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            Abstract
The end of the RNA polymerase II (Pol II) transcription cycle is strictly regulated to prevent interference between neighbouring genes and to safeguard transcriptome integrity1. The accumulation of Pol II downstream of the cleavage and polyadenylation signal can facilitate the recruitment of factors involved in mRNA 3′-end formation and termination2, but how this sequence is initiated remains unclear. In a chemical–genetic screen, human protein phosphatase 1 (PP1) isoforms were identified as substrates of positive transcription elongation factor b (P-TEFb), also known as the cyclin-dependent kinase 9 (Cdk9)–cyclin T1 (CycT1) complex3. Here we show that Cdk9 and PP1 govern phosphorylation of the conserved elongation factor Spt5 in the fission yeast Schizosaccharomyces pombe. Cdk9 phosphorylates both Spt5 and a negative regulatory site on the PP1 isoform Dis24. Sites targeted by Cdk9 in the Spt5 carboxy-terminal domain can be dephosphorylated by Dis2 in vitro, and dis2 mutations retard Spt5 dephosphorylation after inhibition of Cdk9 in vivo. Chromatin immunoprecipitation and sequencing analysis indicates that Spt5 is dephosphorylated as transcription complexes traverse the cleavage and polyadenylation signal, concomitant with the accumulation of Pol II phosphorylated at residue Ser2 of the carboxy-terminal domain consensus heptad repeat5. A conditionally lethal Dis2-inactivating mutation attenuates the drop in Spt5 phosphorylation on chromatin, promotes transcription beyond the normal termination zone (as detected by precision run-on transcription and sequencing6) and is genetically suppressed by the ablation of Cdk9 target sites in Spt5. These results suggest that the transition of Pol II from elongation to termination coincides with a Dis2-dependent reversal of Cdk9 signalling—a switch that is analogous to a Cdk1–PP1 circuit that controls mitotic progression4.
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                    Fig. 1: A Cdk9–Dis2–Spt5 circuit.[image: ]


Fig. 2: Cdk9 and Dis2 regulate Spt5 phosphorylation in vivo.[image: ]


Fig. 3: Dis2-dependent loss of pSpt5 downstream of the CPS.[image: ]


Fig. 4: Loss of Dis2 function impairs termination.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 A Cdk9–Dis2–Spt5 regulatory circuit.
a, Cdk9-dependence of Dis2-T316 phosphorylation in vivo. Cells of wild-type (wt) or cdk9as strains, with or without GFP-tagged Dis2 expressed from the chromosomal dis2+ locus, were treated for 10 min with 20 μM 3-MB-PP1 or mock-treated, as indicated. Chromatin extracts were immunoprecipitated with anti-GFP antibodies and probed with antibodies specific for Dis2 phosphorylated at Thr316 (Dis2-pT316) or GFP (n = 2 independent repeats). b, Spt5 dephosphorylation by purified PP1 in vitro. Purified GST–Dis2 and GST–Sds21 were incubated with a control phosphopeptide derived from histone H3 (H3pS10), an Spt5 CTD consensus phosphopeptide (Spt5-pT1) or a non-phosphorylated peptide of the same sequence (Spt5-NP). c, Spt5 dephosphorylation by PP1 isolated from fission yeast. A polyclonal anti-Dis2 antibody immunoprecipitates an active pSpt5 phosphatase from extracts of dis2+ but not dis2Δ or dis2-11 mutant cells. Note, the antibody cross-reacts with Sds21 in immunoblots but does not efficiently immunoprecipitate Sds21. d, Loss of Dis2 activity upon Cdk9-dependent phosphorylation. As in Fig. 1d, results show activity of Dis2 (isolated from yeast and phosphorylated by Cdk9 or mock-treated) towards H3pS10. e, Top, anti-Myc immunoprecipitates from Myc–Dis2-expressing cells were tested for phosphatase activity towards Spt5-pT1 and H3pS10 peptides. Bottom, immunoblot to verify expression and immunoprecipitation of Myc–Dis2. b–e, Data are mean + s.d. from three biological replicates.

                          Source Data
                        


Extended Data Fig. 2 Distinct kinase–phosphatase circuits regulate phosphorylation of Spt5 Thr1 and Rpb1 Ser2 in vivo.
a, Rapid dephosphorylation of Spt5 after Cdk9 inhibition and stabilization of pSpt5 by Dis2 inactivation occur in the spt5+ strain and do not depend on the C-terminal Myc-epitope tag. b, Spt5 dephosphorylation kinetics in single, double and triple cdkas mutants treated with 3-MB-PP1 show that Cdk9 is the sole kinase needed to phosphorylate this site in vivo. c, Fcp1 inactivation stabilizes Rpb1 Ser2 phosphorylation after Lsk1 inhibition. Fission-yeast strains, lsk1as or lsk1as fcp1-452, were grown at 30 °C and shifted to 37 °C (or not shifted), treated for the indicated time with 20 μM 3-MB-PP1, and analysed by immunoblotting for Pol II Ser2 phosphorylation. Note, CTD dephosphorylation leads to increased reactivity with 8WG16 antibody used to detect total Pol II. d, Dis2 activity is dispensable for Pol II CTD Ser2 dephosphorylation. As in Fig. 2a, except that the experiment was performed in lsk1as cells, 20 μM 3-MB-PP1 was added and extracts were probed for Pol II Ser2 phosphorylation (or tubulin as a loading control). e, Fcp1 activity is dispensable for Spt5 Thr1 dephosphorylation. As in c, except that strains carried a cdk9as allele and were tested for both pSpt5 (unaffected by Fcp1 inactivation) and pSer2 (unaffected by Cdk9 inhibition). f, CPF-associated Pol II pSer5 phosphatase Ssu72 is dispensable for Spt5 Thr1 dephosphorylation. Fission-yeast strains (cdk9as, cdk9as ssu72C13S and ssu72C13S) were grown at 30 °C, treated for the indicated time with 10 μM 3-MB-PP1 and analysed by immunoblotting for pSpt5 and total Spt5. a–f, n = 2 independent repeats.


Extended Data Fig. 3 Chromatin-associated Spt5 is dephosphorylated rapidly upon Cdk9 inhibition and stabilized in dis2-11 cells.
a, Rapid pSpt5 turnover on chromatin. ChIP–qPCR analysis of crosslinking of pSpt5 versus total Spt5 at the eng1+ gene after 3-MB-PP1 treatment for various lengths of time. Left, absolute ChIP signals for anti-Myc; middle, absolute signals for anti-pSpt5; right, ratio of pSpt5 to total Spt5, expressed as a percentage of the ratio in the absence of the inhibitor. b, Loss of Dis2 function stabilizes pSpt5 on chromatin. Left and middle, either cdk9as spt5-13Myc dis2+ or cdk9as spt5-13Myc dis2-11 cells were shifted to 18 °C and treated with 10 μM 3-MB-PP1 or mock-treated with DMSO for 2 min and subjected to ChIP–qPCR analysis at the eng1+ locus for Spt5–Myc (left) or pSpt5 (middle). Right, the pSpt5:Spt5 signal ratios of 3-MB-PP1-treated samples versus DMSO-treated samples. The pSpt5:Spt5 signal ratios between treatments (DMSO and 3-MB-PP1) were plotted for each condition (dis2+ or dis2-11). Note, higher residual levels of pSpt5 in cdk9as dis2+ cells, compared to those analysed in a, may reflect less efficient dephosphorylation at 18 °C, relative to 30 °C. c, As in b, except measuring at the aro1+ gene. d, As in b, but measuring at the hxk2+ gene (raw data for pSpt5 and total Spt5 from which ratios in Fig. 2c were calculated). a–d, Data are mean + s.d. from three biological replicates. b–d, P values (Student’s t-test) are indicated between wild-type (dis2+) and mutant (dis2-11) cells.

                          Source Data
                        


Extended Data Fig. 4 A specific link between Cdk9 activity and Dis2 recruitment to chromatin.
a, Increased recruitment of Dis2 to chromatin is a specific consequence of Cdk9 inhibition. ChIP–qPCR analysis of Myc–Dis2 (left), Pol II (middle) and Myc–Dis2:Pol II signal ratios (right) at the eng1+ locus in cdk9as cells, expressing Myc–Dis2 from a plasmid, treated with 20 μM 3-MB-PP1 or DMSO for 10 min at 30 °C. b, c, Mcs6 and Lsk1 activities do not influence Dis2 recruitment to chromatin. As in a, except cells containing mcs6as5 (b) or lsk1as (c) alleles were treated with 20 μM 3-MB-PP1 for 10 min at 30 °C. In a–c, data are mean + s.d. from three biological replicates. d, Constitutive cdk9 loss-of-function mutations increase GFP–Dis2 recruitment to chromatin. Dis2 occupancy at the eng1+ locus analysed in cdk9+ cells, a cdk9ΔC mutant and a cdk9T212A mutant. Data are mean + s.d. from technical duplicates of one experiment.

                          Source Data
                        


Extended Data Fig. 5 Regulation of pSpt5 by Cdk9 and Dis2 occurs independently of CPF recruitment and upstream of CPF function.
a, Core CPF recruitment to chromatin is unaffected by Cdk9 inhibition. Cells with different GFP-tagged CPF subunits expressed from their respective chromosomal loci (cdk9as pfs2–GFP–HA, cdk9as pla1–GFP–HA or cdk9as cft1–GFP) were grown at 30 °C and treated with 10 μM 3-MB-PP1 or DMSO for 10 min. ChIP–qPCR analysis of GFP:Pol II signal ratios was performed at the hxk2+ gene. Data are mean + s.d. from three biological replicates. b, Wild-type (dis2+) and mutant (dis2-11) cells were grown at 30 °C and shifted to 18 °C (or not shifted) for 10 min. ChIP–qPCR analysis of Pol II-pTyr1:Pol II (top), pSpt5:Spt5 (middle) and Pol II-pSer2:Pol II (bottom) signal ratios was performed at the psu1+ gene. c, Loss of Dis2 activity does not affect chromatin recruitment of a core CPF subunit, Pfs2. Cells of dis2+ and dis2-11 strains with Pfs2–GFP–HA expressed from the chromosomal pfs2+ locus were grown at 30 °C and shifted to 18 °C (or not shifted) for 10 min before formaldehyde crosslinking and chromatin isolation. ChIP–qPCR analysis of GFP:Pol II signal ratios was performed at the psu1+ gene at 30 °C (top) and 18 °C (bottom). d, Spt5 phosphorylation is not affected by thermal inactivation of an essential CPF subunit. Cells of pfs2+ and pfs2-11 (temperature-sensitive) strains were grown at 30 °C, shifted to 37 °C (or not shifted) and incubated for various times as indicated. ChIP–qPCR analysis of pSpt5, total Spt5, pSpt5:Spt5 signal ratios, Pol II and Pol II signal ratios (pfs2-11 over pfs2+), was performed at the hxk2+ locus. b–d, Data are mean + s.d. from two biological replicates.

                          Source Data
                        


Extended Data Fig. 6 PP1 allele- and isoform-specific stabilization of Spt5 phosphorylation on chromatin.
a, ChIP–qPCR analysis at the rps17a+ gene. Comparison of pSpt5:Spt5 ratio in the indicated strains upstream and downstream of the CPS at 30 °C (left) and comparison of the ratio between dis2+ and dis2-11 cells at 18 °C (right). b, ChIP–qPCR analysis at the hxk2+ gene. Comparison of the pSpt5:Spt5 ratio in the indicated strains upstream and downstream of the CPS at 30 °C. a, b, Data are mean + s.d. from three biological replicates; P values (Student’s t-test) between wild-type (dis2+) and mutants (dis2Δ, dis2-11, dis2T316A or dis2T316D) are indicated. c, Dephosphorylation of Spt5 after Cdk9 inhibition is retarded in a dis2Δ strain, relative to a dis2+ strain. d, Spt5-dephosphorylation kinetics after Cdk9 inhibition are unaffected by sds21 deletion in a dis2+ strain. c, d, n = 2 independent repeats. e, Cdk9 does not restrict chromatin recruitment of Sds21. Anti-GFP ChIP–qPCR analysis at the eng1+ locus in a cdk9as GFP–sds21 strain treated for 10 min with 10 μM 3-MB-PP1 reveals unchanged (or slightly decreased) Sds21 occupancy when Cdk9 is inhibited. Data are mean + s.d. from technical duplicates of one experiment.

                          Source Data
                        


Extended Data Fig. 7 Spt5 and pSpt5 ChIP–seq analysis.
a, Correlation between ChIP–seq samples. Paired-end sequencing reads were mapped to the fission-yeast genome using Bowtie2 (Galaxy v.2.2.6.2). Mapped reads of each biological replicate were used to calculate correlation between pairs of replicates. Values in boxes represent Pearson’s correlation coefficients between corresponding samples (n = 2 biological replicates). b, Metagene (top) and heat map (bottom) analyses show genome-wide (n = 3,054 genes) comparison of pSpt5:Spt5 ratios (log2) between dis2+ and dis2-11 cells (raw data from which fold change in Fig. 3c was calculated). c, Metagene plots (top) and heat maps (bottom) show Spt5–Myc and pSpt5 distribution in dis2+ and dis2-11 cells, as indicated, across Pol II-transcribed genes (n = 175), filtered to include only genes separated from nearest neighbours by more than 500 bp at both ends, on both strands. d, Metagene plot (top) and heat map (bottom) represent fold-change of pSpt5:Spt5 ratio in dis2-11 over dis2+ around CPS of the genes analysed in c. In b, c, regions between +300 bp relative to the TSS and −300 bp relative to the CPS were scaled to enable comparison of genes of different lengths.


Extended Data Fig. 8 Relative distributions of Pol II and Spt5.
a, Pol II distribution on chromatin. Metagene plot (top) and heat map (bottom) of Pol II ChIP–seq distributions (data from previously published work5) across Pol II-transcribed genes (n = 3,054) in wild-type cells. Genes were sorted on the basis of Pol II occupancy and k-means clustering was performed to partition genes into three clusters with nearest median occupancy. b, Pol II pSer2 distribution on chromatin. Metagene plot (top) and heat map (bottom) of Pol II pSer2 (data from previously published work5) across Pol II-transcribed genes (n = 3,054) in wild-type cells. c, Distribution of pSpt5 and pSer2 on chromatin. Metagene analyses (top) and heat maps (bottom) show genome-wide comparison between log2 ratios of pSpt5:Spt5 and pSer2:Pol II for Pol II-transcribed genes (n = 3054) in wild-type cells (separate plots of data superimposed in Fig. 3d). In a–c, regions between +300 bp relative to the TSS and −300 bp relative to the CPS were scaled to enable comparison of genes of different lengths. d, Spt5 and pSpt5 distribution around CPS of Pol II-transcribed genes. Metagene plots (top) and heat maps (bottom) represent the distribution of Spt5–Myc and pSpt5 around the CPS (−500 to +500 bp) of highly active genes (n = 137; cluster 1 of Fig. 3a in dis2+ and dis2-11 cells. e, Statistical analysis of Spt5–Myc and pSpt5 occupancy around CPS. Box plots represent occupancy of Spt5 and pSpt5 in the region 500 bp downstream of the CPS (y; PostCPS) versus the region 500 bp upstream of the CPS (x; PreCPS), for genes in cluster 1 of Fig. 3a (n = 137), in dis2+ and dis2-11 cells (Spt5, dis2+: high = 3.506, low = 5.5312 × 10−2, median = 0.9199, 95% confidence interval; pSpt5, dis2+: high = 2.085, low = 2.8570 × 10−2, median = 0.4655, 95% confidence interval; Spt5, dis2-11: high = 1.617, low = 5.7597 × 10−2, median = 0.6042, 95% confidence interval; pSpt5, dis2-11: high = 1.155, low = 6.2344 × 10−2, median = 0.4530, 95% confidence interval). f, Box plots represent statistical significance of increases in pSpt5:Spt5 ratios in PostCPS versus PreCPS regions in dis2-11 versus dis2+ cells (n = 137) (dis2+: high = 1.533, low = 4.5765 × 10−2, median = 0.5356, 95% confidence interval; dis2-11: high = 1.601, low = 0.4651, median = 0.7482, 95% confidence interval). e, f, P values were calculated using two-sided Student’s t-test. g, An Spt5 that cannot be phosphorylated suppresses conditional lethality of dis2-11. Growth kinetics in liquid culture of indicated strains after a shift to 18 °C. Data are mean ± s.d. from two biological replicates.

                          Source Data
                        


Extended Data Fig. 9 The dis2-11 mutation affects global transcription properties independent of temperature.
a, PRO–seq experiments are reproducible. Scatter plots comparing PRO–seq libraries from two biological replicates for each experiment. Values represent log10(normalized reads) within the gene body (TSS +200 bp to the CPS) of all filtered genes (n = 3383). Colours indicate the numbers of genes represented by each point. Normalization on the basis of spike-in should centre scatter about the diagonal line x = y (magenta, dotted). Correlation values represent Spearman’s rank correlation. b, Comparison of composite PRO–seq profiles of dis2-11 mutant alone (top panels) or cdk9as dis2-11 (bottom panels) at 18 °C and 30 °C. Profiles are centred either on the TSS (left) or the CPS (right). Shaded areas on composite profiles represent the 12.5 and 87.5% quantiles at each position. c, Composite PRO–seq profiles comparing dis2+ strain (cdk9as) with dis2-11 strain, both at 18 °C. Genes were scaled to a common length by fixing the middle gene body region (TSS + 300 bp to CPS − 300 bp) to 60 windows. b, c, Solid lines represent an averaged-data plot and shaded regions represent s.d. of the median. d, Heat maps of spike-in normalized PRO–seq signal (log10) within 10-bp windows relative to the CPS (−250 to +1,000) for cdk9as (left) and cdk9as dis2-11 (right) strains at 18 °C. Genes were ranked by decreasing TEI in cdk9as dis2-11 at 18 °C, a measure of the termination-window size. Each panel represents data from filtered genes that are at least 1 kb from neighbouring genes on the same strand (n = 939). In a–d, data are from two biological replicates.


Extended Data Fig. 10 Multiple dis2 mutations cause termination defects.
a, Browser image displaying normalized PRO–seq signal at the SPAC1002.13c gene locus. Track values reflect the maximum displayed signal (some peaks exceed these values). b, Box plots displaying the distribution of TEI values in each strain for all filtered genes separated from same-strand neighbours by at least 1 kb (n = 939). Significant differences (P values from Welch’s two sample t-test) in mean TEI for each strain compared with dis2+ are indicated (dis2+: high = 1.2304, low = −2.4005, median = −0.6532; dis2-11: high = 1.0066, low = −2.3483, median = −0.3802; dis2Δ: high = 1.5563, low = −1.8325, median = −0.06695; dis2T316A: high = 1.4314, low = −2.1004, median = −0.1176; dis2T316D: high = 1.3424, low = −2.0934, median = −0.2310; each box shows 25th–75th percentiles). c, Composite PRO–seq profiles of each dis2 mutant strain (red) compared with dis2+ (blue). Profiles reflect the region from −250 bp to +1,000 bp around the CPS. Shaded areas on composite profiles represent the 12.5 and 87.5% quantiles at each position. Each panel represents data from filtered genes that are at least 1 kb from neighbouring genes on the same strand (n = 939). Solid lines represent an averaged-data plot of the median. d, Heat maps displaying log2(mutant/wild-type) PRO–seq signal within 10-bp windows from −250 bp to +1,000 bp around the CPS for all genes used in c sorted by decreasing TEI values in dis2+ (top to bottom). In a–d, data are from two biological replicates.
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