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Interdependence between Nrdl and Pcfl1 recruitment over NRD-dependent genes. ChIP analysis on the indicated genes of

Pcfl1 recruitment in Nrdl-overexpressed (A1) and Nrdl-depleted (A2) cells. Expression of GAL1:NRD1 was shut down for 6 h at 30°C
prior to analysis. (A3) Western blot showing levels of Nrdl and Pcfl1 following either NRD1 overexpression or depletion. Anti-Nrdl,
anti-HA, and anti-Tub2 antibodies were used to detect Nrd1, Pcfl11-HA, and Tub2, respectively. (B) ChIP analysis on the indicated genes
of Nrd1-TAP recruitment in cells overexpressing Pcf1 1; cells transformed with the respective plasmids were grown in SD —ura at 30°C. (C)
ChIP analysis on the indicated genes (as for B) of Nrd1 recruitment in pcf11-13. Trend lines emphasize Nrd1 profiles. (D) Growth tests of
the rrp6A pcf11-13 strain at an elevated temperature. Dilutions (1:10) were grown for 4 d at 32°C on SD medium. (E) Northern blots show-
ing transcriptional shutoff analysis of NEL025¢ ncRNA in pcf11-13 and seni-1. Cells were incubated at the nonpermissive temperature for
30 min prior to thiolutin-specific transcription inhibition. NEL025¢ long (NEL;) and short (NELg) forms are indicated. PGKI mRNA and
rRNA were used as degradation and loading controls. Diagrams above the graphs depict loci and positions of amplicons. The box at the 3’
end of NRD1 represents the TAP tag. The average of three experiments showing fold enrichment over the background control from a non-
transcribed region on Chromosome V (>1) is shown. Error bars represent standard deviation of repeats.

NRD terminators. This delayed Nrd1 recruitment profile
in pcf11-13 was not due to a general termination defect
over NRD-dependent genes. Thus, the Nrdl recruitment
profile over the same gene loci in the sen1-1 mutant (point
mutation in motif IV of the helicase domain 2) (Ursic et al.
1997) showed overall elevated Nrd1 levels but no relative
downstream shift in Nrdl binding (Supplemental Fig.
S6C1,2). Our analysis of Nrdl and Pcfll interplay over
NRD-dependent genes indicates that Nrd1 binding stimu-
lates Pcfll recruitment in the early stages of transcrip-
tion. In turn, Pcf11-CTD interaction prevents the spread
of Nrdl binding into terminator-distal regions.

The Nrd1 CID is known to affect RNA degradation, as it
interacts directly with Trf4 and so couples the nuclear
exosome with nascent RNA (Vasiljeva and Buratowski
2006; Kubicek et al. 2012; Heo et al. 2013; Tudek et al.
2014). We therefore investigated the possibility that the
observed aberrant Nrdl recruitment in pcf11-13 may af-
fect RNA turnover. Growth of the pcf11-13/rrp64 double
mutant was severely affected at subpermissive (32°C), per-
missive, and nonpermissive temperatures, while pcf11-2
had no synthetic effect with RRP6 deletion (Fig. 4D; Sup-
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plemental Fig. S7A). This phenotype was not due to a ge-
neral NRD termination defect in the rrp64 background, as
senl-1 combined with RRP6 deletion did not affect
growth (Supplemental Fig. S7B). Similarly, loss of Rrp6
did not reduce the growth rate of clp1-12 (Supplemental
Fig. S7C), another CFIA mutant, defective in mRNA
cleavage (Haddad et al. 2011).

To confirm a genetic interaction between Pcfll and
Rrp6, we assessed CUT542 (NEL025c) decay in pcf11-13
(Fig. 4E). Since Rrp6 rapidly degrades NELO25¢ in wild
type, we compared its accumulation in pcf11-13 with a
control strain, senl-1. When NRD-dependent transcrip-
tion termination is affected, NEL025c short (NELg) and
long (NEL;) forms are detectable (Thiebaut et al. 2006).
To investigate their decay, we inhibited transcription
with thiolutin and measured NEL025¢ levels over time.
Significantly, in pcf11-13, but not in senl-1, NELg ac-
cumulated in the first 10 min of inhibition and then sub-
sequently decreased. The readthrough product NEL;
decreased gradually in time in both pcf11-13 and seni-1.
NRD-independent PGK1 was similarly degraded in both
mutants (Fig. 4E; Supplemental Fig. S7D). The rrp6A
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enhanced pcf11-13 temperature-sensitive phenotype and
perturbed CUT degradation in pcf11-13 suggest an addi-
tional link between Pcfl1 and the NRD-dependent path-
way by showing a Pcfl1 CID role in the processing and
degradation of NRD-dependent RNA.

Pcf11 affects CTD Ser2 phosphorylation

Enhanced Nrdl recruitment over snoRNA genes was pre-
viously described for the ess17°*Fmutant, which is also
deficient in CTD Ser5-P dephosphorylation (Singh et al.
2009). We therefore investigated whether disturbance of
Nrdl-Pcfll exchange on chromatin, as we observed in
pcf11-13, correlates with Pol II CTD phosphorylation.
To evaluate differences in CTD phosphorylation between
wild type and pcf11-13, we normalized the ChIP signal of
phosphorylated Pol II to total Pol I levels. Our analyses of
Pol II phosphorylated at Ser5 did not show any clear or
consistent changes between wild type and pcf11-13 over
SNR13-TRS31, SNR5-HEM4, and NRD1 (Fig. 5A). In con-
trast, pcf11-13 showed substantially reduced Ser2 phos-
phorylation over these transcription units, up to six
times lower than in wild type (Fig. 5B). Note that some
Ser2 phosphorylated Pol II was detected over NBSs (Sup-
plemental Fig. S8A), as previously reported (Kim et al.
2010; Mayer et al. 2010; Tietjen et al. 2010; Bataille

Pcf11 mediates NRD-dependent termination

et al. 2012). To ensure that the observed phenotype was
not a general feature of an NRD-dependent transcription
termination defect, we investigated Pol II Ser2 phosphor-
ylation in senl-1. In contrast to pcf11-13, Ser2-P marks
were less affected in this mutant (Fig. 5C). To determine
whether the influence of Pcf11 on Ser2-P levels is specific
for NRD-dependent genes, we also examined CTD
phosphorylation over NRD-independent PMAI and
TDH3. Although levels of Pol II transcribing both genes
was comparable between wild type and the mutant (Sup-
plemental Fig. S8B), Ser2-P marks were again strongly re-
duced in pcf-11-13 (Fig. 5D; Supplemental Fig. S8C).
Global changes in Pol II Ser2 phosphorylation in pcf11-
13 were confirmed by Western blot (Fig. 5E). Thus, serial
dilutions of protein extracts from wild type and pcf11-13
(Supplemental Fig. S8D) were analyzed with antibody
against the Rpb1l N terminus and Ser5-P-specific or Ser2-
P-specific antibodies. Ser2 phosphorylated Pol II was
clearly depleted from the pcf11-13 extract. The signal
was significantly decreased at the first dilution as com-
pared with wild type and at the background levels in the
following dilutions. Note that levels of enzymes regulat-
ing CTD Ser2 phosphorylation (Ctkl and Fcpl) (Cho
et al. 2001) were not affected in pcf11-13 (Fig. 5F). Overall
these results indicate a general mechanism of Ser2 phos-
phorylation regulation through Pcf11-CTD interaction.
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Figure 5. Lack of Pcf11-CTD interaction modulates CTD Ser2 phosphorylation. ChIP analyses of Pol I CTD Ser5-P (A) and Ser2-P (B)
over selected NRD-dependent loci in pcf11-13 cells. (C) Accumulation of Ser2-P in the senl-1 mutant over the same NRD-dependent
genes. (D) Ser2-P over NRD-independent PMA1 and TDH3 in pcf11-13. Signals originating from phospho-CTD were normalized to total
Pol T level detected over the indicated amplicons. Averages from three biological repeats are shown; error bars indicate standard deviation.
Diagrams above the graphs depict loci and the locations of the amplicons. (E) Western blot analysis of total, Ser5, and Ser2 CTD phosphor-
ylated Pol Il in pcf11-13. Threefold dilutions of each protein extracts were blotted as indicated. Ponceaus staining relative to Ser2-P detec-
tion is shown in Supplemental Figure S8D. (F) Western blot showing levels of CTD Ser2 kinase Ctk1 and CTD Ser2 phosphatase Fepl in

pcf11-13. Tub2 was used as a loading control.
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We therefore next considered the association of Pcfll
with Senl, which is known to interact with Ser2 phos-
phorylated Rpbl (Chinchilla et al. 2012).

Pcf11 promotes Senl function

To investigate whether Pcfl1 facilitates Sen1-Pol II con-
tact and Senl function in NRD-dependent termination,
we undertook two approaches. First, we tested Senl1-Pol
II interaction under lowered CTD Ser2 phosphorylation
in pcf11-13. We used the sen1-R302W mutant, which har-
bors a point mutation in the N terminus that weakens
Senl-Pol II interaction (Finkel et al. 2010; Chinchilla
et al. 2012). Western blot analysis revealed reduced Pol IT
coimmunoprecipitated with Senl1-R302W in pcf11-13,
while the level of Nab3 coimmunoprecipitation with
Sen1-R302W was unaffected as compared with wild type
(Fig. 6A). This experiment showed that Pol I CTD-
Senl-R302W interaction was additionally reduced in
pcf11-13.

Second, we investigated whether pcf11-13 affects Senl
enzymatic activity in vivo. The helicase activity of Senl
is thought to be involved in RNA:DNA hybrid unwinding
(Mischo etal. 2011; Chan et al. 2014). Therefore, we tested
whether RNA:DNA hybrids localize in a similar way in

sen1-R302W-myc IP
e
WT pcf11-13

senl-1 and pcf11-13 by using a modified ChIP protocol
(DNA immunoprecipitation [DIP]) with the RNA:DNA-
specific antibody $9.6. This antibody recognizes RNA:
DNA duplexes of at least 15 nt in a sequence-independent
fashion (Boguslawski et al. 1986). Inactivation of Senl ac-
tivity or Pcfl1-CTD interaction similarly affected the
RNA:DNA hybrid profiles over NRD terminators, result-
ing in an accumulation downstream from the proximal
NBS (from amplicon 3 and beyond) of SNR13-TRS31,
SNR5-HEM4, and NRD1 (Fig. 6B,C). To show that the ob-
served RNA:DNA hybrid accumulation in senl-1 and
pcf11-13 correlated with the presence of NRD terminators,
we tested the NRD-independent gene PMA1. Notably, we
didnot detect any change in hybrid accumulation between
wild type and sen1-1 (Fig. 6D1). For pcf11-13, we observed a
general reduction of RNA:DNA hybrid levels (Fig. 6D2).
We finally tested other NRD complex mutants—nrd1-
102 and nab3-11 (point mutation and double point muta-
tion in the RRM, respectively) (Conrad et al. 2000)—for
RNA:DNA hybrid accumulation. No change in hybrid
level was observed over SNR13-TRS31, while their accu-
mulation was slightly lower over SNR5-HEM4 in nrd1-
102 than in wild type (Fig. 6E1). The nab3-11 mutant strain
showed only a minor increase of RNA:DNA hybrids over
NRD1 in the middle of the gene (Fig. 6E2). Our data
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Figure 6. RNA:DNA hybrids accumulate downstream from the NBS in sen1-1 and pcf11-13. (A) Analysis of Pol II-Sen1-R302W interac-
tions in pcf11-13 by Western blot. Sen1-R302W-myc was precipitated with anti-myc antibody. Coimmunoprecipitated Pol IT was detected
using anti-CTD antibody CMAG601, and Nab3 was detected with anti-Nab3 antibody. For Sen1-R302W-myc analysis, immunoprecipitat-
ed fractions were diluted five times prior to Western blot. Ponceaus§ staining shows membrane subjected to Sen1-R302W-myc detection.
(B-E) DNA immunoprecipitation (DIP) analysis of RNA:DNA hybrid accumulation over the indicated NRD-dependent genes and PMA1
insen1-1(B,D1), pcf11-13(C,D2), nrd1-102 (E1), and nab3-11 (E2). For each mutant, isogenic wild type (WT) was used. Diagrams and ChIP
standardization are as described for Figure 4. $9.6 antibody was used to precipitate RNA:DNA hybrids.
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indicate that RNA:DNA hybrids accumulate downstream
from proximal NBSs when either Senl activity or Pcfl1-
CTD interaction is inactivated.

Pol II pauses downstream from NRD-dependent
terminators in senl-1 and pcfl1-13 mutants

RNA:DNA hybrids have been shown to relate to Pol II
pausing in human cells (Skourti-Stathaki et al. 2011).
Thus, to reinforce Sen1-Pcfl1 association, we investigat-
ed whether RNA:DNA hybrid accumulation correlates
with Pol II profiles (precipitated with 8WG16 antibody)
in senl-1 and pcf11-13 (Fig. 7A,B). Analyses of seni-1
and pcf11-13 revealed that Pol II density decreased or re-
mained the same over the proximal parts of snoRNA
NRD terminators and the 5 end of NRD1 (amplicon 2)
when compared with wild type. However, in the regions
downstream, Pol II signals strongly accumulated in both
mutants on all three genes. The values obtained for re-
gions covered by amplicons 3 and 4 exceeded values
from the upstream regions (amplicon 2), which indicates
that Pol II that crossed proximal NBSs paused and piled
up. Our data are consistent with previous results showing
that Pol IT accumulation shifts toward the 3’ ends in the
sen1-E1597K mutant (Steinmetz et al. 2006b). To investi-
gate whether observed phenotypes for seni-1 and pcf11-13
are characteristic of other NRD complex mutants, we also
performed Pol IT ChIP analyses with nrd1-102 and nab3-
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11 (Fig. 7C1,C2). In these strains, although Pol IT extended
beyond the NRD terminators, its density did not exceed
upstream values (cf. the ratio of amplicon 2 to 3 and 4).
These results imply that Pol Il accumulation downstream
from the proximal NBS is a specific feature of Senl and
Pcfl1 inactivation rather than a general phenotype of ter-
mination-deficient NRD mutants.

To confirm that the observed Pol Il accumulation down-
stream from the NBS in senI-1 and, by extension, pcf11-13
is due to slow progression of polymerase across the down-
stream gene, we inserted the inducible GAL1 promoter
in place of the SNR13 promoter and analyzed transcrip-
tion kinetics over the GALI1::SNR13-TRS31 unit (Fig.
7D; Supplemental Fig. S9). Following repression of the
GAL1 promoter with glucose, the speed of transcribing
Pol I was determined by comparing the Pol II density
between the the NRD terminator (amplicon 2) and the
3’ end of TRS31 (amplicon 5). As a control for senl-1,
we used nrd1-102 and wild type. In senl-1, the amount
of Pol II at the TRS31 3’ end increased five times as
compared with ~1.5-fold for nrd1-102 after 1 min of repres-
sion. The Pol I level at the TRS31 3’ end was also higher
after 2.5 min of repression. Finally, the ratio reached 1 as
Pol 1T completed transcription of TRS31 after 5-10 min
in senl-1 and 2.5-5 min in nrd1-102. This experiment
confirms that upon loss of Senl activity, Pol II pausing
occurs downstream from the proximal regions of NRD
terminators.
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dependent genes in seni-1 (A), pcf11-13 (B), nrd1-102 (C1), and nab3-1 (C2). (D) ChIP analysis showing Pol II kinetics of accumulation
in wild type (WT), seni-1, and nrd1-102 on GAL1::SNR13-TRS31 under induced and repressed conditions at the indicated times. Ratio
of Pol II density over regions covered by amplicons 2 (NRD terminator) and 5 (TRS31 3’ end) are shown. Diagrams, ChIP procedure,
and standardization are as described for Figure 4. The Pol IT antibody was 8WG16. (E) A model of NRD-dependent transcription termina-

tion. (DNA) Thick black line; (RNA) red line.
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Discussion

Our results clarify the role of Pcf11 in transcription termi-
nation of NRD-dependent genes and show its widespread
involvement in the termination of ncRNA. Although
Pcfl1 also mediates the PAS/cleavage-dependent pathway
for some ncRNA genes, its main function in the NRD-de-
pendent pathway is to cooperate with Nrd1. We show that
Pcfl11 replaces Nrdl on the CTD and so facilitates CTD
phosphorylation at Ser2, which in turn promotes Senl
function. ncRNA show termination defects either in
Nrdl-depleted cells (Schulz et al. 2013) or upon Pcfl1 in-
activation (Kim et al. 2006, 2010). Strikingly, most
snoRNA, CUTs, and NAPC genes require both Nrdl
and Pcfl1 for transcription termination or attenuation
(Fig. 1). Our data therefore establish that NRD and
CPAC are not interchangeable at NRD-dependent genes,
as their transcription termination is equally compromised
by inactivation of either Nrdl or Pcfl1.

A cleavage-dependent PAS-like mechanism was previ-
ously suggested for ncRNA termination (Fatica et al.
2000; Morlando et al. 2002; Garas et al. 2008; Grzechnik
and Kufel 2008; Kim et al. 2010; Al Husini et al. 2013).
However, SNR13 and SNR33 were shown to require only
the Pcfl11 CID (Kim et al. 2006). Our results now demon-
strate that mRNA-like CPAC-dependent transcription
termination rarely acts on snoRNA. Instead, their termi-
nation is almost fully Pcf11-CID-dependent (Fig. 2.A,B).
Similarly, Pcf11-CID dependency is dominant for CUT
and NAPC gene termination. However, for both groups,
CPAC cleavage-dependent termination is used more fre-
quently than for snoRNA. Such termination may occur
on cryptic PASs, since the yeast PAS consensus sequence
Py(A), is highly redundant (Mischo and Proudfoot 2012)
and may be present more often in longer CUT's and atten-
uation regions than more compact snoRNA termina-
tors. Cleavage-dependent termination is dominant over
Pcfl1-CID dependency for SUTs and XUTs (Fig. 2B),
which correlates with known decreased NRD dependency
in these groups (Schulz et al. 2013). Taking into account
these relationships, we suggest that Pcf11 is a general com-
ponent of the NRD termination pathway, where itactsina
CID-dependent manner, separate from its CPAC function.

Previous studies suggested that Pcf11 and Nrdl chro-
matin association overlaps at NRD terminators (Kim
etal. 2010). However, we now show that Pcf11 is recruited
downstream from Nrdl-binding positions over distal
NRD terminator regions (Fig. 3). Interestingly, even
though Pcfl11 and Nrdl do not directly compete for CTD
binding, their corecruitment is still interconnected.
Thus, Pcfl1 recruitment over NRD terminators increases
upon Nrdl overexpression and decreases upon Nrdl
depletion (Fig. 4A). Such a cooperative mechanism may fa-
cilitate Pcfl1 recruitment at early stages of transcription.
Similarly, at the 3’ ends of protein-coding genes, Pcfl1 is
recruited in a cooperative manner with another CID-con-
taining protein, Rtt103 (Lunde et al. 2010). In contrast,
Nrd1 recruitment is Pcfl1-independent (Fig. 4B). Notably,
Pcfl1 acts to restrict Nrd1 over the distal regions of NRD
terminators (Fig. 4C).
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Unexpectedly, the Pefll CID mutation genetically in-
teracts with the nuclear exosome cofactor exonuclease
Rrp6. Deletion of RRP6 was shown to alleviate the tem-
perature-sensitive phenotype of mutation in another
CFIA factor, RNA14 (Torchet et al. 2002). In contrast,
rrp6A strongly exacerbated the pcf11-13 temperature-sen-
sitive phenotype (Fig. 4D). Pcfll-dependent release of
Nrdl from the CTD may facilitate Nrdl CID-Trf4 inter-
action and exosome recruitment (Tudek et al. 2014) and
subsequent processing or degradation of ncRNA. Consis-
tently, thiolutin-dependent transcriptional shutoff in
pcf11-13 was followed by an initially strong increase of
ncRNA NEL025¢ and its subsequent delayed degradation.
Thiolutin inhibits transcription initiation but has less ef-
fect on elongation (Tipper 1973). Therefore, the observed
NEL025¢ accumulation may represent RNA associated
with Nrdl and transcribing Pol II, which is not degraded
until Nrd1 is released from the CTD.

The importance of Pol II Ser2-P marks for NRD termi-
nation is underscored by the fact that mutations of the
Ser2 kinases Ctk1 and Burl affect termination of NRD-de-
pendent genes (Steinmetz et al. 2001; Tomson et al. 2012;
Lenstra et al. 2013). Consistently, CTD Ser2 alanine sub-
stitutions also affect NRD-dependent termination (Len-
stra et al. 2013). Our results reveal that Pcfl1-CTD
interaction enhances Ser2 phosphorylation levels (Fig.
5B,E). We predict that Pcfl1 may enhance Ser2-P levels
by its physical presence on the CTD, which may restrict
phosphatase accessibility. Ser2-P marks are also needed
for direct Sen1-Rpb1 interaction (Chinchilla et al. 2012),
which is in turn crucial for transcription termination in
vivo (Finkel et al. 2010; Chen et al. 2014). Indeed, we ob-
served a decrease in Senl-Pol II interaction in pcf11-13
(Fig. 6A), suggesting that Pcfll facilitates this contact.
This is consistent with the crystal structure of the Pcfl1
CID with CTD peptides that indicates Ser2-P accessibility
for termination factors such as Senl (Meinhart and
Cramer 2004).

Inactivation of Sen1 helicase activity in senl-1 resulted
in accumulation of RNA:DNA hybrids (Mischo et al.
2011; Chan et al. 2014}, especially over the distal parts
of NRD terminators and in the regions downstream (Fig.
6B). As with senl-1, we also detected accumulation of
RNA:DNA hybrids in the same regions in pcf11-13 (Fig.
6C). This indicates that Sen1 helicase activity is reduced
upon Pcfll CID mutation. We predict that a principal
function of Pcfll in the NRD pathway is to replace
Nrdl on the CTD and so allow Ser2 phosphorylation.
This in turn enables Sen1-Rpb1 contact and Sen1 translo-
cation that unwinds RNA:DNA hybrids behind Pol II.
This model of Pcfll function is reinforced by the fact
that RNA:DNA hybrids accumulate over distal NRD ter-
minator regions in senl-1 and pcf11-13 and effectively
colocalize with Pcfll recruitment in wild type (Figs. 3,
6B,C].

RNA:DNA hybrids have been linked with transcription
termination and Pol II pausing (Bentin et al. 2005; Boch-
kareva et al. 2011; Mischo et al. 2011; Skourti-Stathaki
et al. 2011). Using ChIP analyses, we show that a similar
association exists in senl-1 and pcf11-13, as both mutants
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display a phenotype in which Pol IT accumulates over dis-
tal regions of NRD terminators (Fig. 7A,B). This suggests
that, in these mutants, Pol II that has passed the proximal
NBS pauses prior to release by Senl from the DNA tem-
plate. This is consistent with previous studies showing
that slow transcription rates or pausing are required for
the Senl-associated termination process (Hazelbaker
et al. 2012). Possibly, the stepwise interaction of the Pol
II CTD first with Nrdl and then with Pcfl1 may protect
the CTD from elongation factor binding and favor tran-
scription termination (“termination window”) (Hazel-
baker et al. 2012) rather than continued elongation.
Indeed, metagene analysis shows that Pol II termination
of ncRNA in cells growing at 25°C overlapped with
Nrdl binding (Fig. 2A). However, at 37°C, snoRNA and
CUT termination as well as protein-coding gene attenua-
tion shifted to further downstream to the distal NRD ter-
minator regions where Pcfll reached its maximum.
Elevated temperature increases the Pol II transcription
rate (Miguel et al. 2013). Under such conditions, Senl
may not be efficiently engaged over the proximal regions
of NRD terminators and require higher Pcfl1 concentra-
tion on chromatin to terminate transcription. This also
suggests that the distal NRD regions are more efficient
terminators than the proximal regions. Consistently, the
same phenotype of termination and attenuation shift
was repeated in pcf11-13 at 25°C, at which the compro-
mised Pcf11-CTD interaction was not sufficient to sup-
port early termination of slow transcribed Pol II (Fig. 2A).
Our data suggest a more complete model for the mech-
anism of NRD-dependent transcriptional termination
(Fig. 7E). NBSs present on the nascent RNA and Ser5 phos-
phorylated CTD act to recruit the NRD complex. The
simultaneous binding of NRD to Pol II and the nascent
transcript bridge the RNA and DNA templates and so
stimulate the formation of the RNA:DNA hybrid between
the transcript and the complementary DNA strand. Nrd1
binding stimulates Pcfl1 recruitment, which in turn re-
leases Nrdl. Subsequent association of the CTD first
with Nrdl and then Pcfl1 protects Pol I against the tran-
sition into the elongation phase and so restricts Pol II
transcription. Pcf11 then facilitates stable CTD Ser2 phos-
phorylation, which promotes Sen1-Pol Il interaction. Sen1
then translocates along the nascent RNA and unwinds the
RNA:DNA hybrid formed behind the transcribing com-
plex to promote release of Pol II from DNA. This final
step executes the full transcription termination process.

Materials and methods

Yeast strains

Strains used in this work are listed in the Supplemental Material.
Temperature-sensitive mutants were grown in YPD at 25°C to
ODgp = 0.4 and shifted for 1 h to 37°C unless indicated otherwise.

Bioinformatics analyses

Available ChIP-chip data sets for Nrd1l and Pcfll in wild-type
cells and Pol II in pcf11-9 versus wild type from Kim et al.

Pcf11 mediates NRD-dependent termination

(2010) were reanalyzed and compared with analysis of newly gen-
erated ChIP-seq data (accession no. GSE67483). More details re-
garding data analysis can be found in the Supplemental Material.

ChIP and DIP

ChIP samples for qPCR and genome-wide analyses were prepared
as described (Grzechnik and Kufel 2008). Precipitated DNA was
amplified with Sensimix (Bioline) on a Rotogene (Corbett).
Detailed protocol and quantification of ChIP/DIP values are de-
scribed in the Supplemental Material. Detailed maps and ampli-
con locations for specific genes are presented in Supplemental
Figure S5. For genome-wide analysis of PCF11 mutants, chroma-
tin was precipitated with CMAGO1 antibody (Stasevich et al.
2014). Deep sequencing was performed by the High-Throughput
Genomics Group at the University of Oxford.

Protein analyses

For immunoprecipitation experiments, protein extracts were in-
cubated for 2 h at 4°C with protein A and G magnetic beads
(Dynabeads, Life Technologies) preincubated with an appropriate
antibody. For Western blot analysis, proteins were resolved in
Tris-acetate gels (Life Technologies) and electrotransferred into
nitrocellulose membrane. Working concentrations of particular
antibodies are shown in the Supplemental Material.

Acknowledgments

We thank members of N.J.P.’s laboratory for help and support.
We also thank A.R. Rahmouni, J. Kufel, L. Minvielle-Sebastia,
M.R. Culbertson, J. Corden, S. Buratowski, H. Kimura, and J.
Greenblatt for provision of plasmids, strains, and antibodies.
We thank the High-Throughput Genomics Group at the Well-
come Trust Centre for Human Genetics (funded by Wellcome
Trust grant 090532/Z/09Z) for the generation of the sequencing
data. N.J.P.’s laboratory is supported by a Wellcome Trust Pro-
gramme Grant (091805/Z/10/Z) and a European Research Council
Advanced Grant (339270, polyloop). P.G. was also supported by
an EMBO Long-Term Fellowship.

References

Al Husini N, Kudla P, Ansari A. 2013. A role for CF1A 3’ end pro-
cessing complex in promoter-associated transcription. PLoS
Genet 9: e1003722.

Almada AE, Wu X, Kriz AJ, Burge CB, Sharp PA. 2013. Promoter
directionality is controlled by U1 snRNP and polyadenylation
signals. Nature 499: 360-363.

Amrani N, Minet M, Wyers F, Dufour ME, Aggerbeck LP, Lac-
route F. 1997. PCF11 encodes a third protein component of
yeast cleavage and polyadenylation factor I. Mol Cell Biol
17: 1102-1109.

Arigo JT, Carroll KL, Ames JM, Corden JL. 2006a. Regulation of
yeast NRDI expression by premature transcription termina-
tion. Mol Cell 21: 641-651.

Arigo JT, Eyler DE, Carroll KL, Corden JL. 2006b. Termination of
cryptic unstable transcripts is directed by yeast RNA-binding
proteins Nrd1 and Nab3. Mol Cell 23: 841-851.

Barilla D, Lee BA, Proudfoot NJ. 2001. Cleavage/polyadenylation
factor TA associates with the carboxyl-terminal domain of
RNA polymerase II in Saccharomyces cerevisiae. Proc Natl
Acad Sci 98: 445-450.

GENES & DEVELOPMENT 859


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on April 15, 2015 - Published by Cold Spring Harbor Laboratory Press

Grzechnik et al.

Bataille AR, Jeronimo C, Jacques PE, Laramee L, Fortin ME, For-
est A, Bergeron M, Hanes SD, Robert F. 2012. A universal
RNA polymerase Il CTD cycle is orchestrated by complex in-
terplays between kinase, phosphatase, and isomerase en-
zymes along genes. Mol Cell 45: 158-170.

Bentin T, Cherny D, Larsen HJ, Nielsen PE. 2005. Transcription
arrest caused by long nascent RNA chains. Biochim Biophys
Acta 1727: 97-105.

Birse CE, Minvielle-Sebastia L, Lee BA, Keller W, Proudfoot NJ.
1998. Coupling termination of transcription to messenger
RNA maturation in yeast. Science 280: 298-301.

Bochkareva A, Yuzenkova Y, Tadigotla VR, Zenkin N. 2011. Fac-
tor-independent transcription pausing caused by recognition
of the RNA-DNA hybrid sequence. EMBO ] 31: 630-639.

Boguslawski SJ, Smith DE, Michalak MA, Mickelson KE, Yehle
CO, Patterson WL, CarricoR]. 1986. Characterization of mono-
clonal antibody to DNA.RNA and its application to immuno-
detection of hybrids. ] Immunol Methods 89: 123-130.

Carroll KL, Pradhan DA, Granek JA, Clarke ND, Corden JL. 2004.
Identification of cis elements directing termination of yeast
nonpolyadenylated snoRNA transcripts. Mol Cell Biol 24:
6241-6252.

Carroll KL, Ghirlando R, Ames JM, Corden JL. 2007. Interaction
of yeast RNA-binding proteins Nrd1 and Nab3 with RNA po-
lymerase II terminator elements. RNA 13: 361-373.

Chan YA, Aristizabal MJ, Lu PY, Luo Z, Hamza A, Kobor MS,
Stirling PC, Hieter P. 2014. Genome-wide profiling of yeast
DNA:RNA hybrid prone sites with DRIP-chip. PLoS Genet
10: €1004288.

Chen X, Muller U, Sundling KE, Brow DA. 2014. Saccharomyces
cerevisiae Senl as a model for the study of mutations in hu-
man Senataxin that elicit cerebellar ataxia. Genetics 198:
577-590.

Chinchilla K, Rodriguez-Molina JB, Ursic D, Finkel JS, Ansari AZ,
Culbertson MR. 2012. Interactions of Senl, Nrdl, and Nab3
with multiple phosphorylated forms of the Rpbl C-terminal
domain in Saccharomyces cerevisiae. Eukaryot Cell 11:
417-429.

Cho EJ, Kobor MS, Kim M, Greenblatt ], Buratowski S. 2001. Op-
posing effects of Ctk1 kinase and Fepl phosphatase at Ser 2 of
the RNA polymerase II C-terminal domain. Genes Dev 15:
3319-3329.

Conrad NK, Wilson SM, Steinmetz EJ, Patturajan M, Brow DA,
Swanson MS, Corden JL. 2000. A yeast heterogeneous nuclear
ribonucleoprotein complex associated with RNA polymerase
II. Genetics 154: 557-571.

Creamer TJ, Darby MM, Jamonnak N, Schaughency P, Hao H,
Wheelan SJ, Corden JL. 2011. Transcriptome-wide binding
sites for components of the Saccharomyces cerevisiae non-
poly(A) termination pathway: Nrdl, Nab3, and Senl. PLoS
Genet 7: €1002329.

Fatica A, Morlando M, Bozzoni L. 2000. Yeast snoRNA accumula-
tion relies on a cleavage-dependent/polyadenylation-indepen-
dent 3'-processing apparatus. EMBO ] 19: 6218-6229.

Finkel JS, Chinchilla K, Ursic D, Culbertson MR. 2010. Senlp
performs two genetically separable functions in transcription
and processing of U5 small nuclear RNA in Saccharomyces
cerevisiae. Genetics 184: 107-118.

Ganem C, Devaux F, Torchet C, Jacq C, Quevillon-Cheruel S,
Labesse G, Facca C, Faye G. 2003. Ssu72 is a phosphatase es-
sential for transcription termination of snoRNAs and specific
mRNAs in yeast. EMBO ] 22: 1588-1598.

Garas M, Dichtl B, Keller W. 2008. The role of the putative 3’ end
processing endonuclease Yshlp in mRNA and snoRNA syn-
thesis. RNA 14: 2671-2684.

860 GENES & DEVELOPMENT

Grzechnik P, Kufel J. 2008. Polyadenylation linked to transcrip-
tion termination directs the processing of snoRNA precursors
in yeast. Mol Cell 32: 247-258.

Gudipati RK, Villa T, Boulay J, Libri D. 2008. Phosphorylation of
the RNA polymerase I C-terminal domain dictates transcrip-
tion termination choice. Nat Struct Mol Biol 15: 786-794.

Haddad R, Maurice F, Viphakone N, Voisinet-Hakil F, Fribourg S,
Minvielle-Sebastia L. 2011. An essential role for Clpl in as-
sembly of polyadenylation complex CFIA and Pol II transcrip-
tion termination. Nucleic Acids Res 40: 1226-1239.

Hazelbaker DZ, Marquardt S, Wlotzka W, Buratowski S. 2012. Ki-
netic competition between RNA Polymerase II and Sen1-de-
pendent transcription termination. Mol Cell 49: 55-66.

Heo DH, Yoo I, Kong J, Lidschreiber M, Mayer A, Choi BY, Hahn
Y, Cramer P, Buratowski S, Kim M. 2013. The RNA polymer-
ase II C-terminal domain-interacting domain of yeast Nrdl
contributes to the choice of termination pathway and couples
to RNA processing by the nuclear exosome. ] Biol Chem 288:
36676-36690.

Kim M, Vasiljeva L, Rando OJ, Zhelkovsky A, Moore C, Buratow-
ski S. 2006. Distinct pathways for snoRNA and mRNA termi-
nation. Mol Cell 24: 723-734.

Kim H, Erickson B, Luo W, Seward D, Graber JH, Pollock DD,
Megee PC, Bentley DL. 2010. Gene-specific RNA polymerase
I phosphorylation and the CTD code. Nat Struct Mol Biol 17:
1279-1286.

Kubicek K, Cerna H, Holub P, Pasulka J, Hrossova D, Loehr F,
Hofr C, Vanacova S, Stefl R. 2012. Serine phosphorylation
and proline isomerization in RNAP II CTD control recruit-
ment of Nrdl. Genes Dev 26: 1891-1896.

Kuchner JN, Brow DA. 2008. Regulation of a eukaryotic gene by
GTP-dependent start site selection and transcription attenua-
tion. Mol Cell 31: 201-211.

Lenstra TL, Tudek A, Clauder S, Xu Z, Pachis ST, van Leenen D,
Kemmeren P, Steinmetz LM, Libri D, Holstege FC. 2013. The
role of Ctk1 kinase in termination of small non-coding RNAs.
PLoS One 8: e80495.

Lunde BM, Reichow SL, Kim M, Suh H, Leeper TC, Yang F,
Mutschler H, Buratowski S, Meinhart A, Varani G. 2010. Co-
operative interaction of transcription termination factors
with the RNA polymerase II C-terminal domain. Nat Struct
Mol Biol 17: 1195-1201.

Marquardt S, Hazelbaker DZ, Buratowski S. 2011. Distinct RNA
degradation pathways and 3’ extensions of yeast non-coding
RNA species. Transcription 2: 145-154.

Mayer A, Lidschreiber M, Siebert M, Leike K, Soding J, Cramer P.
2010. Uniform transitions of the general RNA polymerase II
transcription complex. Nat Struct Mol Biol 17: 1272-1278.

Meinhart A, Cramer P. 2004. Recognition of RNA polymerase II
carboxy-terminal domain by 3’-RNA-processing factors. Na-
ture 430: 223-226.

Miguel A, Monton F, Li T, Gomez-Herreros F, Chavez S, Alepuz
P, Perez-Ortin JE. 2013. External conditions inversely change
the RNA polymerase II elongation rate and density in yeast.
Biochim Biophys Acta 1829: 1248-1255.

Mischo HE, Proudfoot NJ. 2012. Disengaging polymerase: termi-
nating RNA polymerase I transcription in budding yeast. Bio-
chim Biophys Acta 1829: 174-185.

Mischo HE, Gomez-Gonzalez B, Grzechnik P, Rondon AG, Wei
W, Steinmetz L, Aguilera A, Proudfoot NJ. 2011. Yeast Senl
helicase protects the genome from transcription-associated
instability. Mol Cell 41: 21-32.

Morlando M, Greco P, Dichtl B, Fatica A, Keller W, Bozzoni L
2002. Functional analysis of yeast snoRNA and snRNA 3'-


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on April 15, 2015 - Published by Cold Spring Harbor Laboratory Press

end formation mediated by uncoupling of cleavage and polya-
denylation. Mol Cell Biol 22: 1379-1389.

Ntini E, Jarvelin Al Bornholdt J, Chen Y, Boyd M, Jorgensen M,
Andersson R, Hoof I, Schein A, Andersen PR, et al. 2013. Poly-
adenylation site-induced decay of upstream transcripts en-
forces promoter directionality. Nat Struct Mol Biol 20:
923-928.

Porrua O, Libri D. 2013. A bacterial-like mechanism for transcrip-
tion termination by the Senlp helicase in budding yeast. Nat
Struct Mol Biol 20: 884-891.

Sadowski M, Dichtl B, Hubner W, Keller W. 2003. Independent
functions of yeast Pcfllp in pre-mRNA 3’ end processing
and in transcription termination. EMBO ] 22: 2167-2177.

Schulz D, Schwalb B, Kiesel A, Baejen C, Torkler P, Gagneur J,
Soeding J, Cramer P. 2013. Transcriptome surveillance by
selective termination of noncoding RNA synthesis. Cell
155: 1075-1087.

Singh N, Ma Z, Gemmill T, Wu X, Defiglio H, Rossettini A, Rab-
eler C, Beane O, Morse RH, Palumbo MJ, et al. 2009. The Ess1
prolyl isomerase is required for transcription termination of
small noncoding RNAs via the Nrdl pathway. Mol Cell 36:
255-266.

Skourti-Stathaki K, Proudfoot NJ, Gromak N. 2011. Human sen-
ataxin resolves RNA/DNA hybrids formed at transcriptional
pause sites to promote Xrn2-dependent termination. Mol
Cell 42: 794-805.

Stasevich TJ, Hayashi-Takanaka Y, Sato Y, Maehara K, Ohkawa
Y, Sakata-Sogawa K, Tokunaga M, Nagase T, Nozaki N,
McNally JG, et al. 2014. Regulation of RNA polymerase II ac-
tivation by histone acetylation in single living cells. Nature
516: 272-275.

Steinmetz EJ, Brow DA. 2003. Ssu72 protein mediates both poly
(A)-coupled and poly(A)-independent termination of RNA po-
lymerase II transcription. Mol Cell Biol 23: 6339-6349.

Steinmetz EJ, Conrad NK, Brow DA, Corden JL. 2001. RNA-bind-
ing protein Nrdl directs poly(A)-independent 3’-end forma-
tion of RNA polymerase II transcripts. Nature 413: 327-331.

Steinmetz EJ, Ng SB, Cloute JP, Brow DA. 2006a. Cis- and trans-
acting determinants of transcription termination by yeast
RNA polymerase II. Mol Cell Biol 26: 2688-2696.

Steinmetz EJ, Warren CL, Kuehner JN, Panbehi B, Ansari AZ,
Brow DA. 2006b. Genome-wide distribution of yeast RNA po-
lymerase II and its control by Senl helicase. Mol Cell 24:
735-746.

Pcf11 mediates NRD-dependent termination

Thiebaut M, Kisseleva-Romanova E, Rougemaille M, Boulay J,
Libri D. 2006. Transcription termination and nuclear degrada-
tion of cryptic unstable transcripts: a role for the nrd1-nab3
pathway in genome surveillance. Mol Cell 23: 853-864.

Thiebaut M, Colin J, Neil H, Jacquier A, Seraphin B, Lacroute F,
Libri D. 2008. Futile cycle of transcription initiation and ter-
mination modulates the response to nucleotide shortage in
S. cerevisiae. Mol Cell 31: 671-682..

Tietjen JR, Zhang DW, Rodriguez-Molina JB, White BE, Akhtar
MS, Heidemann M, Li X, Chapman RD, Shokat K, Keles S,
et al. 2010. Chemical-genomic dissection of the CTD code.
Nat Struct Mol Biol 17: 1154-1161.

Tipper DJ. 1973. Inhibition of yeast ribonucleic acid polymerases
by thiolutin. ] Bacteriol 116: 245-256.

Tomson BN, Crisucci EM, Heisler LE, Gebbia M, Nislow C,
Arndt KM. 2012.. Effects of the Pafl complex and histone mod-
ifications on snoRNA 3'-end formation reveal broad and locus-
specific regulation. Mol Cell Biol 33: 170-182.

Torchet C, Bousquet-Antonelli C, Milligan L, Thompson E, Kufel
J, Tollervey D. 2002. Processing of 3'-extended read-through
transcripts by the exosome can generate functional mRNAs.
Mol Cell 9: 1285-1296.

Tudek A, Porrua O, Kabzinski T, Lidschreiber M, Kubicek K, For-
tova A, Lacroute F, Vanacova S, Cramer P, Stefl R, et al. 2014.
Molecular basis for coordinating transcription termination
with noncoding RNA degradation. Mol Cell 55: 467-481.

Ursic D, Himmel KL, Gurley KA, Webb F, Culbertson MR. 1997.
The yeast SEN1 gene is required for the processing of diverse
RNA classes. Nucleic Acids Res 25: 4778-4785.

Vasiljeva L, Buratowski S. 2006. Nrd1 interacts with the nuclear
exosome for 3’ processing of RNA polymerase II transcripts.
Mol Cell 21: 239-248.

Vasiljeva L, Kim M, Mutschler H, Buratowski S, Meinhart A.
2008. The Nrd1-Nab3-Senl termination complex interacts
with the Ser5-phosphorylated RNA polymerase II C-terminal
domain. Nat Struct Mol Biol 15: 795-804.

Webb S, Hector RD, Kudla G, Granneman S. 2014. PAR-CLIP
data indicate that Nrd1-Nab3-dependent transcription termi-
nation regulates expression of hundreds of protein coding
genes in yeast. Genome Biol 15: R8.

Xu Z, Wei W, Gagneur J, Perocchi F, Clauder-Munster S, Camb-
long J, Guffanti E, Stutz F, Huber W, Steinmetz LM. 2009.
Bidirectional promoters generate pervasive transcription in
yeast. Nature 457: 1033-1037.

GENES & DEVELOPMENT 861


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on April 15, 2015 - Published by Cold Spring Harbor Laboratory Press

=8 1-8-3

dlevelopment

Pcfll orchestrates transcription termination pathways in yeast
Pawel Grzechnik, Michal Ryszard Gdula and Nick J. Proudfoot

Genes Dev. 2015 29: 849-861
Access the most recent version at doi:10.1101/gad.251470.114

Supplemental  http://genesdev.cship.org/content/suppl/2015/04/15/29.8.849.DC1.html
Material

References This article cites 64 articles, 21 of which can be accessed free at:
http://genesdev.cshlp.org/content/29/8/849.full.html#ref-list-1

Open Access Freely available online through the Genes & Development Open Access option.

Creative This article, published in Genes & Development, is available under a Creative Commons
Commons License (Attribution-NonCommercial 4.0 International), as described at
License http://creativecommons.org/licenses/by-nc/4.0/.

Email Alerting  Receive free email alerts when new articles cite this article - sign up in the box at the top
Service right corner of the article or click here.

Finally! Antibodies you can trust.
Unparalleled ChiP & ChiP+seq with rigorously

diagendtie

validated antibodies " Inncyating Epigenetic Solutions

To subscribe to Genes & Development go to:
http://genesdev.cshlp.org/subscriptions

© 2015 Grzechnik et al.; Published by Cold Spring Harbor Laboratory Press


http://genesdev.cshlp.org/lookup/doi/10.1101/gad.251470.114
http://genesdev.cshlp.org/content/suppl/2015/04/15/29.8.849.DC1.html
http://genesdev.cshlp.org/content/29/8/849.full.html#ref-list-1
http://creativecommons.org/licenses/by-nc/4.0/
http://genesdev.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=genesdev;29/8/849&return_type=article&return_url=http://genesdev.cshlp.org/content/29/8/849.full.pdf
http://genesdev.cshlp.org/cgi/adclick/?ad=41532&adclick=true&url=http%3A%2F%2Fwww.diagenode.com%2Fen%2Flanding-pages%2Fsequencing-science.php%3Futm_source%3DGenDev%26utm_medium%3Dbanner%26utm_campaign%3DMicroplex
http://genesdev.cshlp.org/subscriptions
http://genesdev.cshlp.org/
http://www.cshlpress.com

