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18 Abstract

19 Base J, β-D-glucosyl-hydroxymethyluracil, is a modification of thymine DNA base involved in RNA 

20 Polymerase (Pol) II transcription termination in kinetoplastid protozoa. Little is understood regarding how 

21 specific thymine residues are targeted for J-modification or the mechanism of J regulated transcription 

22 termination. To identify proteins involved in J-synthesis, we expressed a tagged version of the J-

23 glucosyltransferase (JGT) in Leishmania tarentolae, and identified four co-purified proteins by mass 

24 spectrometry: protein phosphatase (PP1), a homolog of Wdr82, a potential PP1 regulatory protein 

25 (PNUTS) and a protein containing a J-DNA binding domain (named JBP3). Gel shift studies indicate 

26 JBP3 is a J-DNA binding protein. Reciprocal tagging, co-IP and sucrose gradient analyses indicate PP1, 

27 JGT, JBP3, Wdr82 and PNUTS form a multimeric complex in kinetoplastids, similar to the mammalian 

28 PTW/PP1 complex involved in transcription termination via PP1 mediated dephosphorylation of Pol II. 

29 Using RNAi and analysis of Pol II termination by RNA-seq and RT-PCR, we demonstrate that ablation of 

30 PNUTS, JBP3 and Wdr82 lead to defects in Pol II termination at the 3’-end of polycistronic gene arrays in 

31 Trypanosoma brucei. Mutants also contain increased antisense RNA levels upstream of promoters, 

32 suggesting an additional role of the complex in regulating termination of bi-directional transcription. In 

33 addition, PNUTS loss causes derepression of silent Variant Surface Glycoprotein genes important for 

34 host immune evasion. Our results provide the first direct mechanistic link between base J and regulation 

35 of Pol II termination and suggest a novel molecular model for the role of the CTD of Pol II in terminating 

36 polycistronic transcription in trypanosomatids.

37

38 Author Summary

39 Trypanosoma brucei is an early-diverged parasitic protozoan that causes African sleeping 

40 sickness in humans. The genome of T. brucei is organized into polycistronic gene clusters that contain 

41 multiple genes that are co-transcribed from a single promoter. We have recently described the presence 

42 of a modified DNA base J and variant of histone H3 (H3.V) at transcription termination sites within gene 

43 clusters where the loss of base J and H3.V leads to read-through transcription and the expression of 

44 downstream genes. We now identify a novel stable multimeric complex containing a J binding protein 
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45 (JBP3), base J glucosyltransferase (JGT), PP1 phosphatase, PP1 interactive-regulatory protein (PNUTS) 

46 and Wdr82, which we refer to as PJW/PP1. A similar complex (PTW/PP1) has been shown to be involved 

47 in Pol II termination in humans and yeast. We demonstrate that PNUTS, JBP3 and Wdr82 mutants lead 

48 to read-through transcription in T. brucei. Our data suggest the PJW/PP1 complex regulates termination 

49 by recruitment to termination sites via JBP3-base J interactions and dephosphorylation of specific 

50 proteins (including Pol II and termination factors) by PP1. These findings significantly expand our 

51 understanding of mechanisms underlying transcription termination in eukaryotes, including divergent 

52 organisms that utilize polycistronic transcription and novel epigenetic marks such as base J and H3.V. 

53 The studies also provide the first direct mechanistic link between J modification of DNA at termination 

54 sites and regulated Pol II termination and gene expression in kinetoplastids.

55

56 Introduction

57 Termination of RNA polymerase II (Pol II) transcription of mRNAs is a tightly regulated process 

58 where the polymerase stops RNA chain elongation and dissociates from the end of the gene or 

59 transcription unit. However, the underlying termination mechanism is not fully understood. In typical 

60 eukaryotes, Pol II termination of protein-coding genes is tightly linked to the processing of the nascent 

61 transcript 3’ end (reviewed in (1)). This association ensures complete formation of stable polyadenylated 

62 mRNA products and prevents the elongating Pol II complex from interfering with transcription of 

63 downstream genes. Transcription through the polyadenylation site results in an exchange of transcription 

64 factors, resulting in the regulation of the elongation-to-termination transition, in an ordered series of 

65 events: 1) dissociation of the elongation factor Spt5, 2) Pol II pausing, 3) changes in phosphorylation 

66 status of Pol II C-terminal domain (CTD), which promotes 4) recruitment of cleavage factors and 

67 termination factors, 5) transcript cleavage and 6) termination by the 5’-3’ ‘torpedo’ exoribonuclease 

68 XRN2/Rat1. 

69 Critical to this process is the regulation of protein phosphorylation by the major eukaryotic protein 

70 serine/threonine phosphatase, PP1. As recently demonstrated in the fission yeast Schizosaccharomyces 

71 pombe (S. pombe), the PP1 phosphatase Dis2 regulates termination by de-phosphorylating both Thr4P of 
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72 the Pol II-CTD as well as Spt5 (2). This PP1-dependent dephosphorylation allows the efficient recruitment 

73 of the termination factor Seb1 as well as decreased Spt5 stimulation of Pol II elongation that enhances 

74 the capture by the torpedo exoribonuclease. Transcription termination was also affected in the S. 

75 cerevisiae PP1 isotype Glc7 mutant (3). PP1 action is modulated through the formation of heteromeric 

76 complexes with specific regulatory subunits (4). These regulatory protein subunits regulate PP1 by 

77 targeting the protein to specific subcellular compartments, to particular substrates, or reduce its activity 

78 towards potential substrates. The vast majority of regulators are intrinsically disordered proteins (IDPs) 

79 and bind PP1 via a primary PP1-binding motif, the RVxF motif (4-6). One of the key PP1 regulatory 

80 proteins in the nucleus is the PP1 nuclear targeting subunit (PNUTS) (7, 8). PNUTS is a multidomain 

81 protein defined by the canonical PP1 RVxF interaction motif. It also has an N-terminal domain that 

82 interacts with the DNA binding protein Tox4 and a domain near the C-terminus that interacts with Wdr82 

83 (9). This stable multimeric complex in humans is named the PTW/PP1 complex. Targeting of the complex 

84 to chromatin is presumably due in part through associations with Tox4. While the function of Wdr82 in this 

85 complex is not known, it may mediate interactions with Pol II by recognizing Ser5-phosphorylated CTD, 

86 as it does when it is associated with the Set1 complex (10). In yeast, PP1 is associated with PNUTS and 

87 Wdr82 homologs in APT, a subcomplex of the cleavage and polyadenylation factor (11-14), and their 

88 deletion caused termination defects at Pol II-dependent genes (15, 16). In mammals, PNUTS and Wdr82 

89 mutant cells have defects in transcription termination at the 3’ end of genes and 5’ antisense transcription 

90 at bi-directional promoters (17).

91 Members of the Kinetoplastida order include the human parasite Trypanosoma brucei that causes 

92 African Sleeping sickness. Kinetoplastids are early-diverged protozoa with unique genome arrangements 

93 where genes are organized into polycistronic transcription units (PTU) that are transcribed by Pol II. Pre-

94 messenger RNAs (mRNA) are processed to mature mRNA with the addition of a 5’ spliced leader 

95 sequence through trans-splicing, followed by 3’ polyadenylation (reviewed in (18)). Given the close 

96 relationship between poly(A) processing and transcription termination in other eukaryotes, it is not clear 

97 how multiple functional poly(A) sites within the trypanosome PTU can be transcribed without resulting in 

98 premature termination. Therefore, a novel signal or mechanism may be involved in allowing polycistronic 

99 transcription and termination in kinetoplastids. Two chromatin factors, base J and histone H3 variant 

100 (H3.V), have recently been shown to have an impact on Pol II termination in kinetoplastids. Base J is a 
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101 modified DNA base found in kinetoplastids where the glucose moiety, linked via oxygen to the thymine 

102 base, resides in the major groove of DNA (reviewed in (19)). In T. brucei and Leishmania major, J and 

103 H3.V are enriched at sites involved in Pol II termination (20-23). This includes sites within polycistronic 

104 gene clusters where (premature) termination silences downstream genes. Loss of J or H3.V leads to 

105 read-through transcription (21-26). At PTU internal termination sites this leads to increased expression of 

106 the downstream genes. This epigenetic regulation of termination is thought to allow developmentally 

107 regulated expression of specific transcriptionally silent genes. In T. brucei, this includes the expression of 

108 variant surface glycoprotein (VSG) genes involved in antigenic variation during bloodstream infections. 

109 It is currently unclear how these epigenetic marks are involved in Pol II termination, since very 

110 little is understood regarding the mechanism of Pol II termination in kinetoplastids. Equally unclear is what 

111 regulates the specific localization of these marks, including base J, in the genome. Base J is synthesized 

112 in a two-step pathway in which a thymidine hydroxylase (TH), JBP1 or JBP2, hydroxylates thymidine 

113 residues at specific positions in DNA to form hydroxymethyluracil (hmU) (27), followed by the transfer of 

114 glucose to hmU by the glucosyltransferase, JGT (28, 29) (reviewed in (19, 30)). The TH enzymes, JBP1 

115 and JBP2, contain a TH domain at the N-terminus (27, 31-34). JBP1 has a J-DNA binding domain in the 

116 C-terminal half of the protein that is able to bind synthetic J-DNA substrates in vitro and bind chromatin in 

117 a J-dependent manner in vivo (35-38). The ability of JBP1 to bind J-DNA is thought to play a role in J 

118 propagation and maintenance. JBP2 does not bind the modified base directly, but is able to bind 

119 chromatin in a base J independent manner, presumably via the C-terminal SWI2/SNF2 domain (31, 35). 

120 The JGT lacks DNA sequence specificity, and can convert hmU to base J in vivo regardless of where it is 

121 present (39-41). This and other analysis of J synthesis indicate that JBP1 and JBP2 are the key 

122 regulatory enzymes of J synthesis.

123 In this study, we identify a new J-binding protein (called JBP3) in kinetoplastids that is present in 

124 a complex containing PP1, Wdr82 and a putative orthologue of PNUTS. To characterize the role of this 

125 (PJW/PP1) complex in transcription termination, we investigated the consequence of mutants using RNAi 

126 in T. brucei. Ablation of JBP3, Wdr82 or PNUTS in T. brucei causes read-through transcription at 

127 termination sites. As we previously demonstrated following the removal of base J and H3.V, these defects 

128 include transcription read-through at termination sites within Pol II transcribed gene arrays and the silent 

129 Pol I transcribed VSG expression sites, leading to de-repression of genes involved in parasite 
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130 pathogenesis. Furthermore, ablation of JBP3, Wdr82 or PNUTS results in expression of genes upstream 

131 of Pol II transcription start sites presumably representing a previously unappreciated role of termination of 

132 antisense transcription from gene promoters in trypanosomes. Overall these findings provide a first look 

133 at mechanisms involved in Pol II transcription termination in kinetoplastids and a direct link between base 

134 J and termination. 

135

136 Results

137 Affinity purification and identification of JGT-associated proteins in Leishmania

138 In this study, we chose to identify the proteins that co-purify with JBP1, JBP2 and JGT, in order to 

139 understand the regulation of J-biosynthesis. Leishmania tarentolae was chosen as an experimental 

140 system, because it provides an easily grown source of high densities of parasites that synthesize base J. 

141 The proteins were cloned into the pSNSAP1 vector, carrying a C-terminal tag composed of a protein A 

142 domain, the TEV protease cleavage site, and the streptavidin binding peptide (42). Purification of the 

143 complexes was carried out as described in Materials and Methods. Separation of the final eluate from the 

144 JGT tagged cell line by SDS-PAGE and staining of the proteins by SYPRO Ruby, revealed a dominant 

145 protein band of ~120 kDa, representing JGT-S and several co-purified protein bands (Fig 1A). As a 

146 control, no specific proteins were identified from the purification from untagged wildtype cells. In contrast, 

147 and unexpectedly, no co-purified proteins were identified from the JBP1-S or JBP2-S purification either by 

148 SDS-PAGE or mass spectrometry analysis. Therefore, we continued the analysis on the JGT purification. 

149 Liquid chromatography-tandem mass spectrometry (LC-MS/MS) of the JGT-S purification revealed a total 

150 of five unique proteins not present in the negative control purification (Table 1). These proteins were 

151 required to have at least two unique peptides and a Seaquest score of at least 100. As expected, JGT-S 

152 was recovered in the eluate. However, four additional potential JGT associated proteins were discovered 

153 with (hypothetical) molecular masses of 74, 42 and 29 kDa. One of these JGT-interacting proteins (42 

154 kDa; LtaP15.0230) was protein phosphatase 1 (PP1), which contains a PP1 catalytic domain (Fig 1B). 

155 The other 42-kDa protein (LtaP32.3990) contains three WD repeat domains and has been identified as a 

156 homologue of Wdr82/Swd2 (human/yeast). The remaining two JGT interacting proteins had not been 
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157 previously characterized. We named the 74-kDa protein JBP3 (LtaP36.0380) because it has a domain 

158 with homology to the base J DNA binding domain of JBP1 (Fig 1B and S1) and we demonstrate its ability 

159 to bind J-DNA (see below). The 29-kDa JGT interacting protein was named PNUTS (LtaP33.1440) since 

160 it contains a conserved RVxF PP1 interactive domain (Fig 1C and S2 Fig) within an apparent intrinsically 

161 disordered region of the protein and is a part of a complex similar to the PTW/PP1 complex in humans 

162 (where JBP3 may represent a functional homolog of Tox4). PP1 interactive proteins such as PNUTS are 

163 highly disordered in their unbound state and fall in a group of intrinsically disordered proteins (IDPs) (4-6). 

164 This intrinsic flexibility is important for the formation of extensive interactions with PP1 (6, 43, 44). A 

165 bioinformatics analysis using the DISOPRED3 program (45, 46), which scores for the occurrence of 

166 disorder-inducing amino acids, predicts a majority of TbPNUTS is disordered (S2 Fig). Similarly, the 

167 Compositional profiler (47) shows PNUTS is enriched in major disorder-promoting residues and depleted 

168 in major order-promoting residues. This inherent disorder may explain why TbPNUTS migrates slower in 

169 SDS-PAGE than predicted (see S3A Fig). To confirm the complex, we subsequently performed tandem 

170 affinity purifications with tagged JBP3 and Wdr82. Reciprocal purification of JBP3 and Wdr82 resulted in 

171 the identification of JGT, PNUTS, PP1, JBP3 and Wdr82 with a significant number of unique peptide hits 

172 (Table 1). These data indicate that in Leishmania JGT associates with a protein complex composed of 

173 PNUTS, PP1, JBP3 and Wdr82 similar to the PTW/PP1 complex in humans, shown to be involved in 

174 transcription termination (Fig 1F). While JBP3 may be a functional homologue of the human Tox4 DNA 

175 binding protein (see below), JBP3 appears to be conserved only in the genus trypanosome. Based on this 

176 similarity, we now refer to this complex as PJW/PP1 in Leishmania. 

177

178 Fig 1. Identification of a novel phosphatase complex in Leishmania tarentolae. (A) Proteins 

179 recovered from tandem affinity purification from wild-type L. tarentolae extracts (WT) and from cells 

180 expressing the strep-tagged version of JGT, were analyzed on SDS-PAGE gel and stained with Sypro 

181 Ruby. (B) Summary of the PJW/PP1 complex. The domain structure of each component in the complex is 

182 schematically shown. JBD, J-DNA binding domain; RVxF motif, PP1 docking motif; PP1c, catalytic 

183 domain of protein phosphatase 1; WD40, WD40 repeat. The number of amino acids in each component is 

184 indicated. (C) Structure-based sequence alignment of the PNUTS, spinophilin PP1 and NIPP1 interactive 

185 domains in humans is compared with LtPNUTS (residues 95-112) and TbPNUTS (residues 139-164), 
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186 where x is any amino acid and Ø represents a hydrophobic amino acid. Critical residues in the RVxF 

187 motif are underlined. (D) Purification of recombinant LtJBP3. His-tagged rJBP3 expressed in E. coli was 

188 purified by metal affinity and size exclusion chromatography and analyzed by SDS-PAGE/Coomassie 

189 staining. The major copurified protein is the E. coli molecular chaperone GroEL. The migration of protein 

190 molecular mass standards (in kDa) is shown on the left. (E) Gel shift assays for modified and unmodified 

191 DNA substrates interacting with JBP3. 0.3 pmol radiolabeled J-DNA (J) was incubated with 0, 0.2, 0.38, 

192 0.57 and 1 pmol of JBP3 and 0.3 pmol radiolabeled unmodified DNA (T) was incubated with 1 pmol of 

193 JBP3. (F) Models for the PJW/PP1 complex in Leishmania and T. brucei. The models are based on the 

194 human PTW/PP1 complex where PNUTS acts as scaffold and the DNA binding protein and Wdr82 bind 

195 to the N- and C-terminus, respectively, and PP1 binds via the RVxF PP1 interaction motif (indicated by 

196 the line). PP1 is not stably associated with the complex in T. brucei (see discussion).

197

198 Table 1. Mass spectrometric identification of JGT, JBP3 and Wdr82 purification products

199

200   

201

202 L. tarentolae proteins were identified by mass spectroscopy as described in Materials and Methods. 
203 Listed are proteins that were not identified in the negative control purification of wildtype extract, had at 
204 least 2 unique peptides and (in the JGT-S purification) a score of at least 200. Each protein is described 
205 by the systematic GeneDB name (http://www.genedb.org), annotation based on the genome database or 
206 homologies described in the text, molecular mass (kilodaltons), and T. brucei homologue.

207

208 JBP3 is a J-DNA binding protein

209 We noticed that a region of the LtaP36.0380 protein (amino acids 101-277) has sequence 

210 similarity with the J-binding domain of JBP1 (S1A and B Fig). A structural model of the Lt JBP1 JBD 

211 based on the X-ray crystallography-based structure (PDB ID 2xseA) is shown in S1C Fig. As expected 

212 from the sequence similarities between the kinetoplastid JBD for JBP1 and the putative JBP3, the 3D 

JBP3-S Wdr82-SJGT-S
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213 models generated by the comparative modeling program I-TASSER (48, 49) were of high quality, with 

214 TM-score value of 0.727. The sequence identity and similar domain composition to the JBD of JBP1 

215 supported our contention that the LtaP36.0380 protein is a J-binding protein, subsequently named JBP3.

216 We have previously developed a rapid isolation procedure for His-tagged recombinant JBP1 

217 produced in E. coli and gel shift assays to characterize J-DNA binding activities (37, 38). We utilized a 

218 similar approach to characterize JBP3 in vitro DNA binding activity. The recombinant JBP3 obtained, as 

219 judged by its appearance in Coomassie-stained gels (Fig 1D), was suitable for investigating the specific 

220 interaction of JBP3 and J-modified DNA (J-DNA). To determine the ability of JBP3 to bind J-DNA, we 

221 used the gel shift assay to investigate the binding of JBP3 to J-DNA duplex (VSG-1J) that has a single 

222 centrally located J modification compared with the same duplex without any base J (VSG-T). The J-DNA 

223 substrate was incubated with increasing amounts of JBP3 protein, and the complex was analyzed on 

224 native gels. The results of the gel shift assay in Fig 1E, show that the amount of free J-DNA decreases 

225 with increasing concentrations of JBP3, concomitant with formation of the JBP3/J-DNA complex. In 

226 contrast, incubation of the unmodified DNA substrate with the highest concentration of JBP3 resulted in 

227 no visible complex. Thus, JBP3 is a J-DNA binding protein.

228

229 Characterization of the putative phosphatase complex containing Wdr82, JBP3 

230 and PNUTS in T. brucei

231 To study the function of the PJW/PP1 complex in vivo, we switched to T. brucei due to the 

232 benefits of forward and reverse genetics available in this system. However, while all other components 

233 are easily identified (see Tables 1 and 2), a PP1 homologue identified in the Leishmania PJW/PP1 

234 complex is not present in the T. brucei genome (50, 51). To characterize the complex in T. brucei, and 

235 identify the TbPP1 protein component, we used a TAP tagging approach with a PTP epitope tag (52) to 

236 identify TbPNUTS-interacting proteins. We generated a clonal procyclic form (PF) T. brucei cell line 

237 expressing a C-terminal PTP-tagged TbPNUTS protein from its endogenous locus. This cell line was 

238 used for the TAP procedure. Briefly, a crude protein extract was first purified by IgG affinity 

239 chromatography, and the TEV protease was used to cleave off the Protein A portion of the PTP tag. 
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240 Subsequently, the TEV protease eluate underwent anti-Protein C affinity purification, and the final purified 

241 products were eluted with EGTA. The concentrated proteins were then trypsin-digested and analyzed by 

242 LC-MS/MS. As a control, we analyzed the eluate of a comparable purification of extract from wild-type T. 

243 brucei. As expected, TbPNUTS was identified along with Wdr82 and JBP3 (Table 2). HSP70 was also 

244 identified as a potential PNUTS-interacting protein. However, JGT was not identified as part of the 

245 TbPNUTS complex along with no PP1 homologue. 

246

247 Table 2. Mass spectrometric identification of PNUTS co-purified proteins in T. brucei

248

249

250

251 List of PNUTS-PTP co-purified proteins, identified by LC/MS/MS, that were not a common contaminant of 
252 previous tandem affinity purifications in T. brucei, were not present in the negative control purification of 
253 wildtype extract, had at least two unique peptides and a score of at least 200. Protein annotation and 
254 accession numbers are from the T. brucei 927 database at www.TriTrypDB.org.

255

256 Co-immunoprecipitation studies were performed to further assess the PNUTS-containing complex 

257 in T. brucei. Representative components of the putative PP1 complex were analyzed by western blot 

258 following immunoprecipitation to assess the authenticity of protein interactions identified by mass 

259 spectrometry. To do this, we utilized BSF T. brucei parasites due to the ability to efficiently tag 

260 endogenous alleles. We generated T. brucei cell lines expressing PTP-tagged versions of PNUTS, JBP3, 

261 Wdr82 and CPSF73 (negative control) (S3A Fig) along with HA-tagged versions of JGT, Wdr82 and JBP3 

262 (Fig 2A and S3B Fig). PTP-PNUTS immunoprecipitation recovers HA-Wdr82 and HA-JBP3, but not the 

263 La negative control (Fig 2A). Similarly, PTP-JBP3 immunoprecipitation recovers HA-Wdr82 (S3B Fig). In 

264 contrast, no detectable HA-Wdr82 or HA-JGT is recovered in PTP-CPSF73 immunoprecipitates (Fig 2A 

265 and S3B Fig). Furthermore, JGT does not co-purify when PNUTS, JBP3 or Wdr82 is pulled down (S3B 

266 Fig), nor does Hsp70 co-purify when PNUTS or JBP3 is pulled down (S3C Fig).

PNUTS PTP
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267

268 Fig 2. Characterization of the PJW/PP1 complex in T. brucei. (A) Co-immunoprecipitation of JBP3, 

269 Wdr82 and PNUTS. Cell extracts from bloodstream form T. brucei cells that endogenously express PTP- 

270 and HA-tagged versions of the indicated proteins were purified by protein A affinity and analyzed by 

271 western blotting with anti-HA, anti-protein A and anti-La. (B) PNUTS, Wdr82, and JBP3 co-migrate 

272 following sucrose gradient fractionation. Cell extracts from BSF T. brucei cells that endogenously express 

273 PNUTS-PTP and JBP3-HA/WDR82-HA were loaded onto 5-50% sucrose gradients and analyzed by 

274 density gradient centrifugation. Equal volumes of each fraction were analyzed by western blotting. 

275 Migration of PNUTS, JBP3 and WDR82 are shown in the gradient. Molecular markers were applied to a 

276 parallel gradient. 

277

278 To further characterize the PNUTS complex, extracts recovered from T. brucei cells expressing 

279 epitope-tagged components were analyzed by western blot following sucrose fractionation. Analysis of T. 

280 brucei cells expressing PTP-PNUTS and HA-JBP3 or HA-Wdr82 indicate Wdr82, JBP3 and PNUTS co-

281 migrate at <200kDa. These results indicate that JBP3, Wdr82 and PNUTS form a stable complex of 

282 <200kDa. Summation of the predicted size of the three complex components (~180 kDa) agrees with the 

283 observed mass of the PJW complex and suggests a 1:1 stoichiometry for the subunits. Taken together, 

284 data from co-immunoprecipitation, sucrose gradient analysis, and identification of PNUTS-, Wdr82-, and 

285 JBP3-associated proteins by mass spectrometry indicate that Wdr82, JBP3 and PNUTS comprise a 

286 stable PJW complex in kinetoplastids (Fig 1F). In contrast to the complex in Leishmania, the stable 

287 purified T. brucei complex lacks both JGT and PP1. 

288 LtPP1 is found to be stably associated in PJW/PP1 complex, possibly through its putative PP1-

289 interacting protein, PNUTS. PNUTS is present in both the T. brucei and Leishmania complex and share a 

290 conserved RVxF motif (Fig 1C). Moreover, a similar human PTW/PP1 complex suggests that PP1 confers 

291 the complex phosphatase activity critical for its regulation in Pol II termination (2, 3, 53, 54). The apparent 

292 lack of PP1 in the T. brucei complex is therefore surprising. To identify the TbPP1 component, we directly 

293 tested two of the eight PP1 genes in T. brucei for interactions with the complex by co-IP. PP1-1 has the 

294 highest sequence homology to the PP1 involved in termination in yeast and humans (51). PP1-7 has 
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295 been identified in the nucleus of T. brucei (55). However, neither of these PP1 proteins associate with 

296 TbPNUTS in the co-IP (S3C Fig). Alternatively, PP1 is not stably associated with the complex in T. brucei. 

297 This is consistent with one of three replicates of LtJGT purification that resulted in all components of the 

298 complex except PP1 (S1 Table), suggesting PP1 is the least stable component of the Leishmania 

299 complex. It has been demonstrated that the phosphorylation of Ser residue(s) within or close to the RVxF 

300 motif of PP1 regulatory subunits, including PNUTS, disrupts the binding of this motif to PP1 (56-59). 

301 Treatment of T. brucei extract with calf intestinal phosphatase results in a shift of TbPNUTS mobility on 

302 SDS-PAGE (S3D Fig), suggesting TbPNUTS is phosphorylated in vivo. These data suggest PP1 is an 

303 (unstable) component of the PJW/PP1 complex in T. brucei where association may be regulated by 

304 PNUTS phosphorylation. 

305

306 Downregulation of PNUTS, Wdr82 and JBP3 causes defects in RNA Pol II 

307 transcription termination at the 3’end of PTUs

308 If PNUTS, Wdr82 and JBP3 interact with each other, one would predict that RNAi against the 

309 individual components would give the same phenotype. We therefore analyzed the role of the PJW/PP1 

310 complex in transcription termination in BSF T. brucei. We have previously shown that base J and H3.V 

311 are present at termination sites within a PTU where loss of either epigenetic mark results in read-through 

312 transcription and increased expression of downstream genes (21, 24, 25). Because Pol II elongation and 

313 gene expression is inhibited prior to the end of these PTUs, we refer to this as PTU internal termination. 

314 For example, base J and H3.V are involved in terminating transcription upstream of the last two genes 

315 (Tb927.5.3990 and Tb927.5.4000) in a PTU on chromosome 5 (Fig 3, top) where deletion of H3.V or 

316 inhibition of base J synthesis leads to read-through transcription (21, 24). The resulting read-through 

317 RNAs become observable in a manner similar to those seen in other systems when termination 

318 mechanisms become incapacitated by experimental manipulation. The presence of an open reading 

319 frame downstream of the termination site allows an additional measure of read-through where nascent 

320 RNA is processed to stable capped and polyadenylated mRNA species. As such, the loss of either 

321 epigenetic mark in T. brucei leads to generation of nascent RNA extending beyond the termination site 

322 and expression of the two downstream genes (21, 24). To investigate the physiologic function of the 
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323 PJW/PP1 complex, we analyzed inducible RNAi ablation of Wdr82, JBP3, and PNUTS in BSF T. brucei. 

324 As shown in Fig 3, induction of RNAi against Wdr82, JBP3 and PNUTS and ablation of mRNA levels from 

325 30-60% leads to reduced parasite growth, indicating the essential nature of these genes and thus the 

326 PJW/PP1 complex in BSF T. brucei. We also detect evidence of read-through transcription at the 

327 representative PTU internal termination site on chromosome 5 upon ablation of the three factors. RT-PCR 

328 using oligos flanking the termination site (see diagram, Fig 3A) detects increased RNA upon ablation of 

329 PNUTS, Wdr82 and JBP3 (Fig 3C). As a control a separate RT-PCR utilized the same 5’ primer and a 3’ 

330 primer immediately upstream of the termination site. We have previously shown that an RNA species 

331 spanning the termination site is indicative of read-through transcription and is only detected following the 

332 loss of base J or H3.V, due to continued transcription elongation at termination sites (21, 24, 25). 

333 Consistent with read-through transcription, both genes downstream of the termination site are significantly 

334 de-repressed upon the ablation of the three components of the PJW/PP1 complex, in contrast to genes 

335 upstream (Fig 3D). In contrast, no significant termination defects are detected upon ablation of a negative 

336 control, acidocalcisome VA a protein (Fig 3 C and D). VA a has been shown to be an essential gene in T. 

337 brucei and ablation results in similar growth defects as seen in PJW/PP1 complex (60) (Fig 3B). 

338 Therefore, the read-through defects measured in the PNUTS, Wdr82 and JBP3 mutants are presumably 

339 not the result of indirect effects of dying cells. These results suggest that PNUTS, Wdr82 and JBP3, 

340 possibly functioning in the PJW/PP1 complex, have a role in regulating Pol II termination.

341

342 Fig 3. PNUTS, Wdr82 and JBP3 are involved in Pol II transcription termination in T. brucei. (A) 

343 PNUTS, JBP3 and Wdr82 are essential for cell viability of the infectious BSF T. brucei. Cell growth was 

344 arrested upon PNUTS, JBP3 and Wdr82 mRNA ablation by RNAi. VA a; acidocalcisome VA a protein. (B) 

345 Depletion of mRNA upon Tet induction of RNAi by qRT-PCR analysis. P values were calculated using 

346 Student’s t test. ***, p value ≤ 0.001. (C and D) Analysis of Pol II termination. Above; Schematic 

347 representation of a termination site on chromosome 5 where Pol II has been shown to terminate prior to 

348 the last two genes (Tb927.5.3990 and Tb927.5.4000) in the PTU. The dashed arrow indicates 

349 readthrough transcription past the TTS that is regulated by base J and H3.V. Solid lines below indicate 

350 regions (1 and 2) analyzed by RT-PCR. (C) RT-PCR analysis of nascent RNA. cDNA was synthesized 

351 using random hexamers and PCR was performed using the appropriate reverse primer for each region (1 
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352 and 2) plus an identical forward primer. (D) RT-qPCR analysis of genes numbered according to the ORF 

353 map above. Transcripts were normalized against Asf1, and are plotted as the average and standard 

354 deviation of three replicates. P values were calculated using Student’s t test. **, p value ≤ 0.01; ***, p 

355 value ≤ 0.001.

356

357 To further explore the role of the PJW/PP1 complex in the regulation of termination and whether 

358 the complex functions similarly across the genome, we performed stranded mRNA-seq to compare the 

359 expression profiles of PNUTS RNAi cells with and without tetracyclin induction. This led to the detection of 

360 709 mRNAs that are increased at least 3-fold upon ablation of PNUTS (Padj<0.05) (S4A Fig and S2 Table). 

361 In contrast, no mRNAs are downregulated. Of the 3-fold upregulated genes, a majority represent VSGs, 

362 ESAGs and Retrotransposon Hot Spot proteins (RHS) that are repressed in bloodstream T. brucei and 

363 are localized at the end of Pol II transcribed PTUs located within the chromosomes or in subtelomeres. 

364 The location of the genes with >3-fold upregulation was mapped (Fig 4A and S5). Interestingly, these 

365 genes were closely located at regions flanking PTUs or subtelomeric regions, suggesting a role of 

366 PNUTS in genome-wide transcription, specifically at transcription initiation and termination sites, as well 

367 as subtelomeres. The PTU flanking regions represent transcription termination sites (TTS) and 

368 transcription start sites (TSS) within the so-called convergent strand switch region (cSSR) and divergent 

369 strand switch region (dSSR), respectively. We have previously shown that base J is localized within the 

370 cSSRs and dSSRs flanking PTUs and involved in Pol II termination. Therefore, we wanted to first confirm 

371 the association with J at termination sites with changes in gene expression we observed in the PNUTS 

372 mutant. If we analyze genes within 1kb of base J genome-wide, we see a correlation with upregulation of 

373 gene expression versus a similar analysis of the same number of randomly selected genes across the 

374 genome (S4B Fig). In contrast, the 4 genes upregulated in the VA a mutant lack any association with 

375 base J. The upregulated genes in the PNUTS mutant located at the 3’ end of PTUs, including the VSG 

376 gene (Tb927.5.3990) analyzed in Fig 3, map to regions downstream of base J and H3.V. The RNA-seq 

377 results confirm our initial RT-PCR analysis of nascent and steady-state RNA indicating a role of PNUTS, 

378 Wdr82 and JBP3 regulating termination and expression of downstream genes (Fig 3). Therefore, 

379 consistent with our analysis of the J/H3.V mutants, in the PNUTS mutant we observe similar increases in 
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380 the expression of genes downstream of PTU internal termination sites, which we previously demonstrated 

381 is caused by a defect in Pol II transcription termination resulting in readthrough transcription (21, 24, 25). 

382

383 Fig 4. TbPNUTS affects transcription termination at 3’ end and 5’ end of PTUs. Levels of transcripts 

384 downstream of TTSs and upstream of TSSs increased upon TbPNUTS ablation. (A) A core section of 

385 chromosome 10 is shown; genes that were upregulated >3-fold upon ablation of PNUTS are highlighted 

386 in red. Arrows indicate the direction of transcription of PTUs. (B and C) Diagram of a cSSR (B) and dSSR 

387 (C): boxes are genes in the PTUs and arrows indicate PTUs and direction of transcription. In cSSR, the 

388 poly A sites of the final gene in the PTU (indicated by the transcriptome) are marked by dotted line (0 kb). 

389 In dSSR, the dotted line (0 kb) indicates the 5’ end of the first gene in the PTU (according to the 

390 transcriptome). Thus, the TSS is located further upstream, within the dSSR. Numbers refer to distance 

391 from SSR (kb). Below: Metagene profile of total sense and antisense RNA-seq signal over the SSRs and 

392 5kb upstream and downstream regions into the PTUs. Fold changes comparing transcription levels 

393 between day 0 and day 2 following induction of RNAi were calculated and plotted over the indicated 

394 regions genome-wide. Red and blue lines indicate RNAs from the top and bottom strand, respectively, as 

395 indicated on the diagram above. PNUTS, PNUTS RNAi; VA a, RNAi VA a. (D) Above: Diagram of a HT 

396 site. Boxes are the genes and arrows indicate direction of transcription as in C. The center of the H2A.Z 

397 peak is marked by a dotted line. Numbers refer to distance from center of H2A.Z peak (kb). Below: 

398 Metagene profile of the fold changes in RNA-seq reads over the HT sites and 10 kb upstream and 

399 downstream of the H2A.Z peak, as described in C.

400

401 A remaining question was whether PNUTS also regulated termination at the 3’-end of gene 

402 clusters resulting in transcription into the SSR. Our previous RNA-seq analyses in T. brucei indicated that 

403 H3.V/J regulated termination at the 3’-end of PTUs, where mutants resulted in Pol II elongation into the 

404 dual strand transcription regions at cSSRs (21, 24). To visualize the differences between WT and 

405 TbPNUTS mutant, fold changes between –Tet and +Tet induction of RNAi were plotted (S6 Fig). While 

406 sense transcription remained largely unaffected throughout all 11 megabase chromosomes following the 

407 loss of PNUTS, significant fold increases of antisense transcription were observed near transcription 
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408 borders of PTUs, including downstream of normal transcription termination sites at the 3’-end. To take a 

409 closer look at the increased level of transcripts at these sites, and determine whether they are due to 

410 transcriptional readthrough, forward and reverse reads mapping to 5kb flanking and within cSSRs were 

411 counted and RPKM values were generated. As shown in Fig 4B, cSSRs are computationally defined 

412 regions where coding strands switch based on the transcriptome. To see the difference between WT and 

413 PNUTS mutant, changes in transcript abundance upon PNUTS and VA a ablation were plotted. A 

414 metaplot summarizing the readthrough defect for all cSSRs is shown in Figure 4B. We observed an 

415 increase in RNA extending into the cSSR in the PNUTS mutant, and no change in the VA a mutant 

416 control. Boxplots comparing the median RPKM values for SSRs also indicated that cSSRs were 

417 upregulated in the PNUTS mutant and the differences were statistically significant (S7 Fig). All together 

418 these results indicate that the loss of PNUTS, JBP3, and Wdr82 result in defects in transcription 

419 termination at the 3’-end of PTUs as we described in the H3.V/J mutant.

420

421 PNUTS, Wdr82 and JBP3 are involved in Pol II transcription termination at 5’ end 

422 of PTUs

423 Based on the initial RT-PCR analysis of the internal termination site in PNUTS, JBP3 and Wdr82 

424 knockdowns (Fig 3), we expected RNA-seq to illustrate defects in termination at 3’-end of PTUs genome-

425 wide in the PNUTS mutant. However, we also detected accumulation of transcripts at dSSRs, illustrated 

426 by the genome-wide map of transcript levels (S6 Fig) and the metaplot of dSSRs (Fig 4C and S7 Fig). At 

427 these divergent TSSs, the region upstream of the start site produced more transcripts in the PNUTS 

428 mutant when forward and reverse reads were analyzed separately, indicating that transcription initiates 

429 upstream of its start site upon the loss of PNUTS. In some cases, this leads to expression of genes 

430 present in the dSSR that are silent in WT cells. This explains the mapping of genes upregulated in the 

431 PNUTS mutant to 5’-end PTUs (Fig 4A). A specific example, shown in Fig 5A, includes a dSSR on 

432 chromosome 10 where a gene (Tb927.10.8340) located between the two divergent TSSs (mapped by tri-

433 phosphate RNA sequencing of WT cells) is affected by the loss of PNUTS. Specific upregulation of this 

434 gene 4- to 13-fold following the loss of PNUTS, JBP3 and Wdr82 versus genes in the adjacent PTU is 

435 confirmed by RT-qPCR (Fig 5B). Another example confirmed by RT-qPCR is shown in S8 Fig where the 
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436 gene (Tb927.10.6430) located upstream of the TSS in WT cells is specifically upregulated 4- to 7.5-fold 

437 by the loss of PNUTS, JBP3 and Wdr82.

438

439 Fig 5. TbPNUTS affects early termination of antisense transcription at TSSs. (A) Representative 

440 region of chromosome 10 illustrating bi-directional transcription at TSSs upon TbPNUTS ablation. TSSs 

441 are denoted by PPP-seq and H2A.Z ChIP-seq enrichment in wild-type T. brucei. PPP-seq track colors: 

442 Red, reverse strand coverage; blue, forward strand coverage.  RNA-seq track colors: Green, reverse 

443 strand coverage; Purple, forward strand coverage. Black arrows indicate direction of sense transcription. 

444 Red arrows indicate stimulated antisense transcription in the PNUTS mutant that leads to de-repression 

445 of the annotated 8340 gene on the bottom strand and, to a lesser degree, the 8350 gene on the top 

446 strand. (B) Confirmation of mRNA-seq transcript changes in the PNUTS, Wdr82 and JBP3 RNAi by RT-

447 qPCR. RT-qPCR analysis was performed for the indicated genes as described in Material and Methods. 

448 Transcripts were normalized against Asf1 mRNA, and are plotted as the average and standard deviation 

449 of three replicates. P values were calculated using Student’s t test. **, p value ≤ 0.01; ***, p value ≤ 0.001. 

450 (C) Mapping of the 5’ end of the antisense transcript by nested RT-PCR on strand-specific cDNA. PCR 

451 utilized constant 3’ primer (indicated by black arrow-head) with varying 5’ primers indicated in red (primers 

452 1-4). Transcript levels were normalized against strand-specific Asf1 mRNA. (D) Strand-specific RT-qPCR 

453 analysis of antisense nascent transcript. cDNA was generated using various strand specific 3’ primers 

454 and RNA from – and + Tet. qPCR was then done using internal primers to amplify the region indicated by 

455 black bar. Transcript levels were normalized against strand-specific Asf1 mRNA. Error bars indicate 

456 standard deviation from at least three experiments.

457

458 Many promoters for RNA Pol II are bidirectional in organisms from yeast to human (61-65). 

459 Unidirectional transcription resulting in productive mRNAs is typically ensured since antisense 

460 transcription is susceptible to early termination linked to rapid degradation. Mapping TSSs using tri-

461 phosphate RNA-seq has previously suggested bi-directional activity, with strong strand bias, of Pol II 

462 initiation sites in T. brucei (66, 67). The RNA-seq data presented here is consistent with bi-directional 

463 activity of TSS, early termination and stimulation of divergent antisense transcription in the PNUTS 
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464 knockdown leading to the activation of genes within the dSSR (Fig 4C and 5A and S8). As shown in Fig 

465 5A and B, the silent 8340 gene within a dSSR on chromosome 10 is transcribed upon the loss of 

466 TbPNUTS. To see whether there is a correlation between the initiation of the antisense transcript with 

467 sense mRNA coding strand TSS, we analyzed the 5’-end of the nascent antisense transcript at this dSSR 

468 using RT-PCR (Fig 5C). The significant drop of inability of a 5’ primer to amplify the cDNA corresponding 

469 to the nascent ‘antisense’ transcript indicates the 5’ end of the PNUTS regulated transcript is adjacent to 

470 the TSS for the sense transcript on the opposing strand. Using various 3’ primers for generating cDNA, 

471 antisense transcription is attenuated in uninduced cells as shown in the decline in cDNA with increasing 

472 length of the transcript (Fig 5D). In the absence of PNUTS the antisense transcription fails to terminate, 

473 as seen in the maintained levels of cDNA for all primers tested in + Tet. The increasing effects of the loss 

474 of PNUTS on level of transcript with increasing length of the transcript supports the idea of PNUTS 

475 regulating early termination/elongation of the antisense transcript. Taken together the results suggest that 

476 the PJW/PP1 complex (PNUTS, JBP3 and Wdr82) regulates premature termination of antisense 

477 transcription from bi-directional TSS and silencing of gene expression in T. brucei.

478 Another possibility is that increased transcription within dSSRs is due to transcription initiating 

479 upstream of the divergent TSSs in the absence of PNUTS. To address this possibility, we examined 

480 transcription at Head-to-Head (HT) boundaries of PTUs. HT sites are defined where transcription of one 

481 PTU terminates and transcription of another PTU on the same DNA strand initiates. In contrast to TSSs at 

482 dSSRs, HT sites contain a termination site for the upstream PTU, indicated by H3.V and H4.V, and a TSS 

483 marked by individual peaks of histone variants, such as H2A.Z, and histone modifications (22, 66, 67). 

484 Similar to the metaplot analyses of dSSRs and cSSRs, we detected accumulation of transcripts at HT 

485 sites upon the ablation of PNUTS (Fig 4D). At these non-divergent TSSs, the region upstream of the start 

486 site produced more transcripts in the PNUTS mutant indicating readthrough transcription, as expected, or 

487 possible initiating events further upstream. More interestingly, antisense transcripts are also increased at 

488 HT sites. The lack of a divergent TSS at these sites, indicated by the presence of single peak of H2A.Z, 

489 supports the conclusion that the antisense transcripts are the result of regulated bi-directional 

490 transcription activity.

491
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492 Replication is not affected by pervasive transcription

493 Noncoding transcription, via defects in transcription termination, influences eukaryotic replication 

494 initiation. Transcription through origins located at 5’- and 3’-ends of Pol II transcription units leads to 

495 replication defects via dissociation of the prereplication complex (pre-ORCs) or sliding of MCM helicases 

496 (68-72). Of the 40 early firing origins that have been mapped in T. brucei, 36 are upstream of TSS (73). 

497 Analysis of L. major has indicated that replication initiation sites occur at the genomic locations where Pol 

498 II stalls or terminates, including sites precisely downstream of base J (74). Therefore, increased 

499 transcription at PTU flanking regions in the absence of TbPNUTS may cause DNA replication defects. To 

500 see whether pervasive transcription has any effect on T. brucei replication, we first analyzed whether 

501 TbPNUTS is required for proper cell-cycle progression. In T. brucei, DNA replication and segregation of 

502 kinetoplastid DNA (K) in the single mitochondrion precede those of nuclear DNA (N), so cells at different 

503 stages can be distinguished by their N and K configurations. 1N1K content indicates that cells are in G1, 

504 1N2K indicates cells in S phase and 2N2K indicate post-mitotic cells. Representatives of cells with these 

505 DNA contents upon DAPI staining are shown in S9A Fig. We detect no change in cell populations 

506 following a 2 day induction of PNUTS RNAi ablation. To take a closer look at DNA replication and confirm 

507 the lack of cell cycle defects we monitored cell-cycle progression after RNAi ablation by flow cytometry, 

508 staining bulk DNA with propidium iodide and newly replicated DNA by BrdU incorporation. To do this we 

509 labeled TbPNUTS RNAi cell line (treated with tetracycline for 0, 1 and 2 days) with BrdU and BrdU 

510 labeled DNA was then detected using anti-BrdU antibodies. As shown in S9B and C Fig, uninduced cells 

511 show normal cell cycle profiles. Two days after RNAi ablation, there is no change in the cell-cycle profile 

512 or quantities of cells at each stage. Similarly, there is no detectable change in levels of BrdU incorporation 

513 in the S phase population (S9C Fig). The cell cycle profiles of the conditional RNAi ablation suggest that 

514 TbPNUTS is not required for proper cell-cycle progression and DNA replication. Furthermore, the 

515 increase in pervasive transcription in the PNUTS mutant has no measurable effect on DNA replication.

516

517 PNUTS regulates Pol I transcriptional repression of telomeric PTUs
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518 In addition to Pol II termination sites distributed throughout the T. brucei genome, H3.V and base 

519 J localize within the ~14 Pol I transcribed polycistronic units located at the telomeric ends and involved in 

520 antigenic variation (so called bloodstream form VSG expression sites, BESs) (Fig 6A)(19, 75-77). 

521 Monoallelic expression of a VSG ES leads to the expression of a single VSG on the surface of the 

522 parasite, a key aspect of the strategy bloodstream form trypanosomes use to evade the host immune 

523 system. We have previously shown that the loss of H3.V and J leads to increased expression of VSG 

524 genes from silent telomeric BESs (21). This effect is presumably due to the role of these epigenetic marks 

525 in attenuating transcription elongation Pol I within the silent VSG BESs, thereby preventing the 

526 transcription of silent VSGs. Differential gene expression analysis of RNA-seq reads mapped to the 427 

527 genome indicates that the loss of PNUTS leads to increased VSG expression from silent BESs (S2 Table). 

528 In addition to the BES, depletion of TbPNUTS results in de-repression of VSGs from the silent telomeric 

529 metacyclic ES (MES), which are transcribed monocistronically by Pol I. A few of these VSG gene 

530 expression changes have been confirmed by RT-qPCR (S10 Fig). To further explore the global function 

531 of TbPNUTS in VSG expression control, we mapped the RNA-seq reads to the VSGnome (78). The 

532 VSGnome allows the analysis of VSG genes, such as those on minichromosomes, that were not included 

533 in the new T. brucei 427 genome assembly. As shown in Fig 6, this analysis confirms the de-repression of 

534 Pol I transcribed VSG at BES and MES upon TbPNUTS depletion. On the other hand minichromosomal 

535 (MC) VSGs lacking a promoter (79) were not significantly affected; only 2 of 41 were upregulated 

536 (Padj<0.1). These data indicate that transcription of (silent) telomeric VSGs in the PNUTS mutant is 

537 strongly dependent on the presence of a Pol I promoter. Interestingly, comparing the expression level of 

538 MES VSGs that are adjacent to the promoter with BES VSGs over 10 kb downstream (Fig 6A and S10 

539 Fig) suggested that the level of derepression is a function of distance from the Pol I promoter. As 

540 previously mentioned, the majority of VSG genes upregulated in the PNUTS mutant are chromosomal 

541 internal VSGs (S2 Table and S5 Fig). In the VSGnome, these (unknown) VSGs (Fig 6B) were thought to 

542 be primarily located at subtelomeric arrays, but their exact positioning in the genome was not known (78). 

543 These VSGs have now been mapped to the silent subtelomeric arrays assembled in the new 427 

544 genome (77) and, as shown in S5 Fig and Fig 6B, a significant fraction are upregulated upon the loss of 

545 PNUTS. Overall, these data indicate that TbPNUTS (PJW/PP1 complex) regulates transcriptional 
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546 silencing of telomeric Pol I transcribed telomeric VSG PTUs and Pol II transcription of VSGs within 

547 genome internal PTUs in T. brucei.

548

549 Fig 6. TbPNUTS is required for silencing of VSG genes. (A) Schematic diagrams of telomeric VSG 

550 genome locations; BES, Bloodstream-form Expression sites; MES, metacyclic expression sites; and MC, 

551 minichromosomal sites. ESAGs, expression site associated genes. (B) Reads from the RNA-seq 

552 experiment were aligned to the VSGnome database and raw reads mapping to each VSG was analyzed 

553 with DEseq as described in Materials and Methods. Fold changes comparing transcript levels between 

554 day 0 and day 2 following induction of PNUTS RNAi were calculated and plotted for BES, MES or MC 

555 VSGs. The rest of the VSGs (‘Unknown’) excluding BES, MC and MES were graphed separately. Red 

556 dots represent genes with greater than 3-fold change that are also significant with a Benjamini-Hochberg 

557 FDR test correction. (C) PNUTS regulates transcription of VSG BES. RNA-seq reads were aligned to the 

558 T. brucei 427 BES sequences (14 BESs). Fold changes comparing – and + Tet were plotted over each 

559 BES. Six of the BES are shown here. See S11 Fig for all BES. Diagram indicates annotated genes, boxes, 

560 within the BES PTU. ESAG 6 and 7 are indicated in blue. The last gene on the right is the VSG gene 

561 (red). Some BESs have pseudo-VSG genes upstream. Promoters are indicated by arrows. Some BESs 

562 have two promoters. Asterix denote bins with greater than 3-fold change of expression following PNUTS 

563 ablation. 

564

565 The derepression of ESAG 6 and 7 genes adjacent to the BES promoter along with the VSG ~40 

566 kb downstream (S2 Table), suggests that PJW/PP1 may function throughout the telomeric PTU. To 

567 examine this more closely, we analyzed the RNA-seq reads mapping to the 14 telomeric BES sequences 

568 (80). RNA-seq reads mapping to BES were counted in 200bp windows with a 100bp steps. Read counts 

569 were converted into reads per million (RPM) and compared between +/- Tet to estimate log2 fold change 

570 and plotted in Fig 7C and S11 Fig. The location of BES promoters is indicated by an arrow. The 

571 transcription of the active BES1 was not affected by the loss of TbPNUTS. However, when the remaining 

572 13 silent BESs are analyzed we see derepression of ESAGs as well as the terminal VSG. In some cases, 

573 it seems that derepression extends 10-20 kb from the promoter to express ESAG 6 and 7, with no 
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574 significant effect on the remaining genes (ESAGs) within the silent BES, and derepression of the VSG at 

575 the 3’ end. In other cases there is selective upregulation of the VSG gene, including the pseudo VSGs 

576 that are present upstream of some telomeric VSGs. The apparent selective VSG upregulation may be 

577 due to the combined effect of low level transcription of the entire BES and enhanced stability of VSG 

578 mRNAs. For example, the increased VSG mRNA half-life (4.5 hrs) compared with ESAG 6 and 7 (1.8-2.8 

579 hrs) (81, 82). Transcripts of genes located approximately 5 kb upstream of the VSG have also been 

580 shown to be selectively rapidly degraded, presumably by nonsense-mediated decay (83). We also 

581 noticed that increased levels of RNA close to the promoter are significantly higher when there is an 

582 additional BES promoter upstream for ESAG10. In fact, the most significant gene expression changes are 

583 in BESs that have dual promoters (S2 Table). These data would suggest derepression of telomere-

584 proximal VSG genes after PNUTS depletion is due to transcriptional activation of silent Pol I promoters. 

585 However, these results are also consistent with increased Pol I elongation along the BES. Repression of 

586 silent ESs is mediated at least in part by the inhibition of Pol I elongation within the BES preventing the 

587 production of VSG mRNA from the silent BESs (84-86). Similar to its inhibition of Pol II transcription 

588 elongation at termination sites at the 5’ and 3’ end of PTUs genome-wide, PNUTS may also function at 

589 telomeric regions to attenuate Pol I transcription elongation within the silent ESs. The data here suggest 

590 PJW/PP1 controls VSG silencing at BESs by regulating Pol I elongation (termination) and/or regulating 

591 access of the polymerase to silent promoter regions. 

592

593 Discussion

594 Current dogma in the field is that most, if not all, Pol II transcribed gene regulation is at the 

595 posttranscriptional level in kinetoplastids (87). This is primarily based on the polycistronic arrangement of 

596 genes and identification of posttransciptional regulons under the control of RNA binding protein regulated 

597 mRNA stability. Our previous studies on base J/H3.V function revealed regulated transcription termination 

598 at the 3’-end of PTUs as a novel mechanism of gene expression control in kinetoplastids. The studies 

599 described here solidify this concept and open up another possible regulatory gene expression mechanism 

600 via early termination at the 5’-end of PTUs. These studies also provide the first direct mechanistic link 
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601 between base J and transcription termination in kinetoplastids by the identification of a multi-subunit 

602 protein complex involved in termination that binds base J.

603 Here we identify a new base J binding protein, JBP3, and show that it is part of a PP1-PNUTS-

604 Wdr82 containing protein module. We named this module the PJW/PP1 module based upon the 

605 mammalian PTW/PP1 module involved in transcription termination (9). Mutation of its components, JBP3, 

606 Wdr82 and PNUTS, gives similar phenotypes in T. brucei, validating PJW is indeed a functional module. 

607 Our data strongly suggests that the kinetoplastid PJW/PP1 complex we identified here is reminiscent of 

608 human PTW/PP1 where PNUTS is the kinetoplastid functional homologue of human PNUTS and JBP3 

609 the homologue of Tox4. However, while we demonstrate LtPP1 is a component of the Leishmania 

610 complex, the purified module in T. brucei lacks a PP1 homologue. PP1 is the only catalytic component of 

611 the human PTW/PP1 complex and dephosporylation by PP1 is directly involved in regulating Pol II 

612 termination (2, 3, 53, 54). Therefore, the apparent lack of PP1 association with the PNUTS, Wdr82 and 

613 JBP3 complex involved in transcription termination in T. brucei is surprising. MS analysis of the TbPNUTS 

614 complex is the result of a single purification from 12 L of PC T. brucei cells. The finding that one of three 

615 replicates of LtPNUTS purification resulted in all components of the complex except PP1 suggests PP1 

616 may be the least stable component of the complex in T. brucei. Once we increase the yield of TbPNUTS 

617 purification, and reduce the volume of cells needed, we can perform multiple pulldown/MS analyses to 

618 address this possibility. We propose that PP1 is a functional component of the PJW/PP1 complex in both 

619 Leishmania and T. brucei, but association with TbPNUTS is less stable and/or regulated via 

620 phosphorylation. However, further work needs to be done to characterize the role of TbPNUTS 

621 phosphorylation and determine whether PP1 is a component of the PTW complex and involved in 

622 termination in T. brucei.

623 We and others have previously shown that base J and H3.V co-localize at Pol II termination sites 

624 (20, 22) and are involved in transcription termination in T. brucei and L. major, where loss of base J and 

625 H3.V leads to readthrough transcription at the 3’-end of PTUs (21, 23-26). For ‘premature’ termination 

626 sites within PTUs, read-through transcription resulting from the loss of base J and/or H3.V leads to 

627 transcription of silent genes (primarily VSG genes) downstream of the termination site (21, 24, 25). We 

628 now show that depletion of components of the PJW/PP1 complex in T. brucei leads to similar defects in 

629 Pol II termination at the 3’-end of PTUs, including the de-repression of downstream genes. We also 
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630 uncover additional defects at the 5’-end of PTUs suggesting regulated early termination of antisense 

631 transcription from bi-directional transcription start sites. Here, we propose a model where divergent 

632 transcription at the 5’-end and readthrough transcription at the 3’-end of gene arrays is affected by the 

633 PJW/PP1 complex in trypanosomatids (model in Fig 7). According to this model, the PJW/PP1 complex is 

634 recruited to termination sites, at least partially, due to base J-JBP3 interactions. H3.V localized at 3’-end 

635 termination sites may play an additional role in complex localization since WDR5, a homolog of Wdr82, 

636 binds to the N-terminal tail of histone H3 (88). Wdr82 is required for recruitment of the APT termination 

637 complex containing PNUTS-PP1 to snoRNA termination sites in yeast (89). Wdr82 may also play a role in 

638 5’-end termination site recognition since it binds to RNA Pol II CTD phosphorylated at Ser5 in yeast and 

639 humans (10, 90). 

640

641 Fig 7. Regulation of termination by the PJW/PP1 complex in kinetoplastids. Schematic diagram of 

642 polycistronic RNA Pol II transcription. Transcription start sites (TSS), and direction of transcription, for the 

643 PTU on the top strand (blue genes) and bottom strand (red genes) are indicated by the black arrow. 

644 Peaks of histone variant (H2A.Z) and methylated histone H3 (H3K4me3) localized at TSS are indicated. 

645 According to the model, bi-directional transcription initiates at each TSS, but only the Pol II transcribing 

646 the ‘sense strand’ fully elongates and generates productive poly (A) mRNAs. Pol II terminates the 3’-end 

647 of the PTU marked with base J (ball and stick) and H3.V (not shown). The PJW/PP1 complex is recruited 

648 to the termination site via JBP3 recognition of J-DNA and termination regulated by PP1 

649 dephosphorylation of the CTD of Pol II. The PJW/PP1 complex is also recruited to the dSSR upstream of 

650 the TSS, leading to premature termination of antisense transcription. These short transcripts may be 

651 additionally targeted for degradation. Impaired termination, following mutation of the PJW/PP1 complex, 

652 leads to readthrough transcription at the 3’- and 5’-end of PTUs. Genes located downstream of these 

653 termination sites, at the 3’- and 5’-end (upstream of the TSS) of a PTU, can generate stabilized polyA 

654 mRNAs and be expressed.

655

656 Similar to the mammalian complex, we propose PNUTS is a scaffolding protein for the entire 

657 PJW/PP1 complex and regulates PP1 function via the PP1 binding RVxF motif. Only three substrates 
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658 have been identified for PNUTS/PP1: the Pol II elongation factor Spt5, the CTD of Pol II and MYC (2, 53, 

659 91, 92). MYC dephosphorylation by PP1 regulates chromatin binding and stability. PP1 

660 dephosphorylation of Spt5 and Pol II has been directly implicated in regulating Pol II termination in other 

661 eukaryotes. Therefore, we propose that regulated phosphorylation of Spt5 and Pol II by the PJW/PP1 

662 complex is critical for transcription termination in trypanosomatids. TbSpt5 has recently been shown to be 

663 associated with Pol II (93) and is phosphorylated at a single Ser residue (94). The CTD of Pol II in 

664 trypanosomatids is unique in that it does not contain the heptad or other repetitive motifs that are 

665 conserved from yeast to humans (95). However, the CTD was shown to be essential for Pol II 

666 transcription in T. brucei (96, 97) and 17 phosphorylated sites have been identified within the CTD (94). 

667 Studies also suggest that CTD phosphorylation is required for Pol II association with trypanosome 

668 chromatin (98). It is necessary to determine the role of the PJW/PP1 complex in the phosphorylation 

669 status of Spt5 and Pol II in trypanosomatids and whether phosphorylation of a non-canonical Pol II CTD is 

670 involved in transcriptional regulation in divergent eukaryotes thought to lack significant regulation.

671 An unexpected finding of this work was that, in the absence of PNUTS, Wdr82 or JBP3, genes 

672 located upstream of TSS are also now expressed, resulting from transcription between diverging PTUs. 

673 Mammalian and yeast promoters frequently give rise to transcription in both the sense and divergent 

674 antisense directions (61-65), giving rise to a (productive) sense transcript and a corresponding upstream 

675 noncoding RNA (ncRNA) (99-102). Unidirectional transcription is typically ensured since the ncRNAs are 

676 susceptible to early termination linked to rapid degradation (100, 103-105). Early termination of divergent 

677 transcription at 5’ ends of mammalian genes occurs by similar mechanisms as termination at 3’ ends. In 

678 addition to regulating termination at the 3’ end of genes, Wdr82 and PNUTS have also been shown to be 

679 involved in enforcing early transcription termination at bi-directional promoters (17). The role of PNUTS is 

680 thought to reflect the essential nature of PNUTS/PP1 since differential phosphorylation of the CTD of Pol 

681 II has been proposed to regulate the directionality of transcription at bi-directional promoters. Specifically, 

682 Tyr1 and Ser1 hyperphosphorylation of Pol II have been shown to be associated with antisense divergent 

683 transcription at mammalian promoters (106-108). Spt5 regulation of Pol II elongation is involved in control 

684 of divergent antisense transcription as well as readthrough transcription at 3’ end of genes in yeast (2, 

685 109), representing an additional target of PNUTS/PP1 regulation of transcription at both ends of genes. 

686 Similar to mammalian promoters where transcription is divergent and initiation is over a broad genomic 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted August 30, 2019. ; https://doi.org/10.1101/753004doi: bioRxiv preprint 

https://doi.org/10.1101/753004
http://creativecommons.org/licenses/by/4.0/


687 region, previous studies have suggested that Pol II transcription initiation sites are intrinsically bi-

688 directional in T. brucei (66, 67). We found that loss of PNUTS, Wdr82 and JBP3 can have a major effect 

689 on divergent ‘antisense’ transcription, presumably reflecting the role of PJW/PP1 in regulating termination 

690 of antisense transcription from bi-directional promoters in T. brucei (Fig 7). Interestingly, decreased levels 

691 of base J in Leishmania led to detection of antisense RNAs corresponding to similar regions within 

692 divergent PTUs (23). A possible explanation for antisense transcription at divergent TSSs is increased 

693 chromatin accessibility in the SSR, resulting in alternative TSS usage further upstream. However, the 

694 detection significant antisense transcription at non-divergent TSSs (HT sites) upon the loss of PNUTS 

695 strongly supports the involvement of the PJW/PP1 in regulating early termination of antisense 

696 transcription in T. brucei. Additional work is required to unambiguously confirm that the increased nascent 

697 antisense RNA, and corresponding mRNAs, we detect from regions upstream of TSSs are in fact a result 

698 of bi-directional transcription activity.

699 Loss of J and H3.V resulted in similar readthrough defects at the 3’-end of PTUs (including 

700 telomeric BESs) and gene expression as seen here in PJW/PP1 mutants, but without cell growth effects. 

701 We concluded that readthrough transcription at 3’-end and corresponding gene expression changes in 

702 the J/H3.V mutant are not lethal to the parasite. PJW/PP1 mutants we analyze here lead to additional 

703 effects on transcription and gene de-repression at 5’-ends and decreased cell growth. The ability of the 

704 PJW/PP1 complex to bind base J is consistent with its function at both ends of PTU’s. However, it is 

705 unclear why the effects in the J mutant are limited to the 3’-end and whether specific function of the 

706 complex at the 5’-end can explain its essential nature. While J is present at both 5’ and 3’ PTU flanking 

707 regions and involved in transcription, it is apparently not the dominant mark since H3.V had more 

708 significant effects on 3’-end transcription and gene expression (21). H3.V is limited to termination sites at 

709 the 3’ends of PTUs and not localized at TSSs in T. brucei. Furthermore, additional factors may be 

710 involved in recruitment of PJW/PP1 complex to TSS, such as Pol II-Wdr82 interactions, as mentioned 

711 above, and modified and variant histones such as H2A.Z and H3K4Me3 (Fig 7). These points may 

712 explain why PJW/PP1 mutants lead to defects at both 5’- and 3’-ends and the J/H3.V mutants are limited 

713 to the 3’-end. We propose that the essential nature of the PJW/PP1 complex is due to regulated 

714 expression of ncRNAs and/or mRNAs at the 5’-end of PTUs or additional unknown functions of JBP3, 

715 Wdr82 and PNUTS in T. brucei.
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716 The possibility that the essential nature of the complex is due to regulation of transcription-

717 replication conflicts at TSSs was directly addressed. We expected the pervasive transcription phenotype 

718 in the PJW/PP1 mutant to negatively impact DNA replication and explain the reduced cell growth. 

719 Replication origins tend to localize after TTS in yeast and upstream of promoters in humans, presumably 

720 to minimize transcription-replication conflicts (71, 110, 111). The induction of transcription through origins, 

721 via defects in transcription termination at TTSs as well as at TSSs, leads to replication defects via 

722 dissociation or sliding of the pre-ORCs and MCMs (68-72) and changes in chromatin structure (112). 

723 Furthermore, loss of origin function activates readthrough transcription in mammals and yeast. Clearly 

724 there is a relationship between transcription and DNA replication in eukaryotes. This relationship appears 

725 to exist in T. brucei as well, since origins flank the PTUs at TSS and TTS, and TbORC1 and TbMCM-BP 

726 deletions led to similar defects in transcription at PTU flanks as we illustrate here (73, 113). In the recent 

727 analysis of the TbMCM-BP mutant (113), in addition to its role in termination at 3’ ends, the antisense 

728 RNA at H-T sites suggested a role of TbMCM-BP in determining the direction of transcription, what we 

729 refer to as bi-directional activity, while at dSSRs they concluded it was due to alternative initiation events. 

730 Regardless of the mechanism involved, increased transcription upstream of TSSs in the PJW/PP1 

731 mutants would presumably result in defects in replication. However, the TbPNUTS mutant does not 

732 indicate any alteration in cell cycle or DNA replication. Alternatively, the level of transcription induction at 

733 origins is too low at day two of the RNAi for any significant effects on replication. Further work is needed 

734 to explore the effects of increased transcription on ORC function in trypanosomes. 

735 Functional interaction between replication and transcription machineries was further suggested by 

736 derepression of Pol I transcribed silent BESs and MESs in the TbORC1 and TbMCM-BP mutants (73, 

737 114). How these operate mechanistically at ESs, regulating Pol I elongation via chromatin changes along 

738 silent BESs or BES promoter activity, remains unclear. In fact, whether VSG monoallelic expression 

739 control of BESs takes place at the initiation or elongation level is still debated. Low levels of transcripts 

740 from silent ESs upon the knockdown of factors such as ORC1, MCM-BP and PNUTS cannot resolve this 

741 issue, since the data are compatible with both models. While derepression of the BES in the PNUTS 

742 mutant would suggest the PJW/PP1 complex has a direct effect on the activity of silent BES promoters, 

743 the proposed role of the complex in regulating Pol II elongation/termination at 5’ and 3’ end of PTUs 

744 genome-wide would suggest a similar role in regulating Pol I elongation. If so, presumably Pol I is 
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745 regulated in a different manner, since there is no evidence for phosphorylation of Pol I. However, the Spt5 

746 substrate for PNUTS-PP1 has been shown to bind and regulate Pol I transcription in mammalian cells 

747 (115, 116). Further studies are necessary to understand how PJW/PP1 complex regulation of Pol II 

748 transcription at 5’ and 3’ ends of PTUs genome-wide is related to silencing of the specialized telomeric 

749 Pol I PTUs. For example, derepression of BES promoters may be a functional consequence of non-

750 coding RNA transcription generated by pervasive Pol II transcription in the PNUTS mutant. We have 

751 previously shown that readthrough transcription at 3’ ends of PTUs lead to significant levels of siRNAs in 

752 T. brucei (21). Regardless of the mechanism involved, the complex is required not only for repression of 

753 telomeric and subtelomeric VSGs but also VSGs scattered within the chromosome at 3’ ends of PTUs. 

754 Depletion of PNUTS also increased the levels of procyclin and PAG RNAs, which are transcribed from a 

755 Pol I promoter that is repressed in BSF T. brucei. This transcription unit is located at the end of Pol II 

756 transcribed PTU and increased transcription in PNUTS mutant may be due to readthrough transcription 

757 as in the J/H3.V mutant (21). Thus, the PJW/PP1 complex is required for repression of life-cycle specific 

758 genes transcribed by Pol I in the mammalian infectious form of T. brucei. We have therefore uncovered a 

759 functional link between transcriptional termination and Pol II- and Pol I-mediated gene silencing in T. 

760 brucei.
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761 Materials and Methods

762 Parasite cell culture

763 Bloodstream form T. b. brucei Lister 427 (MiTat 1.2) or “single marker cells (SMC)”, expressing 

764 T7 RNA polymerase and the Tet repressor (117) were used in these studies and cultured in HMI-9 

765 medium. Transfections were performed using the Amaxa electroporation system (Human T Cell 

766 Nucleofactor Kit, program X-001). Where appropriate, the following drug concentrations were used: 2 

767 g/ml G418, 5 g/ml Hygromycin, 2.5 g/ml Phleomycin, 2 g/ml Tetracycline. Procyclic form T. b. brucei 

768 TREU667 and promastigote form L. tarantolae were cultured in SDM79 medium. Transfections were 

769 performed using the BioRad GenePulser II (2 pulses at 1.4 kV / 25 F) in 0.4 cm cuvettes with 1 x 108 

770 cells (L. tarantolae) or 3 x 107 cells (PCF T. b. brucei) in 0.5 ml cytomix (2 mM EGTA, 120 mM KCl, 0.15 

771 mM CaCl2, 10 mM KPi  pH = 7.6, 25 mM HEPES pH = 7.6, 5 mM MgCl2, 0.5 % glucose, 100 g/ml BSA, 1 

772 mM Hypoxanthine). Where appropriate, the following drug concentrations were used: 25 g/ml G418 

773 (PCF T. b. brucei) and 50 g/ml G418, 10 g/ml Puromycin (L. tarantolae).

774 RNAi analysis

775 For conditional PNUTS, JBP3 and Wdr82 silencing experiments in T. brucei a part of the ORF 

776 was integrated into the BamH I site of the p2T7-177 vector (118). Sce-I linearized p2T7-177 constructs 

777 were transfected into BF SMC for targeted integration into the 177bp repeat locus. RNAi was induced 

778 with 2 g/ml Tetracycline and cell growth was monitored daily in triplicate. Primers sequences used are 

779 available upon request.

780 Epitope tagging of proteins 

781 For generation of the dual (Protein A and Streptavidin Binding Protein) tagged constructs in L. 

782 tarantolae, the coding regions of LtJGT, LtJBP3, and LtWdr82 lacking stop codons were amplified and 

783 cloned into the BamHI and XbaI sites of pSNSAP1 (42). For PTP tagging in T. brucei, the 3’ end of T. 

784 brucei genes were cloned in the Apa I and Not I sites of the pC-PTP-Neo vector (52), resulting in dual 

785 (Protein A and Protein C) tagged proteins. Linearization of the constructs was performed using a unique 
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786 restriction site within the 3’ end of the cloned gene. All final constructs were sequenced prior to 

787 electroporation. Tagging the 3’-end of the TbPNUTS, TbJBP3 and TbWdr82 with 3x HA tag was 

788 performed using a PCR based approach with the pMOTag4H construct (119). Primers sequences used 

789 are available upon request.

790 Tandem affinity purification (TAP) and co-immunoprecipitation

791 Tandem affinity purification was performed from whole cell extracts. 2 x 1011 cells (L. tarantolae 

792 and PCF T. brucei) were harvested, 1 time washed in 1 x PBS (137 mM NaCl, 2.7 mM KCl, 8 mM 

793 Na2HPO4, 2 mM KH2PO4 pH = 7.4), 2 times washed in buffer I (20 mM Tris pH = 7.7, 100 mM NaCl, 3 

794 mM MgCl2, 1 mM EDTA) and 1 time washed in buffer II (150 mM Sucrose, 150 mM KCl, 3 mM MgCl2, 20 

795 mM K-glutamate, 20 mM HEPES pH = 7.7, 1 mM DTT, 0.2 % Tween-20). Cell pellets were then adjusted 

796 to 20 ml (L. tarentolae) or 50 ml (PCF T. brucei) with buffer II with protease inhibitors (8 g/ml Aprotinin, 

797 10 g/ml Leupeptin, 1 g/ml Pepstatin, 1 mM PMSF and 2 tablets cOmplete Mini, EDTA free; Roche) and 

798 2 times flash frozen in liquid Nitrogen. Lysates were then sonicated (Sonics, Vibra-Cell) for 5 times (15” 

799 on / 45” off, 50% amplitude, large tip) on ice. Extracts were cleared by centrifugation for 10 min at 21,000 

800 x g at 4OC and incubated while rotating with 200 l IgG Sepharose beads (GE Healthcare) for 4 hrs at 

801 4OC. The beads were then washed with 35 ml PA-150 buffer (20 mM Tris pH = 7.7, 150 mM KCl, 3 mM 

802 MgCl2, 0.5 mM DTT, 0.1 % Tween-20) and 15 ml PA-150 buffer with 0.5 mM EDTA. The beads were then 

803 resuspended in 2 ml PA-150 buffer with 0.5 mM EDTA and 250 U TEV Protease (Invitrogen) while 

804 rotating for 16 hrs at 4OC. The supernatant was collected and for L. tarantolae, samples were incubated 

805 with 100 l magnetic Streptavidin C1 Dynabeads (Invitrogen) for 4 hrs while rotating at 4OC. Beads were 

806 then washed with 50 ml PA-150 buffer, transferred into 1 ml elution buffer (100 mM Tris pH = 8.0, 150 

807 mM NaCl, 1 mM EDTA, 2.5 mM d-desthiobiotin), incubated for 2 hrs while rotating at room temperature. 

808 Eluted protein was then TCA precipitated and subjected to MS/MS analysis. To the T. brucei supernatant 

809 samples, CaCl2 was added to a final concentration of 1.25 mM and incubated with 200 l Anti-Protein C 

810 Affinity Matrix (Roche) for 4 hrs while rotating at 4OC. Beads were then washed with 50 ml PA-150 buffer 

811 with 1.25 mM CaCl2. Bound protein was eluted in 5 ml elution buffer (5 mM Tris pH = 8.0, 5 mM EDTA, 

812 10 mM EGTA), TCA precipitated and subjected to MS/MS analysis.
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813 Pull-down experiments using PTP-tagged PNUTS, JBP3 and Wdr82 were performed using the 

814 first purification step of the TAP protocol on whole cell extracts from 2 x 108 cells in 200 l buffer II. After 

815 the IgG Sepharose incubation, beads where washed in PA-150 buffer and boiled in Laemmli buffer. For 

816 Western analysis, 5 x 106 cell equivalents were analyzed on 10% PAA / SDS gels and sequentially 

817 probed with anti-HA antibodies (Sigma, 3F10, 1:3000), anti-Protein A antibodies (Sigma, P3775, 1:5000) 

818 and anti-La antibodies (a gift from C. Tschudi, 1:500).

819 MS-MS analysis

820 Eluted proteins were digested in-solution as previously described (120). Briefly, eluted proteins 

821 were reduced with dithiothreitol (DTT) at 56ºC for one hour followed by carboxyamidomethylation with 

822 55mM iodoacetamide in the dark for 45 minutes, and finally digested with sequencing grade trypsin 

823 overnight. Protease activity was halted by the addition of trifluoroacetic acid and resulting tryptic peptides 

824 were desalted using C18 spin columns (The Nest Group, SUM SS18V). Following clean up, peptides 

825 were dried down and reconstituted with 5% acetonitrile in 0.1% formic acid and spun through a 0.2um 

826 bio-inert membrane tube (PALL, ODM02C35) prior to autosampler tube transfer. Peptides were analyzed 

827 on an Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo Fisher Scientific) interfaced with an 

828 UltiMate 3000 RSLCnano HPLC system (Thermo Scientific). Peptides were resolved on an Acclaim™ 

829 PepMap™ RSLC C18 analytical column (75um ID x 15cm; 2µm particle size) at a flow rate of 200nL/min 

830 using a gradient of increasing buffer B (80% acetonitrile in 0.1% formic acid) over 180 minutes. Data 

831 dependent acquisition was carried out using the Orbitrap mass analyzer collecting full scans every three 

832 seconds (300-2000 m/z range at 60,000 resolution). The most intense ion that met mono-isotopic 

833 precursor selection requirements were selected, isolated, and fragmented using 38% collision-induced 

834 dissociation (CID). Every precursor selected for ms/ms analysis was added to the dynamic exclusion list 

835 and precursors selected twice within 10 seconds were excluded for the following 20 seconds. Fragment 

836 ions were detected using the ion trap to increase the duty cycle and achieve more ms/ms scans per 

837 experiment. All raw ms/ms spectra were searched against the GeneDB Leishmania tarentolae and T. 

838 brucei 927 database using the Seaquest search algorithm in Proteome Discoverer 2.2 (Thermo Fisher 

839 Scientific). Search parameters were set to allow for two missed tryptic cleavages, 20 ppm mass tolerance 

840 for precursor ions, and 0.3 Daltons mass tolerance for fragment ions. A fixed modification of 
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841 carbamidomethylation on cysteine residues and a variable modification of oxidation on methionine 

842 residues were enabled to accurately match fragment ions. A fixed value peptide spectral match (PSM) 

843 validation node was used to validate each PSM at a maximum delta Cn of 0.05. All PSMs were subjected 

844 to further validation with a maximum of 1% false discovery rate utilizing PSMs matched to a reverse 

845 (decoy) database while being assigned to protein groups. 

846

847 3D structure prediction of JBP3 

848 To analyze the putative J-DNA binding domain of JBP3, the representative region of LtJBP3 was 

849 threaded through the JBP1 JBD PDB structure to search for similar secondary structural folds using the 

850 comparative modeling program I-TASSER (iterative threading assembly refinement algorithm). 

851 (http://zhang.bioinformatics.ku.edu/I-TASSER) The initial 3D models generated by I-TASSER were of 

852 high quality, with a C-score of -0.76 and a TM-score of 0.62 (within the correct topology range of I-

853 TASSER). TM-score is defined to assess the topological similarity of the two protein structures 

854 independent of size. A TM-score >0.5 corresponds approximately to two structures of the similar topology. 

855 The top predicted model was then aligned using TM-align from I-TASSER with the Lt JBD model 2xseA 

856 giving a TM-score of 0.727, RMSD of 1.46, and Cov score of 0.774. 

857  

858 Recombinant protein production 

859 The L. tarentolae JBP3 gene was amplified from genomic DNA by PCR with primers containing 5’ 

860 Nde I and 3’ BamH I restriction sites. PCR fragments were digested with Nde I and BamH I and 

861 subcloned into the pet16b expression vector. Plasmids were transformed into Escherichia coli (BL21 

862 DE3), and bacteria were cultured in defined autoinduction media to allow growing cultures to high 

863 densities and protein expression without induction, as previously described (121). Briefly, LB media is 

864 supplemented with KH2PO4, Na2HPO4 and 0.05% Glucose, 0.2% Lactose and 0.6% Glycerol. Bacteria 

865 were cultured in this media in the presence of 100g/ml ampicillin at 37OC for 2 h and then shifted to 

866 18OC for 24 h. Cells were lysed and JBP3 purified by metal affinity as previously described for JBP1 (37, 
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867 38). The affinity-purified JBP3 was concentrated to 0.5 ml in a Centricon-100 apparatus and loaded onto 

868 a Sephadex S-200 (Amersham Biosciences 16/60) column equilibrated with buffer A (50 mM Hepes, pH 

869 7.0, 500 mM NaCl, 1 mM DTT). The fraction containing JBP3 was concentrated to 200 ul by Centricon-

870 100. Protein purity was analyzed by SDS-PAGE stained with Coomassie Brilliant Blue, and protein 

871 concentration was determined using BSA standards.

872 J-DNA binding 

873 Electrophoretic Mobility Shift Assays were carried out essentially as described previously for 

874 JBP1 and VSG-1J DNA substrate (37, 38), with few changes. The binding reaction mixture (20 ul) 

875 contained 35 mM Hepes-NaOH, pH 7.9, 1mM EDTA, 1 mM DTT, 50 mM KCL, 5 mM MgCl, 10 ug BSA 

876 and 15 fmol radiolabeled DNA substrate containing a single modified J base (VSG-1J) or no modified 

877 base, and indicated JBP3 protein amounts. The reactions were incubated for 15 min at room temperature 

878 and analyzed on a 4.5% nondenaturing polyacrylamide gel at 4OC. After drying, the gels were exposed to 

879 film.

880 Sucrose sedimentation analysis

881 For the sedimentation analysis of the PJW/PP1 complex, extracts were made from the BF T. 

882 brucei cell lines expressing PNUTS-PTP and JBP3-HA or Wdr82-HA and loaded onto 10 ml, 5-50% 

883 sucrose gradients. Samples were centrifuged at 38000 rpm for 18 hours using a SW41 Ti rotor 

884 (Beckman). The gradient was fractionated from top to bottom in twenty aliquots of 500ul each. Proteins 

885 from each fraction were enriched by methanol: chloroform protein precipitation and resuspended in SDS 

886 loading buffer for electrophoresis.

887 RT-PCR analysis

888 Total RNA was isolated with Tripure Isolation Reagent (Roche). cDNA was generated from 0.5 - 2 

889 g TurboTM DNase (ThermoFisher) treated total RNA with SuperscriptTM III (ThermoFisher) according to 

890 the manufacturer’s instructions with either random hexamers, oligo dT primers or strand specific 

891 oligonucleotides. Strand specific RT reactions were performed with the strand specific oligonucleotide 
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892 and an antisense Asf I oligonucleotide. Equal amounts of cDNA were used in PCR reactions with Ready 

893 Go Taq Polymerase (Promega). A minus-RT control was used to ensure no contaminating genomic DNA 

894 was amplified. Primer sequences used in the analysis are available upon request.

895 Quantitative RT PCR analysis

896 Total RNA was isolated and TurboTM DNase treated as described above. Quantification of 

897 SuperscriptTM III generated cDNA was performed using an iCycler with an iQ5 multicolor real-time PCR 

898 detection system (Bio-Rad). Triplicate cDNA’s were analyzed and normalized to Asf I cDNA. qPCR 

899 oligonucleotide primers combos were designed using Integrated DNA Technologies software. cDNA 

900 reactions were diluted 10 fold and 5 µl was analyzed. A 15 µl reaction mixture contained 4.5 pmol sense 

901 and antisense primer, 7.5 µl 2X iQ SYBR green super mix (Bio-Rad Laboratories). Standard curves were 

902 prepared for each gene using 5-fold dilutions of a known quantity (100 ng/µl) of WT gDNA. The quantities 

903 were calculated using iQ5 optical detection system software. Primers sequences used are available upon 

904 request.

905 Strand-specific RNA-seq library construction 

906 For mRNA-seq, total RNA was isolated from T. brucei RNAi cultures grown in presence or 

907 absence of tetracycline for two days using TriPure. Six mRNA-seq libraries were constructed for PNUTS 

908 RNA (triplicate samples for plus and minus tetracyclin) and four libraries for VAa RNA (duplicate samples) 

909 were constructed using Illumina TruSeq Stranded RNA LT Kit following the manufacturer’s instructions 

910 with limited modifications. The starting quantity of total RNA was adjusted to 1.3 µg, and all volumes were 

911 reduced to a third of the described quantity. High throughput sequencing was performed at the Georgia 

912 Genomics and Bioinformatics Core (GGBC) on a NextSeq500 (Illumina). 

913 RNA-seq analysis

914 Raw reads from mRNA-seq were first trimmed using fastp with default settings (v0.19.5; (122)). 

915 Remaining reads were locally aligned to the recently published long-read T. brucei Lister 427 2018 

916 version 9.0 genome assembly (downloaded from (78)) and the Lister 427 BES sequences (80), using 

917 Bowtie2 version 2.3.4.1 (123). With non-default settings (sensitive local) and further processed with 
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918 Samtools version 1.6 (124). For each sample, HTSeq (v0.9.1) was used to count reads for each 

919 reference transcript annotation, followed by normalization/variance stabilization using DESeq2 (v1.18.1). 

920 Differential gene expression was conducted using DESeq2 by comparing TbPNUTs RNAi samples with 

921 and without tetracyclin in triplicate (log2 fold change and differential expression test statistics can be 

922 found in Table S1). Due to incomplete gene annotation of the BES in the new T. brucei Lister 427 2018 

923 genome assembly, gene expression changes for BES were determined by aligning reads to the Lister 

924 427 BES sequences (S2 Table). To compare tetracyclin-treatment fold changes for specific strands 

925 genome-wide, we counted reads from each strand in 200bp bins with a 100bp step. Mapping of 

926 differentially upregulated genes in a genome-wide context was determined by highlighting genes 

927 upregulated >3-fold in red for all 11 megabase chromosomes. Fold changes between Tet-untreated and 

928 Tet-treated PNUTS RNAi were plotted for all 11 megabase chromosomes as well. Tag counts in 200bp 

929 bins (100bp steps) were used to estimate correlations among samples (correlation coefficients among 

930 replicates were >0.99).

931 To analyze transcription defects at 3’- and 5’-end of PTUs, reads mapping to TTS (cSSRs) and 

932 TSS (dSSRs) were counted and reads per kilobase per million mapped reads (RPKM) values were 

933 generated. Similar to what we have previously done (21, 24, 25), lists of cSSRs and dSSRs were 

934 generated computationally as defined regions where coding strands switch based on the transcriptome as 

935 well as TSS mapped via triphosphate RNA sequencing. Head-to-Tail (HT) sites were defined were one 

936 PTU terminates (H3.V) and another PTU on the same strand initiates. The TSS at HT sites were further 

937 defined by a single peak of H2A.Z and the lack of an annotated gene on the antisense strand, 

938 distinguishing it from a TSS at a dSSR. Several SSRs located at subtelomeres were not included due to 

939 ambigious nature of gene organization. SSRs and the 5-kb flanking regions were analyzed with 

940 DeepTools (v3.2.1) using 100bp bins flanking SSRs and dividing each SSR into 50 equally sized bins. 

941 Violin plots were generated using the R package vioplot, with the median and interquartile range 

942 illustrated by white circles and black boxes, respectively. Genes were considered adjacent to base J if the 

943 gene, according to the T. brucei Lister 427 annotation, was within 1-kb either upstream or downstream 

944 base J peaks. J IP-seq data shown here are from previously published work (20, 22).
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945 To examine VSG expression, trimmed reads were bowtie-aligned to the VSGnome (retrieved 

946 from http://tryps.rockefeller.edu) (78) and differential expression was analyzed using the DEseq2 

947 identically to the analysis of the entire genome. 

948 BrdU pulse labeling and flow cytometry

949 BrdU pulse labeling experiments were performed as described (125) with some modifications. 

950 Briefly, 5 x 107 BSF cells were harvested, 2 x washed in serum free HMI9, supplemented with 1 % BSA 

951 and 1 % glucose, resuspended at 1 x 107 / ml and pre-incubated at 37OC for 10 min. BrdU was added to a 

952 final concentration of 0.5 mM and incubated for 40 min at 37OC. Cells were then washed 2 x in PBS and 

953 resuspended at 1 x 107 / ml. Ice cold 100 % ethanol was slowly added while shaking to a final 

954 concentration of 25 % ethanol. 2 x 107 cells were then incubated for 15 min in 1 ml 0.1 n HCl / 0.5 % 

955 Triton X-100, washed 2 times with PBS / 1% BSA / 0.5 % Tween 20, resuspended at 2 x 107 / ml and 

956 incubated with 2 µg / ml anti BrdU antibodies (Sigma B8434) for 2 hrs at RT. Cells were 1 x washed and 

957 incubated with 8 µg / ml Alexa488 labelled anti Mouse IgG (ThermoFisher, A11001) for 1 hr at RT in the 

958 dark. Cells were then washed 2 times and resuspended in 0.5 ml PBS / 1 % BSA / 1 % Tween 20 with 5 

959 µg / ml Propidium Iodide. Analysis was performed using a Cyan cytometer (DAKO). 

960 Cell cycle analysis

961 Cells were harvested, 2 x washed in PBS, allowed to settle on glass slides and air dried for 10 

962 min at RT. Cells were then fixed in -20OC methanol for 10 min and mounted with ProLong Gold antifade 

963 reagent with DAPI (Molecular Probes, P36935). Approximately 300 cells / sample were analyzed for their 

964 DNA content.

965

966 Data Availability

967 RNA-seq raw files and processed files have been deposited to the NCBI Gene Expression Omnibus 

968 (GEO) with accession number GSE135708.
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1324 Supporting Information

1325 S1 Fig. JBP3 is a putative J-binding protein with a conserved JBD motif. (A) Schematic 

1326 representation of the structure of JBP1 and JBP3 from L. tarentolae illustrating the presence of the 

1327 conserved JBD and variable C-termini. (B) A multiple sequence alignment of the JBD of JBP1 

1328 homologues from T. brucei (Tb927.11.13640), L. major (LmjF.09.1480), T. cruzi (TcCLB.506753.120), 

1329 and L. tarentolae (LtaP09.1510) and the conserved region of JBP3 is shown. The sequence alignment 

1330 was generated using Maft and visualized with Jalview. Identical amino acids are indicated by highlighting; 

1331 >80% agreement is highlighted in mid blue and >60% in light blue. Similar amino acids are indicated by 

1332 hierarchical analysis of residue conservation shown below. (C) 3D structure prediction. Using the 
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1333 structure of the JBD of JBP1, JBP3 was run through I-TASSER and aligns with RMSD of 1.46, Cov score 

1334 of 0.774, TM-score of 0.727. In the superposition, the thick backbones are the native JBP1 JBD structure 

1335 and the thin backbone is the I-TASSER model of JBP3. Blue to red runs from N- to C-terminal.  

1336 S2 Fig. PNUTS is a disordered protein. (A) Compositional profiling of Lt and Tb PNUTS showing the 

1337 fractional amino acid composition in comparison with the compositional profile of typical ordered proteins. 

1338 The compositional profile of typically disordered proteins from the DisProt database is shown for 

1339 comparison below. (B) Analysis of TbPNUTS using the DISOPRED3 program for protein disorder 

1340 prediction and for protein-binding site annotation within disordered regions.

1341 S3 Fig. Co-immunoprecipitation. (A) Endogenously PTP tagged PNUTS, JBP3, Wdr82 and CPSF73. 

1342 (A and B) Co-IP experiments as described in Fig 2A. (B) JGT is not associated with the T. brucei complex. 

1343 (C) PP1-1, PP1-7 and HSP70 do not associate with PNUTS in T. brucei. (D) TbPNUTS is phosphorylated 

1344 in vivo in BSF and PCF T. brucei. Extract from the indicated T. brucei cells expressing PNUTS-PTP were 

1345 incubated with and without calf intestinal phosphatase (CIP) and western blotted using anti-prot A.

1346 S4 Fig. Consequence of PNUTS depletion on the T. brucei transcriptome. (A) Gene expression 

1347 changes upon RNAi ablation of PNUTS (left) and VA a (right) are plotted. Triplicate analysis of PNUTS 

1348 and duplicate of VA a. On the left, red dots represent genes with greater than 3-fold change that are also 

1349 significant with a Benjamini-Hochberg FDR test correction. On the right, red dots represent genes with 

1350 greater than 2-fold change after VA a ablation in both replicates. (B) Gene expression changes at cSSRs 

1351 (N=193) and dSSRs (N=197) that are within 1kb of base J matched with same number of random 

1352 locations within the genome for ablation of PNUTS and VA a.

1353 S5 Fig. Genes that are at least 3-fold upregulated upon the loss of PNUTS are located at the 3’- 

1354 and 5’-end of PTUs and subtelomeric VSG clusters. Upregulated genes (>3-fold) upon PNUTS RNAi 

1355 are indicated in red in the T. brucei 427 genome assembly. Only one of the two homologous 

1356 chromosomes is depicted for the homologous core regions. Both chromosomes are shown for the 

1357 heterozygous subtelomeric regions containing silent VSGs. The telomeric VSG expression sites are not 

1358 included in this assembly. Metacyclic-form expression sites are marked with an asterisk.
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1359 S6 Fig. Ablation of TbPNUTS accumulates antisense transcripts at PTU borders. Transcription was 

1360 measured by stranded RNA-seq. Fold changes comparing transcription levels between – and + 

1361 tetracyclin induction of PNUTS RNAi were calculated in 200bp windows (100bp step) and plotted over the 

1362 chromosome length. The core regions of the 11 chromosomes are shown. Forward (top strand) and 

1363 reverse reads (bottom strand) were analyzed separately and plotted above and below the chromosome 

1364 diagram, respectively. Blue genes are transcribed in reverse PTUs and red are forward PTUs. Asterix 

1365 denote bins with greater than 2-fold change of expression following ablation. 

1366 S7 Fig. Box plots comparing the levels of transcripts from dSSR and cSSR before and after 

1367 TbPNUTS and VA a ablation. Normalized reads per million estimates were derived for dSSRs and 

1368 cSSRs as the average across replicates per sample. Median values are indicated by white dots. 

1369 Differences between + and – Tet were measured by a Mann-Whitney U statistical test.

1370 S8 Fig. TbPNUTS affects early termination of antisense transcription at TSSs. (A) Another divergent 

1371 PTU region of chromosome 10 illustrating bi-directional transcription at TSSs upon TbPNUTS ablation. 

1372 TSSs are denoted by PPP-seq and H2A.Z ChIP-seq enrichment in wild-type T. brucei. PPP-seq track 

1373 colors: Red, reverse strand coverage; blue, forward strand coverage.  RNA-seq track colors: Green, 

1374 reverse strand coverage; Purple, forward strand coverage. Black arrows indicate direction of sense 

1375 transcription. Red arrows indicate stimulated antisense transcription. In the case of the top strand, this 

1376 ‘antisense’ transcription leads to derepression of the annotated 6430 gene (B) Confirmation of mRNA-seq 

1377 transcript changes by RT-qPCR. RT-qPCR analysis was performed for the indicated genes as described 

1378 in Fig 5B.

1379 S9 Fig. Pervasive transcription does not affect DNA replication. (A) Cell cycle analysis of wild-type 

1380 BSF T. brucei (WT 221) and PNUTS RNAi cells – and + Tet by DAPI.  (B) Cell cycle analysis using flow 

1381 cytometry. TbPNUTS RNAi cells treated with and without Tetracyclin for 2 days were pulse labeled with 

1382 BrdU to label replicating cells. BrdU incorporation was detected using anti-BrdU antibody. Cells were 

1383 stained with Propidium Iodide (PI) and analyzed by flow cytometry. (C) Cell cycle profile with PI channel 

1384 only.

1385 S10 Fig. Ablation of TbPNUTS results in de-repression of silent MES and BES VSGs. qRT-PCR 

1386 analysis of MES VSG 1954, MES VSG 559, BES VSG MITat 1.1 and BES VSG MiTat 1.8 expression 
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1387 upon TbPNUTS ablation. Error bars indicate standard deviation from at least three experiments. P values 

1388 were calculated using Student’s t test. ***, p value ≤ 0.001.

1389 S11 Fig. TbPNUTS inhibits transcription of VSG BES. RNA-seq reads from the PNUTS RNAi were 

1390 aligned to the T. brucei 427 BES sequences (14 BESs). Fold changes comparing plus and minus 

1391 Tetracyclin were plotted over each BES as described in Fig 6C.

1392 S1 Table. Replicate JGT purification and MS analysis in L. tarentolae. LtJGT was purified and 

1393 proteins identified by mass spectrometry as in Table 1.

1394 S2 Table. T. brucei gene expression changes following PNUTS loss. DEseq analysis comparing 

1395 gene expression levels of the TbPNUTS RNAi cell line at day two plus and minus Tetracyclin. mRNAs 

1396 that are at least 3-fold upregulated are listed, along with available gene descriptions and P values 

1397 determined by Cuffdiff. No genes are downregulated.
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