene (rate) or is not resuming transcrip-
tion after transient stalling or arrest. Our in vitro analysis is
consistent with the latter. Deleting Ccr4–Not subunits
results in a buildup of RNAPII; in contrast, deleting DST1,
the gene encoding TFIIS, does not cause the same pheno-
type (Fig. 6; see Mason and Struhl 2005). Therefore, both
the in vitro and in vivo elongation assays support the
notion that Ccr4–Not and TFIIS relieve transcriptional
blocks by a different molecular mechanism. TFIIS must
be used when cleavage of the 39 end is required, such as

Figure 7. Model for the rescue of arrested elongation complexes
by Ccr4–Not. (Top) Transcription blocks lead to arrest and back-
tracking of polymerase. The 39 end of the transcript is out of reg-
ister with the active site (yellow starburst), preventing productive
elongation. (Middle) Transient forward excursions of polymerase
threads transcript out of the RNA exit channel, which can as-
sociate with Ccr4–Not. (Bottom) Cycles of transcript binding and
release by Ccr4–Not during forward excursions promote elonga-
tion by locking RNAPII into an elongation-competent form.
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during misincorporation or extensive misalignment of the
transcript, while Ccr4–Not promotes forward translocation
of arrested RNAPII by interacting with the transcript.

Physiological significance of Ccr4–Not
promoting elongation

RNAPII can pause or arrest stochastically during transcrip-
tion, but particularly in response to sequence-specific pause
sites, nucleotide limitations, DNA lesions, negative elon-
gation factors, and DNA-bound proteins (Svejstrup 2007).
Multiple transient stalling events are likely to occur in vivo
when it encounters these situations, or simply when
RNAPII encounters an intact nucleosome. RNAPII stalls
within a nucleosome until chromatin remodeling factors
alter nucleosome structure to allow the passage of poly-
merase (Kireeva et al. 2005; Carey et al. 2006). After pausing
for remodeling, RNAPII must resume elongation, which
may be influenced by elongation factors such as Ccr4–Not.
The example described here is specific for nucleosomes,
but the general mechanism may be applied to many dif-
ferent transcriptional blocks encountered by RNAPII. For
example, pauses can occur during various transcription and
cellular stresses. The Ccr4–Not complex is known to play
roles in stress resistance (Collart and Timmers 2004), and
one of its functions to aid in the cellular stress response
may be to promote the resumption of transcription.

The interesting question that looms is why a complex
that regulates mRNA decay also functions in promoting
transcription. As stated above, the Ccr4–Not complex is
implicated in regulating gene expression in response to
stress. Most stress responses are transient, displaying an
initial rapid induction phase followed by a fading or in-
activation of the initial response. Ccr4–Not can positively
affect the transcription of genes during the induction phase
and then, upon changes to cellular signals, turn and pro-
mote the deadenylation and destruction of the mRNA it
interacts with. By functioning in this way, Ccr4–Not could
impose decay on the transcripts it used to promote syn-
thesis for, and would thus contribute to the cell’s overall
mechanism for precisely controlling the level of mRNAs
from ‘‘birth to death.’’

Materials and methods

Strains and media

Strains used in this study are listed in Supplemental Table 1.
Cells were grown in yeast extract-peptone at 30°C with an
appropriate carbon source, either 2% or 4% dextrose (where
indicated), 3% raffinose, or 2% galactose. MMS-induced cells
were treated with 0.03% MMS and incubated for 2.5 h prior to
analysis. Gene deletions and tagging were performed as de-
scribed previously using PCR-mediated gene disruption and
modification (Brachmann et al. 1998; Longtine et al. 1998). The
RPB1 plasmids (full-length and DCTD) were described in a pre-
vious study (McCracken et al. 1997).

ChIP

ChIP assays were performed as described previously (Sharma
et al. 2007). Whole-cell extracts were prepared by glass bead

disruption and sheared into fragments averaging 200 to 600 base
pairs (bp) in size using a Bioruptor (Diagenode). Whole-cell extracts
were immunoprecipitated with the antibodies indicated in the
Supplemental Material. Real-time PCR was performed with SYBR
Green detection (Quanta Biosciences) using a StepOne Plus qPCR
thermocycler (Applied Biosystems). The percent immunoprecipi-
tated was calculated as follows: (immunoprecipitated signal/input
signal) 3 100. Primer sequences are available on request. Error bars
represent the standard errors of at least three repetitions. The in
vivo elongation assays were conducted and data were analyzed as
described in another study (Mason and Struhl 2005).

Coimmunoprecipitation and protein purification

Protein extracts for coimmunoprecipitation were prepared as
described previously (Reese et al. 1994). Two milligrams of protein
extract was incubated either with or without 100 mg/mL RNase
A. Extracts were incubated with antibody for 1–3 h prior to the
addition of Protein A Sepharose CL-4B, followed by an overnight
incubation at 4°C (GE Healthcare). After washing, the bound
proteins were analyzed by Western blotting. Both TAP-Not4 and
TAP-Ccr4 complexes were purified from strains containing a de-
letion of DST1. Purification of the complex in a dst1D strain is
essential because trace amounts of TFIIS activity were detected in
preparations from DST1+ strains (A Dutta and JC Reese, unpubl.).
The protocol for TAP purifications was adapted as described
previously (Rigaut et al. 1999), with some minor modifications.
TFIIS was expressed in Escherichia coli and purified as a histidine-
tagged protein (Kim et al. 2007). Yeast RNAPII was purified as
described in a previous study (Suh et al. 2005).

Preparation of elongation complexes and runoff

transcription assays

Elongation complexes and reagents were prepared similar to those
described for Drosophila elongation complexes (Zhang et al. 2005)
and are described in the Supplemental Material. Transcription and
EC complex assembly were carried out in 15-mL volumes with 100
ng of template and ;100 ng (;0.25 pmol) of purified yeast RNAPII.
The template was preincubated with RNAPII for 5 min in the
transcription buffer, and then transcription was initiated by adding
an NTP mix, yielding final concentrations of 0.1 mM ATP, 0.1 mM
CTP, 5 mM UTP, 5 mM 39O-methyl GTP, and 4 mCi per reaction of
[a-32P] UTP. Each reaction was incubated for 20 min at 30°C.
Elongation complexes with Pyrococcus furiosus archaeal polymer-
ase (a kind gift of Katsu Murakami, Pennsylvania State University)
were generated at 75°C, and then returned to 25°C. Purified Ccr4–
Not complex (or carrier protein) was added to the stalled elongation
complexes in the presence of 1 mg of yeast RNA. The samples were
run on 4% native gels. To measure runoff transcription, elongation
complexes were formed as described above, with the exception that
39O-methyl GTP was not added to the reactions. Then, UTP and
GTP were added to 50 mM and 100 mM, respectively, and the
samples were removed at the indicated time points. RNA was
purified and analyzed on urea-containing denaturing gels. The gels
were dried and analyzed using a PhosphorImager and scanned using
the Typhoon system (Molecular Dynamics).

Protein–RNA UV cross-linking

Elongation complexes were formed as described above in the
presence of NTP mix containing 0.1 mM ATP, 0.1 mM Br-UTP
(UV cross-linkable UTP analog), 5 mM CTP, and 4 mCi per reaction
of a-32P CTP. Purified Ccr4–Not complex was added to the stalled
elongation complexes and allowed to bind for 5 min. Yeast RNA
(0.3 mg) was then added to the reactions to reduce nonspecific
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binding of proteins to the nascent transcript. Protein-bound elon-
gation complexes were UV cross-linked for 10 min on ice using a
300-nm-wavelength lamp. The samples were then treated with
RNase A (400 ng) and DNase I (0.2 U) for 15 min at room tem-
perature. The reactions were boiled in SDS-PAGE buffer and pro-
teins were separated by a SDS-PAGE gel. Gels were dried and
exposed to a PhosphorImager screen and analyzed using a Phos-
phorImager. Gels were then rehydrated in water and silver-stained.
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