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Abstract

At the 3’ end of protein-coding genes, RNA polymerase (Pol) 1l is dephosphorylated at tyrosine
(Tyrl) residues of its C-terminal domain (CTD). In addition, the associated cleavage and
polyadenylation (pA) factor (CPF) cleaves the transcript and adds a polyA tail. Whether these
events are coordinated and how they lead to transcription termination remains poorly understood.
Here we show that CPF from Saccharomyces cerevisiae is a Pol Il CTD phosphatase and that the
CPF subunit Glc7 dephosphorylates Tyr1 in vitro. In vivo, the activity of Glc7 is required for
normal Tyr1 dephosphorylation at the pA site, for recruitment of termination factors Pcf11 and
Rtt103, and for normal Pol 11 termination. These results show that transcription termination
involves Tyrl dephosphorylation of the CTD and indicate that pre-mRNA processing by CPF and
transcription termination are coupled via Glc7-dependent Pol Il Tyrl dephosphorylation.

The synthesis of MRNA by Pol Il involves co-transcriptional pre-mRNA processing
including 5’-capping, splicing and 3’-end processing. Pol Il recruits pre-mRNA processing
factors via its CTD throughout transcription!3 and this process is regulated by changes in
CTD phosphorylation®. The CTD forms a flexible extension of Pol Il consisting of 26
(yeast) or 52 (human) heptapeptide repeats of the consensus sequence Tyrl-Ser2—-Pro3—
Thrd-Ser5-Pro6-Ser7. When Pol Il is recruited to promoters, the CTD is not
phosphorylated®. As transcription proceeds, Ser5 phosphorylation recruits the mRNA 5/-
capping machinery near the promoter®8, whereas Ser2 phosphorylation recruits 3'-
processing and termination factors near the pA site’. Tyrl phosphorylation prevents
premature recruitment of termination factors within gene bodies8. At the pA site, Tyrl
phosphorylation levels drop, whereas Ser2 phosphorylation remains, apparently enabling
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termination factor recruitment®. Thus, CTD kinases and phosphatases play key roles in
mRNA synthesis?.

Addition of a 3’ polyA tail to mRNA facilitates nuclear export, regulates the stability of
mRNAs and enhances translation®-11. 3’-end processing is performed by a large number of
proteins including the ~1 MDa CPF complex (CPSF in mammals), which cleaves pre-
mRNA with its endonuclease subunit (Ysh1/CPSF73) and then polyadenylates the new 3'-
end with its polyA polymerase (Pap1/PAP)12: 13, Accessory proteins, such as CF 1A
(comprised of Pcf11, Clp1, Rnal4 and Rnal5) and CF IB in yeast, contribute to the
specificity and efficiency of 3’-end processing reactions.

The cleavage and polyadenylation machinery is recruited to nascent transcripts early in the
transcription cycle. CPF associates with the Pol Il CTD and TFIID at promoters and is
presumed to travel with the transcription complex until it reaches the pA sitel2.
Interestingly, the Pol Il CTD itself is proposed to play a role in 3’-end processing since it is
required for efficient pre-mRNA processing in vivol41® and stimulates the cleavage event in
vitro®, Disruption of 3’-end processing can lead to defects in transcription termination
suggesting an intimate link between these two processes!’. For example, temperature
sensitive mutations in CF IA subunits result in defective transcription termination!8. Pcf11
contains a CTD-interacting domain (CID) that binds Ser2-phosphorylated CTD and plays a
role in transcription termination, separable from its role in 3’-end processing 1519-21,

The transition from transcription elongation to termination involves CTD Tyrl
dephosphorylation by an unknown phosphatase. We reasoned that the Tyrl phosphatase
might be part of the mMRNA 3’-end processing and termination machinery. In particular, CPF
contains two candidate phosphatases, Ssu7222:23 and Glc724. Ssu72 can dephosphorylate
CTD residue Ser5 during transcription elongation?22%:26, G|c7 is implicated in transcription
termination on snoRNA genes2’, in mRNA export?8 and in the polyadenylation activity of
CPF2? but has no known CTD-related activity. We therefore set out to investigate the role of
CPF in CTD phosphorylation. Here, we show that Glc7 is a Tyrl phosphatase both in vitro
and in vivo. We further show that Glc7 is required for normal recruitment of termination
factors and Pol 11 termination in vivo.

CPF subunit Glc7 dephosphorylates CTD Tyrl in vitro

To investigate whether Ssu72 or Glc7 has CTD Tyrl phosphatase activity we purified
endogenous CPF from yeast. Analysis of the entire CPF complex was necessary since
isolated phosphatases generally have little specificity, and target-specific dephosphorylation
often relies on cofactors3, The resulting preparations contained all CPF subunits, including
Ssu72 and Glc7 (Fig. 1a). To test CPF preparations for CTD phosphatase activity, we used a
substrate of purified yeast Pol 11 that had been pre-phosphorylated with MAP kinase,
including on Tyr1, Ser2, and Ser5 (Methods; Fig. 1b, lane 1). In these assays, we used a
molar ratio of CPF to Pol Il of 1:4, i.e. 1:104 of CPF to each Pol |1 CTD heptad. Incubation
with CPF led to almost complete dephosphorylation of Tyrl, Ser2 and Ser5, as revealed by
Western blotting (Fig. 1b, lanes 3-5).

To identify which of the two CPF phosphatases was responsible for Tyrl dephosphorylation,
we specifically inhibited Glc7 with EDTA or microcystin. EDTA chelates metal ions and
abolishes activity of the metal ion-dependent phosphatase Glc731:32, but does not affect
Ssu72 activity, which is metal ion-independent23. Microcystin is a bacterial toxin that
specifically inhibits PP1 and PP2A-type phosphatases3? including Glc7, but not Ssu72.
Addition of 10 mM EDTA or 200 nM microcystin to the reaction selectively inhibited Tyrl
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and Ser2 dephosphorylation, whereas Ser5 dephosphorylation was still observed (Fig. 1b,
lanes 6-13). These results show that the Glc7 subunit of CPF functions as a CTD
phosphatase for Tyrl and Ser2 in vitro.

Glc7 is required for Tyrl dephosphorylation in vivo

To investigate whether Glc7 acts as a CTD phosphatase in vivo, we depleted Glc7 from the
nucleus using the anchor-away method33 (Supplementary Fig. 1a) and monitored changes in
genome-wide occupancy of Tyrl- and Ser2-phosphorylated Pol Il by chromatin
immunoprecipitation (ChIP) profiling34. For metagene analysis of ChlP-chip data, we
aligned genes at their pA sites and excluded genes flanked by a neighboring gene within 400
nucleotides downstream of their pA site. This showed that nuclear depletion of Glc7 with
rapamycin led to a defect in Tyrl dephosphorylation at the pA site (Fig. 2a). In addition, the
levels of Tyrl phosphorylation increased around the transcription start site (TSS,
Supplementary Fig. 2). The defect in Tyrl dephosphorylation was also observed on
individual genes (Fig. 2b), and was not due to treatment with rapamycin (Supplementary
Fig. 3).

Nuclear depletion of Glc7 specifically affected Tyrl dephosphorylation, and not Ser2
dephosphorylation. ChlIP occupancy of Ser2-phosphorylated Pol Il normalized against total
Pol 1l occupancy revealed no changes around the pA site, whereas occupancy with Tyr1-
phosphorylated Pol Il increased (Fig. 2c,d). Thus the Glc7-dependent Ser2
dephosphorylation observed in vitro (Fig. 1b) is likely non-specific and not used in vivo,
consistent with the previously observed Ser2 dephosphorylation by Fcp1 in vivo2®:35,

Although the mammalian homologue of Glc7, protein phosphatase 1 (PP1), acts primarily
on phosphorylated serine and threonine residues3%:36, the recombinant enzyme is active on
phosphorylated tyrosine residues3’. Tyrosine dephosphorylation can also be performed by
the related Arabidopsis PPP-Kelch phosphatase BSU138:39 and the serine-threonine protein
phosphatase 2A (PP2A) if activated by the correct binding partner4C. Our results for Glc7
demonstrate that a PP1 enzyme can act on a natural phosphorylated tyrosine substrate when
present in the context of the correct multiprotein complex — in this case, CPF.

Ssu72 does not dephosphorylate Tyrl

As previously predicted?2:23, Ssu72 was recently shown to contain a protein tyrosine
phosphatase fold26, but it apparently acts as a serine-specific phosphatase. Indeed, we found
that recombinant human Ssu72 was able to dephosphorylate Ser5 but neither Tyrl nor Ser2
in vitro, with up to 1.4 molar excess hSsu72 for each Pol 11 CTD heptad substrate (Fig. 3a).
This is consistent with previous reports that Ssu72 is a CTD Ser5 phosphatase22:25:26,

To investigate whether indeed Ssu72 does not dephosphorylate Tyrl in vivo, we prepared a
Ssu72-FRB anchor-away yeast strain and depleted Ssu72 from the nucleus by rapamycin
addition. ChlP-chip experiments after Ssu72 nuclear depletion showed that Tyrl
dephosphorylation at the pA site was not influenced (Fig. 3b), suggesting that Glc7
remained in the nucleus and dephosphorylated Tyrl normally. To show this, we tagged Glc7
with mCherry in the Ssu72-FRB strain, and found that the localization of Glc7 was not
influenced by rapamycin addition (Supplementary Fig. 1). These results are consistent with
a previous report that a point mutation in the CPF subunit Ref2 leads to Glc7 dissociation
but has no impact on the integrity of the remaining complex?’. Taken together, these results
indicate that Glc7 or Ssu72 can be depleted from CPF without destabilizing the complex,
and that Glc7 catalyzes Tyrl dephosphorylation, whereas Ssu72 does not.
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Glc7 is involved in transcription termination

Additional ChIP data indicated that Glc7 is required for transcription termination. The ChIP
signal for total Pol 11 (Rpb3 subunit) normally decreases about 200 nucleotides downstream
of the pA site, due to transcription termination and Pol 11 release from DNA (Fig. 4a, black

line). Upon nuclear depletion of Glc7 however, strong Pol 11 ChIP signals remained further

downstream (Fig. 4a, dotted black line). These data suggest that Glc7 acts globally and may
be required for normal transcription termination in vivo.

To investigate whether Tyrl dephosphorylation is required for normal termination factor
recruitment, we determined Pcf11 and Rtt103 ChIP-chip occupancy after Glc7 nuclear
depletion (Fig. 4b). These experiments revealed a strong decrease in termination factor
occupancy. Both Pcf11 and Rtt103 showed much lower occupancies downstream of the pA
site after rapamycin addition, indicating that the defect in Pol 11 termination (Fig. 4a) results
from a defect in termination factor recruitment.

DISCUSSION

Whereas previous work showed that the Pol Il CTD is phosphorylated at Tyr1, and that Tyrl
phosphorylation impairs binding of transcription termination factors®, it remained unknown
whether Tyrl dephosphorylation is required for termination in vivo and which enzyme
dephosphorylates Tyrl. Here we establish yeast CPF subunit Glc7 as a CTD Tyrl
phosphatase, and show that Tyrl dephosphorylation is required for normal recruitment of
termination factors and transcription termination. These results support the previously
proposed ‘extended CTD code’ for the coordination of factor recruitment during the
transcription cycle8 and indicate a crucial role for Tyrl dephosphorylation in the elongation-
termination transition.

The data presented here and previously® lead to the following model for the elongation-
termination transition of Pol 11 at the 3’-ends of protein-coding genes (Fig. 4c). Elongating
Pol Il is phosphorylated mainly at Tyrl (Y1P) and Ser2 (S2P), and this facilitates elongation
factor binding. Tyrl phosphorylation impairs premature recruitment of termination factors.
When Pol Il reaches the pA site, the Glc7 subunit of CPF dephosphorylates Tyrl (-Y1P),
whereas Ser2 phosphorylation levels remain high. This allows for the binding of Pcf11 and
Rtt103, termination factors that are not part of CPF and show peak occupancy ~100
nucleotides downstream of the pA site8. Both Pcf11 and Rtt103 contain CIDs that interact
with Ser2-phosphorylated CTD941. Further downstream, transcription terminates and Pol 11
is released from genes. When Glc7 is depleted from the nucleus (+ Rapa), Tyrl
phosphorylation levels remain high downstream of the pA site, impairing termination and
Pol 1l release which causes readthrough. In addition, we observed an influence of Glc7
depletion on Tyrl phosphorylation levels near the TSS (Supplementary Fig. 2). This may be
explained by initiation with polymerases that remained partially phosphorylated on Tyrl
residues, by termination defects at upstream genes?4, or by a possible role of Glc7 in
transcription attenuation, which would be consistent with the role of Glc7 in Nrd1-
dependent termination of snoRNA genes?’.

Our results also provide evidence that pA-dependent 3’-pre-mRNA processing is coupled to
transcription termination via CPF-triggered Pol Il dephosphorylation. A link between the pA
site and transcription termination was established over 25 years ago*2. In the “anti-
terminator’ model, transcription of the pA site triggers a change in the Pol 11 machinery that
allows for termination:243, In the ‘torpedo’ model, CPF-dependent RNA cleavage at the pA
site results in a new RNA 5’-end that is recognized by the Rat1-Rail-Rtt103 exonuclease
complex, which degrades nascent RNA and triggers termination-2:43, Our data are
consistent with a combination of both models; Tyrl phosphorylation would serve as an anti-
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terminator that is removed at the pA site by Glc7, allowing for recruitment of termination
factors, including the torpedo nuclease complex that contains Rtt103.

ONLINE METHODS

CPF purification and analysis

Primers specific to 40-bp of the C-terminus and 3’-UTR of REF2 were used to PCR amplify
the TAP tag cassette from a modified pFA6a-TAP-kanMX6 vector**, where a Strepll tag
replaces the calmodulin binding peptide. The PCR product was transformed into
Saccharomyces cerevisiae strain JWY104 (MATalpha pral-1 prb1-1 prcl-1 cpsl-3 ura345
leu2-3 his-, obtained from S. Munro, MRC LMB) via homologous recombination. Cells
were grown at 30 °C in YPD to an ODggg nm Of 5.0-5.5, pelleted at 6700 g, washed once
with cold water, pelleted at 3200 g, snap-frozen in liquid N, and stored at —80 °C. Cells
were mixed 1:1 v:v with lysis buffer (100 mM Hepes pH 7.9, 200 mM KCI, 0.5 mM MgCl,,
0.5 mM Mg(OACc),, 10% glycerol, 1.6 pg/mL DNAse | and EDTA-free protease inhibitor
cocktails tablets (Roche)) and lysed at 35 kPsi via cell disruption (Constant Systems). Lysate
was clarified at 25000 g for 25 minutes, bound to 1gG sepharose (GE Healthcare) for 1 hour
and washed with buffer A (20 mM Hepes pH 7.9, 150 mM KCI, 3 mM DTT, 0.5 mM
MgCl,, 0.5 mM Mg(OAc),, 0.2 mM PMSF and 0.2 mM benzamidine-HCI). CPF was eluted
from the 1gG resin with TEV protease at 16 °C for 1.5 hours, and the supernatant applied to
StrepTactin sepharose (GE Healthcare) for 1 hour. StrepTactin resin was washed 3 times
with buffer B (buffer A at 400 mM KCI), 3 times with buffer C (buffer A without PMSF and
benzamidine), then eluted with 5 mM desthiobiotin in buffer C. Concentration was
determined via absorbance at 280 nm using a calculated extinction coefficient. Bands were
excised from Coomassie blue-stained SDS-PAGE gels (Fig. 1a) and identified via tryptic
digest mass spectrometry.

Dephosphorylation assay

After prephosphorylation of RNA Pol 114° with MAP Kinase (P6080S; NEB) for 60 minutes
at 30 °C, the kinase was inactivated for 20 minutes at 65 °C, then 234 nM RNA Pol Il was
incubated with 59 nM CPF at 30 °C for indicated periods in buffer C. For Glc7 inhibition,
10 mM EDTA or 200 nM microcystin-LR (Sigma) was added. Samples were dissolved in 3x
SDS-PAGE buffer (250 mM Tris-HCI pH 6.8, 100 mM DTT, 7.5% SDS, 50% glycerol,
0.03% bromophenol blue) and boiled at 95 °C for 90 seconds. After SDS-PAGE (0.5 g of
Pol Il per lane), samples were blotted onto a polyvinylidene difluoride (PVVDF) membrane
(Millipore) and the membrane was probed with primary antibodies anti-Tyr1-P (3D12,
dilution 1:7)8, anti-Ser5-P (3ES8, dilution 1:4)%6, anti-Ser2-P (3E10, dilution 1:14)46, kindly
provided by Dirk Eick (Helmholtz-Zentrum Minchen), and anti-Rpb3 (1Y 26, cat. no.
WO0012, neoclone, dilution 1:1000). Secondary antibodies anti-rat IgG HRP (A9037, Sigma,
dilution 1:5000) and anti-mouse 1gG HRP (170-6516, BioRad, dilution 1:3000) were used.
Antibody detection was performed using Pierce enhanced chemiluminescence (ECL)
Western blotting substrate (Thermo Scientific) and Amersham Hyperfilm ECL (GE
Healthcare) or LAS-3000 camera (FUJIFILM).

For Pol Il dephosphorylation with human Ssu72 (hSsu72), the protein was expressed and
purified as described?3. 3 jig of Pol 11 was incubated with 1, 3 or 5 pg purified recombinant
hSsu72 in Ssu72 buffer (50 mM Tris-HCI pH 8.0, 10 mM MgCl,, 20 mM KCI, 2% glycerol,
5mM DTT, 0.1 mM EDTA, 0.025% Tween 20) for 2 hours at 30°C. Samples were
dissolved in 3x SDS-PAGE buffer and processed as described above.

Original images of blots used in this study can be found in Supplementary Fig. 4.
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Yeast strains and methods

Yeast strains Glc7-FRB-KanMX6 and Ssu72-FRB-KanMX6 were constructed by
amplifying the cassette from vector pFA6a-FRB-KanMX6 (P30578, Euroscarf) with
suggested primer pairs and transforming the parental strain HHY 168 (Y40343, Euroscarf,
MATa ade2-1 trpl-1 canl1-100 leu2-3,112 his3-11,15 ura3 GAL psi+ torl-1 fpril::NAT
RPL13A-2xFKBP12::TRP1) by homologous recombination. The mCherrytag on Glc7 in the
Ssu72-FRB-KanMXG6 strain and the TAP-tags on Pcf11 and Rtt103 in the Glc7-FRB-
KanMXG6 strain were inserted by homologous recombination of PCR products amplified
from the pFA6a-mCherry-His3MX6 and pYM-TAP-HIS3MX6 plasmids, respectively.

For serial dilution growth assays, cells were grown in YPD at 30 °C to stationary phase and
resuspended to an ODggg nm Of 1.0 in water. 3 pL of cells were spotted onto YPD, with or
without 1 pg/mL rapamycin (Cayman Chemical) in 10-fold serial dilutions. Plates were
incubated at 30°C and inspected daily.

For fluorescence microscopy, cells were grown in 1 mL YPD + 40 pg/mL adenine
hemisulfate (Sigma) to ODggg nm ~0.8 and 0.5 mL of paraformaldehyde solution (10%
paraformaldehyde (Sigma), 13 mM NaOH, 150 mM PBS) was added for 10 minutes. Cells
were washed with PBS once, resuspended in 50 L PBS and applied to a poly-L-lysine-
coated glass slide (Sigma, Roth). Remaining liquid was removed and 1.0 ng/uL DAPI
(Sigma) in PBS was applied for 1 minute. Fixed cells on glass slides were washed twice
with PBS and covered with a cover slip. DAPI and mCherry fluorescence was analyzed
under the microscope (Leica DM2500, EL 6000). Camera DFC365FX and Software LAS
AF 6000 Modular Systems Version 2.6.0.7266 (Leica) were used for image analysis.

Chromatin immunoprecipitation

Experiments were performed in duplicates as described elsewhere*’ with the following
modifications: Yeast cultures were grown in 400 mL YPD to ODggg nm ~0.65, split and
incubated with equal volumes of either rapamycin (1 pg/mL f.c. in DMSO) or DMSO at 30
°C for another 60 minutes before formaldehyde crosslinking. Precooled lysis buffer
additionally contained a phosphatase inhibitor cocktail (PhosSTOP, Roche) when Tyr1-P,
Ser2-P or Ser5-P were immunoprecipitated. Cell disruption by bead beating was performed
for 2 hours. For immunoprecipitation, 700 pL of chromatin sample was incubated with 16.5
pL antibody-coated and prewashed magnetic Protein G beads (Dynabeads® Protein G, Life
Technologies) at 4 °C overnight or for 3 hours when TAP tags were immunoprecipitated.
Beads were prewashed 4 times with BSA:PBS (5 mg/mL bovine serum albumin in 137 mM
NaCl, 2.7 mM KCI, 8.1 mM NayHPO4¢2H,0, 1.4 mM KH,PO,4 pH 7.4 with protease
inhibitors), coated with the respective antibody for 30 minutes at 4 °C (100 pL anti-Tyr1-P
(3D12), 25 pL anti-Ser2-P or 5L anti-Rpb3 (1Y 26, cat. no. W0012, neoclone) or 13.6 pg
rabbit IgG (SIGMA) for TAP tags per chromatin sample) and washed again 3 times. After
immunoprecipitation, beads were washed 5 times with wash buffer (100 mM Tris-HCI pH
7.5,500 mM LiCl, 1% NP40, 1% sodium deoxycholate) and once with TE buffer (10 mM
Tris-HCI pH 7.4, 1 mM EDTA). Immunoprecipitated chromatin was eluted for 5 minutes at
95 °C with ChIP elution buffer (0.1 M NaHCO3 1% SDS). Eluted chromatin was digested
with Proteinase K (Sigma) at 37 °C for 2 hours and the reversal of crosslinks was performed
at 65 °C overnight. DNA was purified with the QIAquick PCR Purification Kit (Qiagen)
according to the manufacturer’s instructions. DNA amplification and labeling as well as
microarray handling were performed as described34.

ChlIP-chip occupancy profiling

ChIP-chip data analysis was performed as described3* with some modifications. Briefly,
first we performed quantile normalization between replicate measurements and averaged the
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signal for each probe over the replicate intensities for the Glc7-FRB strain. For
Supplementary Fig. 3, one replicate was analyzed. ChIP enrichments were obtained by
dividing ChlP intensities by the corresponding input intensities. The normalized ChlIP signal
at each nucleotide was calculated as the median signal for all probes overlapping this
position. Profiles were smoothed using running median smoothing with a window half size
of 75 bp. To average profiles over genes, yeast genes were filtered: Of 4,366 yeast genes
with annotated TSS and pA sites*8, we excluded genes shorter than 800 bp or with a
neighbouring gene within 400 bp downstream of the pA site. The resulting 619 genes were
aligned at their pA sites and the ChIP signals averaged in a region from 400 bp upstream to
400 bp downstream. Averaging was performed by calculating the median over genes at each
genomic position. Since CPF acts around the pA site, we were especially interested in
whether the profiles change around the pA site relative to the region upstream of the pA site.
To better visualize these relative differences we further normalized the data to have
approximately equal occupancy levels upstream (around — 400 bp) of the pA site for the ‘-’
and ‘+’ rapamycin treated profiles. Corresponding non-normalized data averaged over the
entire gene length (250 bp upstream of TSS to 400 bp downstream of pA site) are shown in
Supplementary Fig. 2.

Changes in termination factor occupancy were visualized over the entire gene length.
Therefore genes of medium length (1238 + 300 bp, n = 339) were aligned at their TSS and
pA sites, scaled to median length, and averaged at each genomic position.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
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Pol Il

CPF

EDTA
Microcystin
Time (min)
Anti-Tyr1-P
Anti-Ser2-F
Anti-Ser5-F
Anti-Rpb3

Lane

CPF subunit Glc7 is a Pol 11 CTD Tyr1 phosphatase in vitro. (a) SDS-PAGE analysis of
purified yeast CPF. An asterisk marks the tagged protein Ref2; the phosphatases Ssu72 and
Glc7 are underlined. Identities of bands confirmed by mass-spectrometry are labeled. (b) In
vitro dephosphorylation assay measuring CPF activity towards phosphorylated Pol II CTD
as shown by Western blotting with antibodies against Pol Il subunit Rpb3 and Tyr1-
phosphorylated (Tyr1-P), Ser2-P and Ser5-P CTD residues (1Y26, 3D12, 3E10 and 3E8
antibodies, respectively). For lanes 6-13, 10 mM EDTA or 200 nM microcystin were
included in the reactions. Uncropped versions of blots can be found in Supplementary Fig.

4a.
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Figure2.

Glc7 is required for Tyrl but not Ser2 dephosphorylation in vivo. (a) Metagene analysis for
genome-wide ChIP occupancy of Tyrl-phosphorylated Pol Il around polyA (pA) sites in the
Glc7 anchor-away strain, treated with rapamycin to deplete Glc7 from the nucleus (+ Rapa,
violet dotted line) or untreated (— Rapa, violet solid line). Averaged ChIP-chip signals are
plotted as the median signal (log, (IP/input)) at each genomic position over a set of 619
representative genes (Online Methods), normalized to have approximately equal occupancy
levels upstream (around —400 bp) of the pA site (dashed black line). The profiles are shown
from 400 nucleotides upstream to 400 nucleotides downstream of the pA site. Non-
normalized data averaged over the entire gene length are shown in Supplementary Fig. 2.
Experiments were performed in biological duplicates. (b) Profiles of Tyr1-P levels
normalized to total Pol 11 (Fig. 4a) on selected genes, smoothed by a 150 nt window running
median are shown in purple. Below, grey boxes indicate transcripts on the Watson (top) and
Crick strands (bottom). (c,d) ChIP-chip occupancy profiles of Tyrl- (c) and Ser2- (d)
phosphorylated Pol Il over 619 genes aligned at the pA site (dashed line) and normalized
against the corresponding Rpb3-profile (Fig. 4a) without and with rapamycin (solid and
dotted lines, respectively). Experiments were performed in biological duplicates.
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Figure 3.

Ssu72 does not change Tyrl phosphorylation levels in vitro and in vivo. (a) In vitro
dephosphorylation assay of Pol Il CTD with recombinant human Ssu72, monitored by
Western blotting with antibodies against Pol Il subunit Rpb3 and Tyrl-phosphorylated
(Tyr1-P), Ser2-P and Ser5-P CTD residues (1Y26, 3D12, 3E10 and 3E8 antibodies,
respectively). Uncropped versions of blots can be found in Supplementary Fig. 4b. (b) ChIP-
chip occupancy profiling of Tyrl-phosphorylated Pol Il over 619 genes aligned at the pA
site (dashed line) and normalized against the corresponding Rpb3 profile without and with
rapamycin treatment (solid and dotted lines, respectively) in a Ssu72 anchor away strain.
Profiles in a region from 400 nucleotides upstream to 400 nucleotides downstream of the pA
site are shown. This experiment was performed in biological duplicate.
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Figure4.

Tyrl dephosphorylation by Glc7 is required for normal termination factor recruitment and
transcription termination in vivo. (a) Metagene analysis for genome-wide ChIP occupancy
of total Pol Il (subunit Rpb3) around polyA (pA) sites in the Glc7 anchor-away strain with
rapamycin treatment (+ Rapa, black dotted line) and untreated (— Rapa, black line).
Averaged ChlP-chip signals are shown as the median signal (log, (IP/input)) at each
genomic position over a set of 619 representative genes (Online Methods) and normalized to
have approximately equal occupancy levels upstream (around —400 bp) of the pA site. (b)
ChIP-chip occupancy profiling of TAP-tagged Pcfl1 (top) and Rtt103 (bottom) in the Glc7
anchor-away strain, after treatment with rapamycin (+ Rapa, dotted lines) and untreated (-
Rapa, solid lines). The profiles show ChlP-chip signals averaged by taking the median
signal (log, (IP/input)) at each genomic position over a set of representative medium length
genes (1238 + 300 bp, n = 339, Online Methods). TSS, transcription start site. Experiments
in (a,b) were performed in biological duplicates. (c) Model for the Pol 1l elongation-
termination transition. DNA is dark blue, RNA is dark red, Pol Il and its CTD are black;
Ser2-P is blue and Tyr1-P is purple. For details see within text.
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