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Summary 17 

 The Positive Transcription Elongation Factor b (P-TEFb) phosphorylates 18 

Ser2 residues of RNA polymerase II’s C-terminal domain (CTD) and is essential for 19 

the transition from transcription initiation to elongation in vivo. Surprisingly, P-20 

TEFb exhibits Ser5 phosphorylation activity in vitro. The mechanism garnering 21 

Ser2 specificity to P-TEFb remains elusive and hinders understanding of the 22 

transition from transcription initiation to elongation. Through in 23 

vitro reconstruction of CTD phosphorylation, mass spectrometry analysis, and 24 

chromatin immunoprecipitation sequencing (ChIP-seq) analysis we uncover a 25 

mechanism by which Tyr1 phosphorylation directs the kinase activity of P-TEFb 26 

and alters its specificity from Ser5 to Ser2. The loss of Tyr1 phosphorylation 27 

causes a reduction of phosphorylated Ser2 and accumulation of RNA polymerase 28 

II in the promoter region as detected by ChIP-seq. We demonstrate the ability of 29 

Tyr1 phosphorylation to generate a heterogeneous CTD modification landscape 30 

that expands the CTD’s coding potential. These findings provide direct 31 

experimental evidence for a combinatorial CTD phosphorylation code wherein 32 

previously installed modifications direct the identity and abundance of 33 

subsequent coding events by influencing the behavior of downstream enzymes. 34 

 The C-terminal domain of RNA polymerase II (CTD) is composed of a species-35 

specific number of repeats of the consensus amino acid heptad YSPTSPS (arbitrarily 36 

numbered as Tyr1, Ser2, Pro3, Thr4, Ser5, Pro6, & Ser7) (Jeronimo et al., 2016).  The 37 

CTD undergoes extensive post-translational modification (PTM) that recruits RNA 38 

processing and transcription factors that regulate progression through the various stages 39 

of transcription. These modification events are dynamic, highly regulated, and 40 

maintained through the complex interplay of CTD modification enzymes. Collectively 41 
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these PTMs and recruited protein factors constitute the “CTD Code” for eukaryotic 42 

transcription (Buratowski, 2003). 43 

Chromatin immunoprecipitation and next-generation sequencing technologies 44 

have revealed how phosphorylation levels of CTD residues change temporally and 45 

spatially during each transcription cycle (Eick and Geyer, 2013). The major sites of 46 

phosphorylation are Ser5, directed by TFIIH in mammals (Feaver et al., 1994), and Ser2, 47 

installed by P-TEFb in mammals (Marshall et al., 1996). The other three phosphate-48 

accepting residues (Tyr1, Thr4, and Ser7) are also subject to modification, although their 49 

functions are less well-understood (Jeronimo et al., 2013). In mammalian cells, the 50 

phosphorylations of Tyr1 and Ser7 rise and peak near the promoter along with Ser5 and 51 

gradually decrease as transcription progresses towards termination. The 52 

phosphorylation of Thr4 and Ser2, on the other hand, don’t appear until later in the 53 

transcription cycle during elongation (Eick and Geyer, 2013). The molecular 54 

underpinnings resulting in this orchestration are poorly defined. A particularly apparent 55 

gap in current knowledge is if sequence divergence from the consensus heptad or 56 

previously installed PTMs influence coding events. 57 

 The CTD code is generated through the interplay of CTD modifying enzymes 58 

such as kinases, phosphatases and prolyl isomerases (Bataille et al., 2012). Disruption 59 

of this process is implicated in various disease states. P-TEFb is of particular interest 60 

due to its  overexpression in multiple tumor types and role in HIV infection (Franco et al., 61 

2018). As a major CTD kinase, P-TEFb promotes transcription by contributing to the 62 

release of RNA polymerase II from the promoter-proximal pause through its 63 

phosphorylation of Negative Elongation Factor (NELF), DRB Sensitivity Inducing Factor 64 

(DSIF), and Ser2 of the CTD (Wada et al., 1998). Interestingly, P-TEFb seems to 65 

phosphorylate Ser5 of the CTD in vitro and mutation of Ser5 to alanine prevents the 66 

phosphorylation of CTD substrates. However, mutation of Ser2 to alanine did not result 67 
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in this abolishment (Czudnochowski et al., 2012). These results are in contrast to in vivo 68 

studies of P-TEFb specificity, where compromised P-TEFb kinase activity results in a 69 

specific reduction in levels of Ser2 phosphorylation (Marshall et al., 1996). The 70 

discrepancies between P-TEFb specificity in vitro and in vivo make it difficult to reconcile 71 

P-TEFb’s function as a CTD Ser2 kinases (Bartkowiak et al., 2010; Czudnochowski et 72 

al., 2012).  73 

To resolve these inconsistencies, we utilize a multi-disciplinary approach to 74 

investigate the specificity of P-TEFb. Identification of phosphorylation sites was carried 75 

out using ultraviolet photodissociation (UVPD) mass spectrometry establishing the 76 

specificity of P-TEFb in vitro with single residue resolution. We reveal the tyrosine kinase 77 

c-Abl phosphorylates consensus and full-length CTD substrates in a conservative 78 

fashion, with only half of the available sites phosphorylated. The unique phosphorylation 79 

pattern of Tyr1 by tyrosine kinases like c-Abl directs the specificity of P-TEFb to Ser2. 80 

The priming effect of pTyr1 on P-TEFb extends to human cells, where small molecule 81 

inhibition of c-Abl-like Tyr1 kinase activity leads to a reduction of Tyr1 phosphorylation 82 

accompanied by a significant decrease in Ser2 phosphorylation. Further ChIP-seq 83 

analysis shows that the loss of tyrosine phosphorylation increases promoter-proximal 84 

pausing with an accumulation of RNA polymerase II and a reduction of pSer2 in the 85 

promoter region of the genes. Overall, our results reconcile the discrepancy of P-TEFb 86 

kinase activity in vitro and in cells, showing that Tyr1 phosphorylation can prime P-TEFb 87 

and alter its specificity to Ser2 to overcome promoter-proximal pausing during eukaryotic 88 

transcription. Importantly, these findings provide direct experimental evidence for a 89 

combinatorial CTD phosphorylation code wherein previously installed modifications 90 

direct the identity and abundance of subsequent coding events, resulting in a varied 91 

PTM landscape along the CTD allowing for diversified co-transcriptional signaling. 92 

Results: 93 
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Determination of the in vitro P-TEFb specificity using mass spectrometry 94 

 To define P-TEFb specificity directly on endogenous CTD of RNA polymerase II 95 

we applied matrix assisted laser desorption/ionization mass spectrometry (MALDI-MS) 96 

and liquid chromatography ultraviolet photodissociation tandem mass spectrometry (LC-97 

UVPD-MS/MS) to identify the substrate residues of this kinase. Because endogenous 98 

RNA polymerase II is highly heterogeneously modified, we used recombinant yeast CTD 99 

GST fusion proteins, which contain mostly consensus heptad repeats (20 of 26), as an 100 

unmodified substrate for PTM analysis (Figure S1A). The stability and consistency of 101 

GST yeast CTD (yCTD) make it ideal for studying CTD modification along consensus 102 

heptads. Under saturating conditions, P-TEFb generates two phospho-peptides as 103 

detected by LC-UVPD-MS/MS: a major species phosphorylated on Ser5 104 

(Y1S2P3T4pS5P6S7) and a minor species phosphorylated on Ser2 (S5P6S7Y1pS2P3T4) 105 

(Figure 1A and S2A-B).  This is highly similar to patterns observed previously for bona 106 

fide Ser5 CTD kinases Erk2 and TFIIH (Mayfield et al., 2017).  These experiments 107 

confirm P-TEFb’s inherent in vitro preference for Ser5 when phosphorylating unmodified 108 

CTD (Czudnochowski et al., 2012; Portz et al., 2017). 109 

 We next measured the total number of phosphates added to CTD by P-TEFb. 110 

MALDI-MS analysis of yCTD treated with P-TEFb reveals a cluster of peaks with mass 111 

shifts relative to no kinase control ranging from 1906.1 to 2318.4 Da, each interspaced 112 

by 80 Da (Figure 1B, S2C). This corresponds to the addition of 24 to 29 phosphates 113 

along yCTD’s 26 heptad repeats. This finding in combination with our LC-UVPD-MS/MS 114 

analysis of P-TEFb treated yCTD indicates that P-TEFb phosphorylates the CTD in a 115 

one phosphorylation per heptad manner and these heptads are primarily phosphoryl-116 

Ser5 (pSer5) in vitro. 117 

Amino acid identity at the Tyr1 position is important for kinase activity 118 
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 To phosphorylate Ser2 and Ser5, CTD kinases must discriminate very similar SP 119 

motifs in the CTD, Y1S2P3 and T4S5P6, to maintain accuracy during transcription. Among 120 

the flanking residues of these two motifs, the unique structure of the tyrosine side chain 121 

likely contributes to the recognition of the serine residues subject to phosphorylation. 122 

Several factors suggest the chemical properties of residues at the Tyr1 position are 123 

important for CTD modification. First, residues at this first position of the heptad are 124 

highly conserved across species and substitution to non-aromatic residues is rare, 125 

suggesting significance to function (Chapman et al., 2008). As evidence of this, even 126 

conservative mutation of the Tyr1 position to phenylalanine in both Saccharomyces 127 

cerevisiae and human cells is lethal and highlights the significance of residues at this 128 

position (Hsin et al., 2014; West and Corden, 1995). Secondly, we have shown that 129 

mutating the Tyr1 position to alanine prevents phosphorylation at other CTD residues by 130 

CTD kinases (Mayfield et al., 2017), indicating the side chain at this position is important 131 

for kinase activity. Third, phosphoryl-Tyr1 (pTyr1) is detected at the initiation of 132 

transcription in human cells (Descostes et al., 2014).  This positions pTyr1 well to 133 

influence and interact with subsequent modifications of the CTD and potentially influence 134 

subsequent enzyme specificity.  135 

 To determine the effect of the chemical characteristics of residues at the Tyr1 136 

position on CTD modification, we searched for naturally occurring Tyr1 substitutions.  137 

Drosophila melanogaster CTD contains a majority of heptads that diverge from 138 

consensus sequence with only 2 of its approximately 45 heptads being of the consensus 139 

sequence.  Despite this highly divergent character, the Tyr1 position of D. melanogaster 140 

CTD is strongly conserved and contains mostly tyrosine residues. For the six heptads 141 

that do not contain tyrosine, half are modestly substituted with a phenylalanine. We were 142 

curious to determine if, like alanine, phenylalanine replacement at the Tyr1 position 143 

would abolish CTD kinase activity. We generated GST-CTD constructs containing a 144 
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nearly consensus portion of D. melanogaster CTD (residues 1671-1733, containing nine 145 

heptad repeats) of either tyrosine containing wild-type (dmCTD) or with phenylalanine 146 

substitution at the Tyr1 position in all nine heptads (dmCTDYtoF) (Figure S1D). These 147 

constructs were phosphorylated with one of three established CTD kinases: Erk2, a 148 

recently identified Ser5 CTD kinase that phosphorylates primed RNA polymerase II in 149 

developmental contexts (Tee et al., 2014); the kinase module of TFIIH that install Ser5 150 

and Ser7 marks in vivo (Feaver et al., 1994); or P-TEFb which phosphorylates Ser2 in 151 

vivo (Marshall et al., 1996). Unlike alanine substitution, all three kinases are active 152 

against the phenylalanine-substituted CTD construct. Surprisingly, substitution of 153 

phenylalanine at the Tyr1 position alters the behavior of phosphorylated substrates in 154 

electrophoretic mobility shift assays (EMSA) (Figure 1C). While the wild-type variant 155 

assumes only one or two apparent intermediate species in EMSA, the YtoF variant of 156 

dmCTD exhibits multiple intermediates suggesting the generation of a greater diversity 157 

of phosphorylated species. Additional analysis of Erk2 phosphorylated dmCTDYtoF 158 

using electrospray ionization mass spectrometry (ESI-MS) of the intact phosphorylated 159 

construct confirms the existence of multiple species revealing complex spectra 160 

composed of multiple overlapping peaks relative to the dmCTD control (Figure S2D). To 161 

quantify the effect of phenylalanine replacement at the Tyr1 position on CTD kinase 162 

function we measured the kinase activity of Erk2 and TFIIH using GST-yCTD or 163 

yCTDYtoF substrate (Figure S1A-B). Steady-state kinetics demonstrate that the 164 

replacement of tyrosine by phenylalanine has a markedly different effect on these two 165 

kinases. Erk2 shows a 2.5-fold higher specificity constant against the YtoF variant, as 166 

indicated by kcat/Km, compared to the WT construct (Figure 1D). Erk2 has nearly identical 167 

kcat values (0.44 ± 0.02 s-1 vs. 0.45 ± 0.02 s-1) for the two substrates, but a much lower 168 

Km for the YtoF substrate (35.8 ± 3.2 µM for WT vs. 14.8 ± 2.2 µM for YtoF substrates).  169 

This difference in Km values suggests Erk2 has a binding preference for the 170 
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phenylalanine substituted substrate. However, TFIIH activity is greatly compromised 171 

when Tyr1 is replaced by phenylalanine with a nearly 10-fold reduction in kcat/Km (Figure 172 

1E).  173 

Overall, our data demonstrate the chemical properties of the residue located at 174 

the first position of the heptad repeat has a significant impact on the phosphorylation of 175 

the CTD residues by CTD kinases. Even slight modification of this residue (e.g., loss of 176 

the hydroxyl group) can have dramatic consequences for modification of the CTD. 177 

Tyr1 phosphorylation in human CTD 178 

Although substitution of non-tyrosine residues at the Tyr1 position is relatively 179 

rare in nature and does not occur in human cells, Tyr1 phosphorylation is conserved 180 

from yeast to humans and plays key role in transcriptional events although the molecular 181 

mechanism explaining the diverse biological functions remains elusive (Chapman et al., 182 

2008). The sensitivity of CTD kinases to the chemical properties of Tyr1 side chain 183 

motivated us to investigate if Tyr1 phosphorylation impacts subsequent phosphorylation 184 

events by reconstructing sequential CTD phosphorylation in vitro. In humans, Tyr1 185 

phosphorylation rises along with Ser5 phosphorylation at the beginning of transcription 186 

(Heidemann et al., 2013). However, experiments using synthetic CTD peptides with 187 

every Tyr1 residue phosphorylated have shown that Tyr1 phosphorylation inhibits 188 

subsequent phosphorylation by CTD kinases (Czudnochowski et al., 2012). We suspect 189 

that the heavily phosphorylated synthetic peptide doesn’t mimick the physiological RNA 190 

polymerase II during transcription well. Instead, we recapitulated the phosphorylation of 191 

the CTD using physiologically relevant Tyr1 kinases in vitro. Existing literature points to 192 

Abl-like non-receptor tyrosine kinases as mammalian Tyr1 CTD kinases, with c-Abl as a 193 

major candidate (Baskaran et al., 1997; Burger et al., 2019). Three lines of evidence 194 

support this notion: c-Abl phosphorylates CTD in vitro (Baskaran et al., 1993) and in 195 

cells since transient over-expression of c-Abl in primate COS cells results in increased 196 

.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 May 28, 2019. ; https://doi.org/10.1101/652214doi: bioRxiv preprint 

https://doi.org/10.1101/652214
http://creativecommons.org/licenses/by/4.0/


 9 

Tyr1 phosphorylation (Baskaran et al., 1997), and c-Abl immunoprecipitates with RNA 197 

polymerase II (Baskaran et al., 1999). To elucidate the biophysical consequences of 198 

Tyr1 phosphorylation of the CTD we reconstructed c-Abl phosphorylation of consensus 199 

sequence CTD in vitro using purified human c-Abl and the yCTD constructs.  C-Abl 200 

readily phosphorylates yCTD in vitro as evidenced by EMSA and detection of Tyr1 201 

phosphorylation using pTyr1 specific antibody 3D12 (Figure 2A). We directly interrogate 202 

the sites of phosphorylation using LC-UVPD-MS/MS to identify phosphorylation sites in 203 

single residue resolution. Previously, we developed UVPD-MS/MS analysis strategies to 204 

investigate challenging targets such as CTD, which provides improved characterization 205 

and more diagnostic spectra (Mayfield et al., 2017). Using this method to analyze a 206 

peptide containing three heptad repeats treated by c-Abl (3CTD, Figure S1E), two single 207 

phospho-forms were detected, each containing a single phosphorylated tyrosine on 208 

either the first or second heptad of the variant (Figure 2B and S2E). These mass shifts 209 

confirm c-Abl phosphorylates consensus CTD sequences on Tyr1 in vitro.   210 

To test if modulating c-Abl activity can alter Tyr1 phosphorylation levels in human 211 

cells, we treated HEK293T cells with the c-Abl specific inhibitor imatinib (Knight and 212 

McLellan, 2004) and monitored endogenous Tyr1 phosphorylation levels using phospho-213 

Tyr1 specific antibody 3D12 (Figure 2C). Tyr1 phosphorylation decreases in a dose-214 

dependent manner from 10-50% at imatinib concentrations of 10-30 μM after 24 hours of 215 

treatment (Figure 2C). Overall, our result indicates controlling the kinase activity of c-Abl, 216 

or highly similar kinases, is sufficient to significantly modulate the level of Tyr1 217 

phosphorylation of CTD in mammalian cells. 218 

We next quantified the maximal number of phosphates added to yCTD 219 

constructs using MALDI-MS. High-resolution MALDI-MS spectra of samples treated by 220 

c--Abl under saturating conditions revealed peaks accounting for yCTD containing 5 to 221 

13 phosphates (with mass shifts ranging from 398.9 to 1049.4 Da) (Figure 2D), 222 
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approximately half of yCTD’s available tyrosine residues within 26 heptad repeats. 223 

Additional GST-CTD constructs containing 3-5 consensus heptad repeats (Figure S1E-224 

G) treated with c-Abl under saturating conditions were measured using MALDI-TOF to 225 

evaluate if c-Abl truly only phosphorylates half of the available Tyr1 sites. Three 226 

phosphorylation peaks were detected in the 5CTD variant with mass differences of 79.8, 227 

160.3 and 239.1 Da relative to the unphosphorylated control, accounting for the addition 228 

of 1-3 phosphates (Figure 2E). Phosphorylation of the 4CTD construct resulted in two 229 

peaks of phosphorylation with mass differences of 79.1 and 160.7 Da relative to 230 

unphosphorylated control, accounting for the addition of 1 or 2 phosphates (Figure 2F). 231 

Similarly, two phosphates are added to the 3CTD variant that displayed mass shifts of 232 

78.2 or 158.7 Da (Figure 2G). These mass shifts suggest c-Abl does not phosphorylate 233 

consensus CTD in every heptad instead it favors phosphorylation of approximately half 234 

the available Tyr1 residues.  235 

Sequential phosphorylation of CTD by c-Abl followed by P-TEFb 236 

 With our knowledge of the previously undescribed Tyr1 phosphorylation pattern 237 

installed by c-Abl, we were curious if such a pattern could affect the phosphorylation of 238 

CTD by P-TEFb. We first determined if the pre-treatment of CTD by c-Abl alters the 239 

number of phosphates added by P-TEFb using MALDI-TOF. Since c-Abl phosphorylates 240 

tyrosine and P-TEFb phosphorylates serine residues as determined (Figure 2A and 1A, 241 

respectively), if the two phosphorylation events are independent, the phosphate placed 242 

by the kinases should be the addition of the two kinases individually. C-Abl 243 

phosphorylation of yCTD alone adds up to 13 phosphates (Figure 2D) and P-TEFb alone 244 

adds 24-29 phosphates (Figure 1B). Interestingly, tandem treatment of yCTD with c-Abl 245 

followed by P-TEFb resulted in the addition of a total of 16 to 26 phosphates as detected 246 

by MALDI-MS, with a mass shifts of 1287.3 to 2073.2 Da (Figure 3A). This data reveals 247 
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c-Abl pre-treatment results in changes to P-TEFb’s phosphorylation along the CTD, 248 

evidenced by a reduction in the number of phosphate groups added by P-TEFb. 249 

To identify the position of phosphates added by P-TEFb when Tyr1 is 250 

phosphorylated, we quantified pSer2 and pSer5 by immunoblotting with antibodies 251 

recognizing Ser2 and Ser5 phosphorylations (Figure 3B). Compared to a non-252 

phosphorylated CTD, the pre-treatment of yCTD with c-Abl results in a significant 253 

increase in Ser2 phosphorylation of nearly 300% as detected by pSer2 specific CTD 254 

antibody 3E10, accompanied by little change in pSer5 by P-TEFb (Figure 3B and 3C). 255 

The increase of pSer2 is unique for P-TEFb-mediated phosphorylation on CTD since 256 

similar tandem treatment of c-Abl followed by either TFIIH or Erk2 showed no changes 257 

on pSer2 levels (Figure S3A).  258 

We propose two possible explanations for the apparent increase of pSer2 levels 259 

upon c-Able/P-TEFb treatment: First, c-Abl interacts with and/or modifies P-TEFb and 260 

alters its specificity from Ser5 to Ser2. Alternatively, c-Abl may phosphorylate substrate 261 

CTD and these phosphorylations prime the P-TEFb specificity towards Ser2 residues of 262 

the CTD. To differentiate these two models, we inactivated c-Abl after its reaction with 263 

CTD but before the addition of P-TEFb. We used two independent methods to inactivate 264 

c-Abl prior to P-TEFb addition: introduction of the potent Abl inhibitor dasatinib to 10 µM 265 

or denaturation of c-Abl via heat-inactivation (Figure S3B). In both experiments, P-TEFb 266 

continues to install a greater amount of Ser2 phosphorylation relative to no c-Abl 267 

treatment controls (Figure S3B). Therefore, the increase in the apparent Ser2 268 

phosphorylation is not due to P-TEFb’s physical interaction with c-Abl but arises from c-269 

Abl kinase activity against CTD substrates at Tyr1.  270 

To determine the phosphorylation pattern resulting from sequential kinase 271 

treatment, we used LC-UVPD-MS/MS to investigate the activity of P-TEFb in the context 272 

of Tyr1 phosphorylation. LC-UVPD-MS/MS provides single residue resolution and 273 
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overcomes artifacts inherent to immunoblotting such as epitope masking. Unfortunately, 274 

full-length yeast CTD is resistant to proteolysis due to a lack of basic residues, hindering 275 

further analysis by tandem MS (Schuller et al., 2016; Suh et al., 2016). Novel proteases, 276 

such as chymotrypsin and proteinase K, that cleave at bulky hydrophobic residues like 277 

tyrosine have proven effective in the past for analyzing native sequence of CTD but 278 

proteolysis become inhibited upon phosphorylation (Mayfield et al., 2017). Short 279 

synthetic peptides circumvent the need for proteases but poorly mimic the physiological 280 

CTD and are unlikely to reveal bona fide CTD kinase specificities. To overcome these 281 

technical challenges, we generated a full-length yeast CTD with Lys replacing Ser7 in 282 

every other repeat (yCTD-Lys) (Figure S1C). This allowed for trypsin digestion into di-283 

heptads which represent the functional unit of the CTD (Corden, 2013; Eick and Geyer, 284 

2013), and are amenable to MS/MS analysis.  285 

To validate that the introduction of lysine residues does not bias kinase 286 

specificity, we first mapped the phosphorylation pattern of c-Abl or P-TEFb individually 287 

along yCTD-Lys using LC-UVPD-MS/MS. When treated with c-Abl, two single 288 

phosphorylation species of equal amount are found with tyrosine at the same or 289 

neighboring heptad of Lys replacement (Figure 3D and S4A, peak 1 and 2) and a small 290 

peak in which both Tyr1 residues are phosphorylated (Figure 3D and S4A, peak 3). 291 

When treated with P-TEFb alone, we observed four single phosphorylated peptides: two 292 

almost equally abundant peaks containing di-heptads with a single pSer5 (Figure 3E and 293 

S4B, peak 1 and 2) and two peaks about ~40 fold less in intensity with pSer2 or pSer7 294 

(Figure 3E and S4B, peak 3 and 4), consistent with our previously analysis that P-TEFb 295 

strongly favors pSer5 in unmodified CTD substrates (Figure 1A). Double phosphorylated 296 

species are also detected for di-heptads with both Ser5 residues phosphorylated as the 297 

predominant product (Figure 3E and 3F and S4B, peak 5). Several very small peaks 298 

(less than 100-fold lower in intensity) are identified as peptides containing both Ser5 and 299 
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pSer2 (Figure 3E and S4B, peak 6). These results indicate that the existence of Lys 300 

residue does not seem to bias kinase activity and is consistent with our previous results 301 

that P-TEFb strongly prefers to phosphorylate Ser5. 302 

When treated in tandem with c-Abl followed by P-TEFb and digested with trypsin, 303 

diheptads (YSPTSPSYSPTSPK) in a variety of phosphorylation states are generated. 304 

These species were separated in CL and revealed 9 di-heptad species of varying 305 

abundancesisolated and analyzed. LC purification separates the different 306 

phosphorylation states of the di-peptide (Figure 3G). Some of the di-heptides contain 307 

only a single phosphorylation due to incomplete reactions in vitro. To understand the 308 

effect of c-Abl CTD phosphorylation on P-TEFb, we focused on multiply phosphorylated 309 

species especially those containing both tyrosine and serine phosphorylation (Figure 310 

3G). Tandem phosphorylation generated species unique to those observed in c-Abl or P-311 

TEFb individual treatment (elution at 27-31 min in LC, Figure 3G, peak 6, 7, 8). The most 312 

abundant of these unique species (Figure 3G peak 7) contains both Tyr1 and Ser2 313 

phosphorylation (Figure 3H and S4C). Similarly, a close-by but less abundant peak also 314 

contains Tyr1 and Ser2 double phosphorylation although in different location (Figure 3G 315 

peak 8 and S4C). Importantly, only a small peak contains both Tyr1 and Ser5 316 

phosphorylation (Figure 3G peak 6 and S4C). Although we cannot exclude the possibility 317 

of the existence of other phosphorylated species containing a mixture of tyrosine and 318 

serine phosphorylation, their quantity is likely very low and not detected in LC-UVPD-319 

MS/MS analysis. P-TEFb’s serine residue preference is dramatically different from 320 

reactions on unmodified CTD substrate, where pSer5 predominates (Figure 3E peak 5), 321 

and those pre-treated with c-Abl where pSer2 is the primary product species (Figure 3G 322 

peak 7). Our results show that in di-heptads with Tyr1 phosphorylated, Ser2 323 

phosphorylation in the flanking heptad becomes the primary target of P-TEFb 324 

phosphorylation. 325 
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The high performance of LC chromotography also allowed us to confirm our 326 

phosphomapping within in di-heptads in the yeast CTD that diverge from consensus 327 

sequence (Figure S1C). Three di-heptads of divergent sequence were generated 328 

following trypsin digestion of the yCTD-Lys construct (Figure S5, sequences of 329 

YSPTSPAYSPTSPK, YSPTSPNYSPTSPK, and YSPTSPGYSPGSPK). Although these 330 

diheptads exist in a much smaller amount than the dominant product 331 

YSPTSPSYSPTSPK, they can be resolved and purified in high-performance liquid 332 

chromatography and analyzed for phosphorylation position (Figure S5). In these three 333 

phosphorylated diheptads, the sole detected product of tandem treatment is a di-heptad 334 

with Tyr1 and Ser2 phosphorylated (Figure S5, right panels). Without c-Abl pre-335 

treatment, all peptides phosphorylated by P-TEFb gave a predominant di-heptad species 336 

containing only pSer5 (Figure S5, left panels). As in the consensus sequence, no Tyr1 337 

and Ser5 double phosphorylation species were captured, possibly due to low 338 

abundance. The phosphoryl mapping of the various di-heptads generated provides 339 

independent evidence that Tyr1 phosphorylation promotes Ser2 phosphorylation by P-340 

TEFb even in the context of divergent heptads. 341 

To further corroborate the mass spectrometry results that the specificity of P-342 

TEFb is altered from Ser5 to Ser2 upon Tyr1 phosphorylation, we generated a new 343 

yeast CTD variant with 13 repeats (half of the full-length yeast CTD) with every single 344 

Ser5 mutated to alanine (S5A construct, sequence in Figure S1H). Previously, it was 345 

shown that replacing Ser5 in CTD prevents its phosphorylation by P-TEFb 346 

(Czudnochowski et al., 2012). Treatment of the S5A constructs with P-TEFb alone 347 

results in the addition of little to no phosphate shown by MALDI-MS (Figures 3I). 348 

However, when the S5A construct is treated with c-Abl, it accepts up to 5 phosphate 349 

groups (Figure 3J). Subsequent treatment with P-TEFb results in an obvious shift in the 350 

MALDI-MS spectra with up to 7 phosphates added to the final product (Figure 3K).  The 351 
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results corroborate the conclusion crawn from the MS/MS results, indicating that upon 352 

Tyr1 phosphorylation S5A becomes a viable substrate for P-TEFb and adds at least two 353 

additional phosphates likely to Ser2 residues.   354 

The observation of pSer2 as the major product in the context of pre-existing 355 

pTyr1 is interesting because P-TEFb has consistently shown a strong preference for 356 

Ser5 in vitro.  Using a combination of immunoblotting, LC-UVPD-MS/MS, mutagenesis, 357 

and MALDI-TOF we found Tyr1 phosphorylation primes the CTD for subsequent 358 

modification on Ser2 by P-TEFb via alteration of its specificity from Ser5. 359 

Effect of Ser5 and Ser7 phosphorylation on P-TEFb activity 360 

 The observation that Tyr1 phosphorylation by c-Abl alters the specificity of P-361 

TEFb from Ser5 to Ser2 prompted us to ask if other kinases recruited to the CTD at the 362 

beginning of transcription can also alter P-TEFb specificity in vitro.  TFIIH is a kinase 363 

during transcription initiation, and its activity promotes P-TEFb function in vivo (Ebmeier 364 

et al., 2017). To evaluate if a modification or combination of modifications installed by 365 

TFIIH can promote the Ser2 specificity of P-TEFb as we see with Tyr1 phosphorylation, 366 

we reconstructed CTD phosphorylation in vitro by treating yCTD substrates sequentially 367 

with TFIIH followed by P-TEFb and analyzed the resultant phosphorylation pattern using 368 

LC-UVPD-MS/MS and immunoblotting (Figure S6). When followed by P-TEFb three 369 

phosphorylated species are generated, as revealed by LC-UVPD-MS/MS: two major 370 

species containing Ser5 phosphorylation and a minor species containing Ser2 371 

phosphorylation (Figure S6A-B). These peptides are reminiscent of those generated by 372 

P-TEFb alone where Ser5 phosphorylation dominates (Figure 1A).  This data indicates 373 

that TFIIH-mediated phosphorylations do not alter P-TEFb specificity in vitro.   374 

Tyr1 phosphorylation primes Ser2 phosphorylation in human cells 375 

Our kinase assays have shown that Tyr1 phosphorylation by c-Abl alters the 376 

specificity of P-TEFb allowing for Ser2 phosphorylation of the CTD in vitro. To evaluate 377 
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the importance of pTyr1 to Ser2 phosphorylation in human cells, we sought to selectively 378 

reduce pTyr1 levels and monitor pSer2 via western blot (Figure 4A and 4B). Available 379 

literature suggests that c-Abl is important to Tyr1 phosphorylation in RNA polymerase II 380 

but not the sole kinase responsible (Baskaran et al., 1999). Other Abl-like kinases may 381 

likely compensate for the function of c-Abl by phosphorylating Tyr1 in human cells. 382 

Therefore, we initially utilized the potent inhibitor dasatinib, which inhibits c-Abl as well 383 

as other tyrosine kinases homologous to c-Abl, to treat HEK293T cells (Winter et al., 384 

2012). Tyr1 phosphorylation has also been implicated in stabilizing RNA polymerase II in 385 

the cytosol (Hsin et al., 2014), so marked reduction of Tyr1 phosphorylation may lead to 386 

a decrease in the global level of RNA polymerase II resulting in an apparent decrease in 387 

CTD phosphorylation levels. To address this potential artifact, we optimized inhibitor 388 

concentration to a level at which global RNA polymerase II levels are not significantly 389 

altered as determined by immunoblotting against RNA polymerase II subunits POLR2A 390 

and POLR2C (Figure 4 and S7A).  At 10µM dasatinib, pTyr1 levels are reduced by 30% 391 

in HEK293T cells and this is accompanied by a 29% decrease in Ser2 phosphorylation 392 

(Figure 4A). Importantly, pSer5 levels were not significantly altered (Figure 4A and S7A). 393 

This agrees with our in vitro observations that pSer5 is independent of pTyr1 status. To 394 

more specifically target c-Abl mediated Tyr1 phosphorylation, we utilized the highly 395 

specific c-Abl inhibitor imatinib that has a much smaller inhibitory repertoire (Winter et 396 

al., 2012).  Treatment of HEK293T cells with 20μM imatinib results in a reduction in 397 

pTyr1 of 35%. This is accompanied by a statistically significant decrease in pSer2 levels 398 

of 15% (Figure 4B). In both the dasatinib and imatinib treatments pSer5, POLR2A, and 399 

POLR2C levels remain unaffected (Figure 4 and S7A). Together, this inhibitor-based 400 

approach supports our in vitro observation that Ser2 phosphorylation is specifically 401 

coupled to Tyr1 phosphorylation in cells. 402 

Tyr1 phosphorylation promotes Ser2 phosphorylation  403 
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To understand the biological implication of coupled Tyr1 and Ser2 404 

phosphorylation at the level of individual genes, we conducted ChIP-seq analysis for the 405 

distribution of RNA Polymerase II upon the inhibition of Tyr1 phosphorylation. To carry 406 

out this experiment, we inhibited c-Abl with the potent small molecule inhibitor dasatinib 407 

in HEK293 cells under conditions where pTyr1 is significantly reduced but overall Pol II 408 

amount is un affected (Figure 4A). The sample was prepared for ChIP-seq studies using 409 

RNA polymerase II (8WG5) and pSer2 (3E10) specific antibodies for 410 

immunoprecipitation to analyze the distribution of RNA polymerase II in a genome-wide 411 

fashion. Comparison of the dasatinib treated cells with the vehicle controls, the 412 

distribution of RNA polymerase II along the gene body is altered in multiple genes 413 

(Figure 5A).  Signal was normalized to 10M reads for both samples and a significant 414 

increase of peak height for RNA polymerase II was found in the promoter region of many 415 

genes, as demonstrated in representative genes Myc and FANCL (Figure 5A). To 416 

quantify the change of distribution of the polymerase, we calculated the pausing index 417 

(Zeitlinger et al., 2007) which is the ratio of Pol II read density in the region -50 to +300 418 

bp  of Transcription starting site (TSS) to the rest of gene body 3000 bp downstream of 419 

Transcription end site (TES). The genes are clustered into four groups based on the 420 

pausing index: the G0 cluster has a pausing score close to 0; the remaining genes were 421 

ranked based on their pausing scores from high to low with the G1 cluster containing 422 

genes with pausing scores less than the lower quartile, G2 with genes contained 423 

between the lower and upper quartile, and G3 with pausing scores above the upper 424 

quartile. Genes in G0 and G1 have little occupancy of the polymerase and might not be 425 

active (Figure 5B). Meta-analysis, as visualized in box plot for the pausing index of the 426 

genes in G0 and G1, shows no statistical difference between control and treatment 427 

samples (Figure S7B and S7D). But a statistically significant increase can be observed 428 

in G2 and this increase is close to two-fold in G2 and G3 genes (Figure 5C and S7C-D). 429 
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The same trend is observed across biological duplicates. Overall, these results indicate 430 

that RNA polymerase II is stalled in the promoter region upon the inhibition of Tyr1 431 

phosphorylation.  432 

Upon inhibition of Tyr1 phosphorylation, overall pSer2 level is also reduced 433 

(Figure 4). To further define the stalling of RNA polymerase II in promoter region, we 434 

analyzed the distribution of pSer2 along the gene bodies upon inhibition of tyrosine 435 

kinase using dasatinib (Figure 5D). Across genes, there is a strong reduction of pSer2 436 

signals around the promoter regions of the genes while a relatively weak reduction was 437 

observed in gene body regions (as representative genes Myc and FANCL in Figure 5A). 438 

This trend is in particularly obvious in genes clustered in G2 and G3 based on their 439 

pausing index (Figure 5D). Upon comparison, most of the genes with increased pausing 440 

index also show reduced pSer2 signal intensity around promoter regions (Figure 5D and 441 

Figure S5E). The change of pausing index significantly negatively correlates with the 442 

change of pSer2 signals upon inhibition of Tyr1 phosphorylation (Figure 5E). Thus, these 443 

results suggested that inhibition of Tyr1 phosphorylation result in reduced pSer2 levels 444 

and impede the release of paused Pol II into the productive elongation. 445 

Discussion: 446 

Our discovery that Tyr1 phosphorylation of the CTD alters the preference of P-447 

TEFb from Ser5 to Ser2 resolves controversy surrounding P-TEFb’s specificity 448 

(Bartkowiak et al., 2010; Czudnochowski et al., 2012). P-TEFb was initially identified as 449 

a CTD kinase that controls the elongation potential of RNA polymerase II, is required for 450 

the majority of RNA polymerase II transcription, and is specific for Ser2 in vivo (Chao 451 

and Price, 2001; Marshall et al., 1996; Ni et al., 2004).  However, these early 452 

conclusions are at odds with in vitro data demonstrating P-TEFb is incapable of 453 

phosphorylating Ser2 of CTD peptides in vitro (Czudnochowski et al., 2012). Two other 454 

kinases, CDK12 and CDK13, display Ser2 kinase activity in cells but do not seem to play 455 
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a major role in Ser2 phosphorylation in early transcriptional events (Bartkowiak et al., 456 

2010; Chen et al., 2007). Investigations on the effect of CTD phosphorylations on P-457 

TEFb specificity have revealed that Ser7 (Czudnochowski et al., 2012) and Ser5 (this 458 

manuscript) do not alter its preference to Ser5. Using direct methods, like mass 459 

spectrometry confirmed by immunoblotting and EMSA, we identified that Tyr1 460 

phosphorylation could alter the specificity of P-TEFb from Ser5 to Ser2 in vitro. 461 

Furthermore, inhibition of Tyr1 phosphorylation leads to the reduction of Ser2 462 

phosphorylation in human cells and the accumulation of Pol II in the promoter-proximal 463 

pausing stage. Therefore, we show that Tyr1 phosphorylation potentiates Ser2 464 

phosphorylation of the CTD by altering P-TEFb specificity.  465 

The PTM state of the CTD has been correlated to the progression of transcription 466 

(Jeronimo et al., 2016). Traditionally, such analyses are interpreted through a paradigm 467 

considering heptads phosphorylated on a single isolated residue with Ser5 468 

phosphorylation dominating the initiation stage of transcription and Ser2 phosphorylation 469 

dominating elongation and termination (Corden, 2013).  However, this over-simplification 470 

of CTD modification cannot explain the well-coordinated recruitment of the myriad CTD 471 

binding factors currently implicated in eukaryotic transcription (Ebmeier et al., 2017; Eick 472 

and Geyer, 2013; Harlen and Churchman, 2017). Data presented here points to a 473 

sophisticated model in which the phosphorylation of Tyr1 at the beginning of 474 

transcription sets the stage for future coding events. This interplay between c-Abl and P-475 

TEFb results in a chemically distinct phospho-CTD landscape compared to CTD 476 

phosphorylated by a single kinase. The combination of these modification modes likely 477 

contributes to a heterogeneous collection of modified heptads, which recruits the diverse 478 

array of CTD binding partners in a coordinated manner. These results are in good 479 

agreement with the “CTD code” hypothesis proposed decades ago where the different 480 

combination of post-translational events result in different transcriptional outcomes.   481 
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Tyr1 phosphorylation has been implicated in stabilizing RNA polymerase II in 482 

cells (Hsin et al., 2014), transcription termination (Mayer et al., 2012) and anti-sense 483 

transcription (Descostes et al., 2014) but a coherent molecular basis for these disparate 484 

functions remains elusive. Our analysis provides a molecular mechanism demonstrating 485 

how Tyr1 phosphorylation affects subsequent phosphorylation events carried out by 486 

other CTD kinases. Our ChIP-seq analysis reveals that Tyr1 phosphorylation changes 487 

will alter the overall distribution of RNA polymerase II with more polymerase stalled to 488 

the promoter proximal pausing regions of genes and a reduction of pSer2 levels at these 489 

accumulation sites.  This directly implicates Tyr1 phosphorylation in regulating pausing 490 

via pSer2 phosphorylation. The ability of Tyr1 phosphorylation to redirect signaling and 491 

influence subsequent modifications along the CTD, as revealed for P-TEFb, suggests 492 

these various roles for pTyr1 may arise indirectly through its impact on downstream CTD 493 

modifiers, highlighting integrated, indirect, and context-specific mechanisms for pTyr1 494 

during co-transcriptional signaling that diversify CTD phosphorylation and facilitate 495 

transcriptional and allied processes. The abundance of pTyr1 appears to be far less than 496 

pSer2 or pSer5. However, the final accumulation of individual species is dependent on 497 

the dynamic interplay of CTD kinases and phosphatases throughout the transcription 498 

cycle. Tyr1 phosphorylation is relatively transient, appearing at the transition from 499 

initiation to elongation and decreasing rapidly through the action of phosphatase(s) (Eick 500 

and Geyer, 2013). Despite this transient nature, pTyr1 is positioned in a vital window to 501 

alter P-TEFb specificity and regulate its phosphorylation pattern along RNA polymerase 502 

II. The adjustability of P-TEFb specificity by nearby Tyr1 phosphorylation states also 503 

reveals a novel mechanism for the regulation of P-TEFb kinase activity. With many 504 

binding partners in cells for P-TEFb, there might be additional regulators promoting the 505 

pSer2 activity of P-TEFb independent of or cooperatively with Tyr1 phosphorylation. 506 
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The data presented reconciles P-TEFb’s in vitro and in vivo specificity and 507 

inspires new queries fundamental to CTD biology. P-TEFb is ubiquitously important for 508 

transcription across eukaryotic cells and often co-opted in disease states like HIV 509 

infection and cancer (Franco et al., 2018). The integrated CTD code revealed here 510 

represents a unique mechanism to manipulate P-TEFb and potentially other CTD 511 

modifiers. Overall, our findings support a model in which cross-talk between CTD 512 

modification enzymes increases the diversity and coding potential of CTD heptads.  This 513 

expands the lexicon of phosphorylation marks and can provide more specific recruitment 514 

of transcription regulators allowing for the precise control of eukaryotic transcription. 515 

Experimental methods 516 

E. coli BL21 (DE3) cells grown 37°C in Luria-Bertani media were used to 517 

overexpress recombinant GST-CTDs and Erk2 variants. HEK 293T cells were 518 

maintained in DMEM (ISC BioExpress cat#T-2989-6) supplemented with 10% FBS, 519 

penicillin and streptomycin. The cells were split every other day when it reached 520 

confluency of 70-80%. Seeding at a concentration of 9.6  104 cells per 10 cm culture 521 

dish and incubated at 37°C at 5% CO2. 522 

Protein expression and purification. 523 

 CTD coding sequences (Figure S1) were subcloned into pET28a (Novagene) 524 

derivative vectors encoding an N-terminal His-tag a GST-tag and a 3C-protease site to 525 

generate GST-CTD constructs as described previously (Mayfield et al., 2017). 3CTD-526 

5CTD and YtoF variants of CTD coding portions were amplified from synthetic DNA 527 

templates generated by IDT.  The S5A variant DNA and the S7K spaced DNA constructs 528 

were purchased from Biomatik as synthetic genes, were amplified and subsequently 529 

cloned into the pET28a derivative vector described above. Homo sapiens Erk2 was 530 

expressed from pET-His6-ERK2-MEK1_R4F_coexpression vector. pET-His6-ERK2-531 

MEK1_R4F_coexpression was a gift from Melanie Cobb (Addgene plasmid #39212) 532 
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(Khokhlatchev et al., 1997).  533 

 GST-CTD variants were prepared by established protocols. Briefly, proteins were 534 

overexpressed in E. coli BL21 (DE3) cells by growing at 37°C in Luria-Bertani media 535 

containing 50 μg/mL kanamycin or ampicillin to an OD600 of 0.4-0.6. Expression was 536 

induced by the addition of isopropyl-β-D-thiogalactopyranoside (IPTG) to a final 537 

concentration of 0.5 mM. After induction, the cultures were grown at 16°C for an 538 

additional 16 hours. The cells were pelleted and lysed via sonication in lysis buffer [50 539 

mM Tris-HCl pH 8.0, 500 mM NaCl, 15 mM Imidazole, 10% Glycerol, 0.1% Triton X- 540 

100, 10 mM β-mercaptoethanol (BME)]. The lysate was cleared by centrifugation at 541 

15,000rpm for 45 minutes at 4°C. The supernatant was initially purified using Ni-NTA 542 

(Qiagen) beads and eluted with elution buffer (50 mM Tris-HCl pH 8.0, 500 mM NaCl, 543 

200 mM Imidazole, and 10 mM BME). The protein was dialyzed against gel filtration 544 

buffer (20 mM Tris-HCl pH 8.0, 50 mM NaCl, 10 mM BME for GST-yCTD & 20mM Tris-545 

HCl pH 7.5, 200mM NaCl, 10mM BME). Finally, proteins were concentrated and ran on 546 

a Superdex 200 gel filtration column (GE). Erk2  was purified using a previous published 547 

protocol (Khokhlatchev et al., 1997). Homogeneity of the eluted fractions was 548 

determined via Coomassie Brilliant Blue stained SDS-PAGE. Samples were 549 

concentrated in vivaspin columns (Sartorius). 550 

Kinase reactions 551 

Abl kinase treated CTD reactions were prepared in buffer conditions containing 1 552 

μg/μL GST-yCTD substrate, 0.0035 μg/μL c-Abl kinase, 50 mM Tris-HCl at pH7.5, 50 553 

mM MgCl2 and 2 mM ATP. TFIIH treated CTD reaction were prepared in buffer 554 

conditions containing 1 μg/μL GST-CTD substrate, 0.025 μg/μL TFIIH, 50 mM Tris-HCl 555 

at pH7.5, 50 mM MgCl2 and 2 mM ATP. P-TEFb treated CTD reaction, were prepared in 556 

buffer conditions containing 1 μg/μL GST-CTD substrate, 0.0075 μg/μL P-TEFb, 50 mM 557 

Tris-HCl at pH7.5, 50 mM MgCl2 and 2 mM ATP. Erk2 treated CTD reaction, as well as 558 
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the controls with no kinase treatment, were prepared in buffer conditions containing 1 559 

μg/μL GST-CTD substrate, 0.025 μg/μL Erk2, 50 mM Tris-HCl at pH7.5, 50 mM MgCl2 560 

and 2 mM ATP. These reactions were incubated for various amount of time at 30°C 561 

along with control experiments setup under identical conditions but without kinases and 562 

then stored at -80°C until analysis. 563 

Tandem kinase treatments were performed by mixing 10 μg GST-CTD substrate 564 

of c-Abl in a buffer containing 0.0035 μg/μL c-Abl kinase, 50mM Tris-HCl at pH7.5, 50 565 

mM MgCl2, 4 mM ATP for overnight and then added the second kinases (0.05 μg/μL 566 

TFIIH or 0.015 μg/μL P-TEFb or 0.05 μg/μL Erk2). These were incubated at 30°C for 16 567 

hours and stored at -80°C until analysis. For c-Abl inactivation assays, 10 minutes of 568 

incubation of reaction at 80 ͦC or 10mM of c-Abl inhibitor were added before the addition 569 

of P-TEFb. 570 

Kinase activity assay. 571 

The Erk2 kinetic activity assay was performed in a 25µl reaction volume 572 

containing 0-100µM substrate (GST yCTD or GST YtoF CTD) and a reaction buffer of 573 

40mM Tris-HCl at pH 8.0 and 20mM MgCl2. The reaction was initiated by adding 187nM 574 

of Erk2 and incubated at 28ºC for 15mins before being quenched with 25µl H2O and 50µl 575 

of room temperature Kinase-Glo Detection Reaction (Promega). The mixtures were 576 

allowed to sit at room temperature for 10 minutes before reading the bioluminescence in 577 

a Tecan Plate reader 200. The readings obtained were translated to ATP concentration 578 

with the help of an ATP standard curve determined with the Kinase Detection Reagent.  579 

The TFIIH kinetic reactions were set up with 0-100µM substrate (GST yCTD or 580 

GST YtoF CTD), 0.2µM TFIIH, 0.1mg/ml BSA and reaction buffer of 50mM Tris-HCl pH 581 

8.0, 10mM MgCl2, 1mM DTT. 500µM ATP Mix (10 nCi/µl radiolabeled ATP, PerkinElmer) 582 

was added to each tube to start the reactions. The tubes were subsequently incubated in 583 

a 30 ºC water bath for 30mins and quenched with 500µl of quench buffer (1mM 584 
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potassium phosphate pH 6.8, 1mM EDTA) to a reaction volume of 10µl. Each reaction 585 

was loaded onto 0.45 µm nitrocellulose filters and washed three times with 1mM 586 

potassium phosphate buffer to remove any excess labeled ATP. Filters were added to 587 

glass vials with scintillation fluid, Econo-Safe Economical Biodegradable Counting 588 

Cocktail (Research Products International) and set in a scintillation counter for 5min 589 

reads each. The amount of phosphate incorporation was determined for each reaction 590 

using a set of 147pmol labeled ATP standards that were read alongside each reaction 591 

set. 592 

Kinetic data obtained from the two assays described above were analyzed in R 593 

(Hamilton, 2015; Team, 2017) and fitted to the Michaelis-Menten kinetic equation to 594 

obtain respective kinetic parameters kcat (s
-1) and Km (µM). 595 

Electrophoretic mobility shift assay. 596 

 SDS-PAGE analysis was performed using 10-15% acrylamide gels containing 597 

1% SDS. GST-CTD samples were prepared by boiling with SDS-PAGE loading dye at 598 

95°C for 5 minutes. This was also used to quench time-course reactions. A volume 599 

containing approximately 1μg of phosphorylated GST-CTD substrate or no kinase 600 

control was loaded into wells and resolved at ~150V for 1h at room temperature. Gels 601 

were stained with Coomassie Brilliant Blue and visualized on G: BOX imaging systems 602 

(Syngene).  603 

MALDI-MS analysis. 604 

 Approximately 5 μg of GST-CTD protein from the kinase reactions described 605 

were prepared for MALDI-MS. If necessary, the protein was digested with 3C protease 606 

by mixing sample in a 1:10 ratio of 3C-protease to GST-CTD construct. Proteins were 607 

equilibrated with dilute trifluoracetic acid (TFA) to a final concentration of 0.1% TFA and 608 

a pH of < 4. These samples were desalted using ZipTip (Millipore) tips according to 609 

manufacturer instructions. These samples were mixed 1:1 with a 2,5-dihydroxybenzoic 610 
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acid matrix solution (DHB) and spotted on a stainless steel sample plate. The spots were 611 

allowed to crystallize at ambient temperature and pressure.  MALDI-MS spectra were 612 

obtained on an AB Voyager-DE PRO MALDI-TOF instrument with manual adjustment of 613 

instrument parameters to ensure the greatest signal to noise. Sample masses were 614 

determined by a single point calibration against the untreated GST-CTD construct. Data 615 

analysis, noise reduction, and Gaussian smoothing, if necessary, were performed in 616 

DataExplorer (AB), R, and the R package smoother to provide interpretable data 617 

(Hamilton, 2015; Team, 2017). Data was visualized in R-Studio using ggplot2 (Wickhan, 618 

2009). Masses were determined as the highest local intensity peak of the post-619 

processed data. 620 

Cell culture and total protein preparation. 621 

 HEK293T cells were maintained in DMEM (ISC BioExpress cat#T-2989-6) with 622 

splitting every other day and seeding at a concentration of 9.6  104 cells per 10 cm 623 

culture dish and incubated at 37°C at 5% CO2. Cells to be treated with imatinib, 624 

dasatinib, or vehicle control were platted at 5  105 cells per well in 6-well tissue culture 625 

plates in fresh DMEM. Cells were incubated for 24 hours and media was replaced with 626 

fresh DMEM containing the indicated amount of inhibitor or equivalent portion of DMSO 627 

vehicle control for an additional 24-40 hours. 628 

 Protein preparations were generated by direct in-well lysis. Media was then 629 

removed, and the cells were washed with ice-cold PBS, and 200 μL RIPA buffer (150 630 

mM NaCl, 10mM Tris-HCl pH 7.5, 0.1% SDS, 1% Triton X-100, 1% deoxycholate, and 5 631 

mM EDTA) supplemented to 1X with HALT protease and phosphatase inhibitor cocktail 632 

(Thermo Scientific) was added directly to cells. Plates were incubated on ice for 15 633 

minutes with gently shaking, and the lysate was transferred to micro centrifuge tubes. 634 

Samples were briefly sonicated to reduce viscosity and spun at 13,000 rpm for 15 635 
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minutes to remove cell debris. Protein concentration was determined to utilize PierceTM 636 

BCA Protein Assay Kit (Thermo Scientific) against a BSA standard curve. Samples were 637 

diluted with SDS-PAGE loading buffer and boiled at 95°C for 5 minutes. The sample was 638 

aliquoted and frozen at -80°C. 639 

Immunoblotting. 640 

Total protein from cell lysate (20-40 μg) or GST-yCTD samples (50 to 500ng, 641 

dependent on epitope) was loaded onto a 4-20% gradient SDS-PAGE gel (Biorad, 642 

Cat#:456-1096) and ran at 150V for 50 minutes at room temperature in a Mini-643 

PROTEAN Tetra Cell (Biorad).  The proteins were transferred to PVDF membrane at 644 

100 V for 1 hour on ice in a Mini-PROTEAN Tetra Cell (Biorad). Membranes were 645 

blocked in 1X TBST (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% Tween-20) and 5% 646 

Bovine Serum Albumin (BSA) or non-fat dry milk (NFDM) for 1 hour at room temperature 647 

with shaking. Blocked membranes were incubated in primary antibody in either 1X TBST 648 

or 1X TBST+5% BSA at 4 °C overnight or 1 h at room temperature. The membranes 649 

were then washed six times with 1X TBST for 5 minutes each at room temperature and 650 

incubated with secondary antibody in 1X TBST for 1 hour at room temperature. The 651 

membrane was washed once again and incubated with SuperSignal West Pico 652 

Chemiluminescent Substrate (Pierce, Cat#: 34079) according to factory directions.  Blots 653 

were imaged using a G: BOX gel doc system (Syngene) and quantified in ImageJ 654 

(Schneider et al., 2012).  Statistical analysis was performed in R (Team, 2017). 655 

Blots normalized against Coomassie-stained bands were stained by incubating 656 

the membrane post-immunoblotting with stain solution (0.1% Coomassie Brilliant Blue R-657 

250, 40% ethanol, 10% acetic acid) for 1 minute.  The stain was discarded, and the blot 658 

was briefly rinsed with distilled water.  Blot was de-stained in de-stain solution (10% 659 

ethanol, 7.5% acetic acid) until bands were visible.  Blots were equilibrated with distilled 660 
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water and imaged wet in a plastic blot protector using a G: BOX gel doc system 661 

(Syngene) and quantified as above. 662 

For dot blot, samples of GST-yCTD were treated with P-TEFb alone or c-Abl 663 

followed by P-TEFb. The heat inactivated samples were prepared by heating the c-Abl 664 

treated GST-yCTD at 60ºC for five minutes, while the Dasatinib inactivated samples 665 

were prepared by adding 10µM Dasatinib to the c-Abl treated sample 15 minutes before 666 

incubation with P-TEFb.  The dot blots were performed by adding 2X SDS page loading 667 

dye and briefly heating each sample after which 1µg of the sample was loaded in three 668 

replicates onto a 0.45µm Nitrocellulose membrane. The membrane was subsequently 669 

allowed to dry and blocked in 1X TBST (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% 670 

Tween-20) and 5% Bovine Serum Albumin (BSA) for 1 hour at room temperature with 671 

shaking. The Anti-RNA Pol II phosphoSer2 antibody (clone: 3E10, Millipore Cat: 14-672 

1571) was diluted 1:5000 times and was incubated overnight at 6ºC to probe for Ser2 673 

phosphorylation. The membranes were then washed five times with 1X TBST for 5 674 

minutes each at room temperature and incubated with secondary antibody in 1X TBST 675 

for 1 hour at room temperature. The membrane was washed once again and incubated 676 

with SuperSignal West Pico Chemiluminescent Substrate (Pierce, Cat#: 34079) 677 

according to manufacturer instruction.  Blots were imaged using a G: BOX gel doc 678 

system (Syngene) and quantified in ImageJ (Schneider et al., 2012).  Statistical analysis 679 

was performed by using the Data Analysis function in Microsoft Excel. 680 

LC-UVPD-MS/MS Analysis. 681 

 GST-3CTD samples (approximately 1 µg/µL) were digested on ice for 4 hours in 682 

50 mM Tris-HCl at pH 8.0 with 150 mM NaCl using 3C-protease at a molar ratio of 100:1 683 

protein: protease in a reaction volume of 20 µL. Digests were desalted on C18 spin 684 

columns and resuspended to 1 µM with 0.1% formic acid for LC-MS analysis.   685 

 Separations were carried out on a Dionex Ultimate 3000 nano liquid 686 
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chromatograph plumbed for direct injection. Picofrit 75 µm id analytical columns (New 687 

Objective, Woburn, MA) were packed to 20 cm using 1.8 µm Waters Xbridge BEH C18 688 

(Milford, MA). Mobile phase A was water and B was acetonitrile, each containing 0.1% 689 

formic acid. Separations occurred over a 30-minute linear gradient from 2-35% B. The 690 

flow rate was maintained at 0.3 µL/min during the separation. 691 

 An OrbitrapTM Fusion Lumos Tribrid mass spectrometer (Thermo Fischer 692 

Scientific, San Jose, CA) equipped with a Coherent ExciStar XS excimer laser operated 693 

at 193 nm was used for positive mode LC-MS/MS analysis of the 3CTD peptides. The 694 

Lumos mass spectrometer was modified for ultraviolet photodissociation (UVPD) as 695 

described earlier (Klein et al., 2016). Photoactivation in the low-pressure linear ion trap 696 

was achieved using 2 pulses at 2 mJ in a targeted m/z mode. The 3+ charge states of 697 

the singly and doubly phosphorylated peptide GPGSGMYSPTSPSYSPTSPSYSPTSPS 698 

were targeted for photoactivation. All data were acquired in the Orbitrap analyzer where 699 

MS1 and MS/MS spectra were collected at resolving powers of 60K and 15K (at m/z 700 

200), respectively. MS1 spectra were acquired from m/z 400-2000 with an AGC setting 701 

of 5E5. Each MS/MS spectrum consisted of two microscans collected from m/z 220-702 

2000 with an AGC setting of 2E5.  703 

 Data analysis was performed using the XCalibur Qual Browser and ProSight Lite 704 

(Fellers et al., 2015). For both targeted m/z values, the MS/MS spectrum for each 705 

phosphoform present was deconvoluted to neutral forms using Xtract with a signal-to-706 

noise threshold of 3. Sequence coverage was determined by matching the nine ion 707 

types observed with UVPD (a, a•, b, c, x, x•, y, y-1, z). Localization of the 708 

phosphorylation(s) was performed by adding a phosphate group (+79.966 Da) at each of 709 

the possible serine, threonine, and tyrosine residues to identify fragment ions containing 710 

the moiety and optimize characterization scores in ProSight Lite. 711 

 Analysis of yCTD treated with P-TEFb was performed identically to previous 712 
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analysis of yCTD treated with TFIIH and Erk2 (Mayfield et al., 2017). GST-yCTD 713 

samples were prepared for bottom-up analysis using a two-step proteolysis method. 714 

First, overnight digestion with trypsin at 37°C was carried out using a 1:50 enzyme to 715 

substrate ration, which cleaved the GST-portion of the protein while leaving the abasic 716 

26mer CTD portion intact.  The resulting digest was filtered through a 10 kDa molecular 717 

weight cutoff (MWCO) filter to remove tryptic GST peptides and buffer exchange the 718 

CTD portion into 50mM Tris-HCl pH 8.0 and 10mM CaCl2 for subsequent proteainase K 719 

digestion.  Proteinase K was added in a 1:100 ration and digested overnight at 37°C.  720 

Samples were diluted to 1μM in 0.2% formic acid for LC-MS. Analysis of yCTD-Lys 721 

treated by c-Abl, P-TEFb or c-Abl followed by P-TEFb are using a similar method as 722 

described above except the first digestion was done by 3C-protease and second by 723 

trypsin. 724 

Bottom-up analysis of yCTD was performed on a Velos Pro dual linear ion trap 725 

mass spectrometer (Thermo Fisher, San Jose, CA) equipped with a Coherent ExciStar 726 

XS excimer laser (Santa Clara, CA) at 193 nm and 500 Hz as previously described for 727 

UVPD (Gardner et al., 2008; Madsen et al., 2010).  Two pulses of 2mJ were used for 728 

photodissociation.  Separations were carried out on a Dionex Ultimate 3000 nano liquid 729 

chromatograph configured for preconcentration. Integrafrit trap columns were packed to 730 

3.5 cm using 5 μm Michrom Magic C18. Picrofrit analytical columns were packed to 20 731 

cm using 3.5 μm Waters Xbridge BEH C18 (Milford, MA). Mobile phase A was water and 732 

mobile phase B was acetonitrile; each contained 0.1% formic acid. Peptides were loaded 733 

onto the trap column for 5 minutes in an aqueous solvent containing 2% acetonitrile and 734 

0.1% formic acid at a 5 μL/min flow rate. Separations occurred over a 20-minute linear 735 

gradient in which percent phase B was increased from 2-15% during the first 15 minutes 736 

and further increased to 35% over the last 5 minutes.  The flow rate was constant at 0.3 737 

μL/min.  A top seven data-dependent acquisition method was first used to identify the 738 

.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 May 28, 2019. ; https://doi.org/10.1101/652214doi: bioRxiv preprint 

https://doi.org/10.1101/652214
http://creativecommons.org/licenses/by/4.0/


 30 

main phosphorylated species. A targeted analysis followed in which the singly 739 

phosphorylated heptad peptides were continually selected for UVPD activation (between 740 

MS1 acquisitions occurring after every five MS/MS events) to resolve partially co-eluting 741 

phospho-isomers.  Resulting UVPD spectra were manually interpreted.   742 

ChIP-seq analysis 743 

For ChIP-seq experiments, HEK293T cells were seeded at 3.5 million cells in a 744 

15cm dish. After 24hours, when the cells achieved confluency of 40-50%, the media was 745 

replaced by fresh media containing 10µM Dasatinib inhibitor or the DMSO control and 746 

allowed to grow for another 24 hours until confluency of 80% was achieved. The cells 747 

were fixed with 1% formaldehyde in 15ml of media, for 8 minutes at room temperature 748 

with intermittent swirling. The reaction was quenched by the addition of glycine to a final 749 

concentration of 0.125M and incubation for five minutes at room temperature. The cells 750 

were washed twice with 15ml of ice-cold Dulbecco's phosphate-buffered saline (DPBS) 751 

and scrapped off the surface with 900µl of DPBS into microcentrifuge tubes. The cells 752 

were pelleted at a speed of 8000xg for 5minutes, resuspended and aliquoted such that 753 

the number of control cells (with only DMSO) were normalized to the number of 754 

dasatinib treated cells, in snap cap Eppendorf tubes. The cell pellet was frozen in a 755 

freezing mixture comprised of dry ice and ethanol. 756 

The cells were lysed by adding buffer LB1 [50mM HEPES at pH 7.5, 140mM 757 

NaCl, 1mM EDTA, 10% glycerol, 0.5% NP-40, 0.25% Triton-X 100, 1x Protease inhibitor 758 

cocktail (thermoscientific)] and placing the tubes on a rotating wheel at 4ºC for 10 759 

minutes, following which they were spun at 2000g for 5 minutes to isolate the nuclei as a 760 

pellet. These were washed with buffer LB2 [10mM Tris-HCL at pH 8.0, 200mM NaCl, 761 

1mM EDTA, 0.5mM EGTA + 1X Protease inhibitor cocktail (thermoscientific)], and 762 

subsequently the nuclei where resuspended in 300µl of nuclear lysis buffer LB3 [10mM 763 

Tris-HCL, pH 8, 100mMNaCl, 1mM EDTA, 0.5mM EGTA, 0.1% Na-Deoxycholate, 0.5% 764 

.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 May 28, 2019. ; https://doi.org/10.1101/652214doi: bioRxiv preprint 

https://doi.org/10.1101/652214
http://creativecommons.org/licenses/by/4.0/


 31 

N-lauroylsarcosine and 1x Protease inhibitor cocktail (thermoscientific)]. 765 

The nuclear lysate of 300µl was sonicated using a Biorupter UCD 200 for 25 766 

cycles at maximum intensity (15sec ON 45 sec OFF in a water bath at 4ºC). After each 767 

of the 10 cycles, the samples were incubated on ice for 10 minutes. Following sonication 768 

30µl of buffer LB3 supplemented with 10% TritonX-100 was added into the sample and 769 

spun at full speed for 10 minutes to remove cell debris. 30µl of the supernatant was 770 

taken as the input control for ChIP-seq, and the rest is used to prepare the samples. 771 

Magnetic Protein-G beads were incubated with respective antibody (1µg per 10µl 772 

of beads) overnight on the rotating shaker at 4ºC. The beads were then washed thrice 773 

with 5% BSA in PBS to remove any excess antibody, and the 300µl of the sonicated 774 

lysate prepared above is added to it, with 800µl of buffer LB3 and 100µl of buffer LB3 775 

supplemented with10% Triton X-100. The samples were placed on a rotating wheel 776 

overnight at 4ºC for the immunoprecipitation to occur. The beads were washed twice by 777 

a low salt buffer (0.1% Na Deoxycholate, 1% Triton X-100, 1mM EDTA, 50mM HEPES 778 

at pH 7.5, 150mM NaCl) followed by wash with high salt buffer (0.1% Na Deoxycholate, 779 

1% Triton X-100, 1mM EDTA, 50mM HEPES at pH 7.5, 500mM NaCl), lithium chloride 780 

buffer (250mM LiCl, 0.5% NP-40, 0.5% Na Deoxycholate, 1mM EDTA, 10mM TrisCl at 781 

pH 8.1) and finally washed twice with TE buffer (10mM TrisCl at pH 8.1 and 1mM 782 

EDTA). The beads were ultimately resuspended in 200µl of elution buffer (1% SDS and 783 

0.1M sodium bicarbonate) and placed in the thermomixer at 65ºC for 16 hours to enable 784 

reverse crosslinking.  785 

Both the input and treatment samples were with 70µl of elution buffer (1% SDS 786 

and 0.1M sodium bicarbonate) and underwent reverse crosslinking at 65ºC for 16 hours. 787 

After the reverse crosslinking, phenol-chloroform extraction was used to extract the 788 

immunoprecipitated DNA, Library prep was done using a starting amount of 3ng of DNA 789 

(measured by Qubit HS) using the NEBNext Ultra II DNA Library Prep Kit for illumine 790 
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(NEB E#7103) following the vendor manual. The libraries with multiplex index primers 791 

prepared above were pooled together and sequenced using the NextSeq single end 75 792 

base pair sequencing platform. 793 

Reads were aligned to the human genome (hg19) using bowtie with “--best --794 

strata –m 1” parameters (Langmead et al., 2009). Only uniquely mapped reads were 795 

selected for downstream analysis. MACS2 was employed to call peaks by comparing 796 

immunoprecipitated chromatin with input chromatin using standard parameters and a q-797 

value cutoff of 1e-5 (Zhang et al., 2008). The peaks overlapped with the blacklist regions 798 

downloaded from UCSC were removed. Each sample was normalized to 10 million 799 

mapped reads and visualized in Integrative Genomics Viewer (IGV) (Robinson et al., 800 

2011). The pausing index was defined as the ratio of Pol II density in the promoter 801 

proximal region and the Pol II density in the transcribed region (Zeitlinger et al., 2007). 802 

The proximal promoter region is defined as −50bp to +300bp around the transcription 803 

start site (TSS); while the transcribed region (gene body) is from +300bp to the 3000bp 804 

downstream of transcription end site (TES) (Rahl et al., 2010). 805 

Quantification and data analysis 806 

MALDI data analysis, noise reduction, and Gaussian smoothing (if necessary) 807 

were performed in DataExplorer (AB), R, and the R package smoother to provide 808 

interpretable data (Hamilton, 2015; Team, 2017). Data was visualized in R-Studio using 809 

ggplot2 (Wickhan, 2009). Masses were determined as the highest local intensity peak of 810 

the post-processed data. Tandem mass spectrometry data analysis was performed 811 

using the XCalibur Qual Browser and ProSight Lite. For both targeted m/z values, the 812 

MS/MS spectrum for each phosphoform present was deconvoluted to neutral forms 813 

using Xtract with a signal-to-noise threshold of 3. Sequence coverage was determined 814 

by matching the nine ion types observed with UVPD (a, a•, b, c, x, x•, y, y-1, z). 815 

Localization of the phosphorylation(s) was performed by adding a phosphate group 816 
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(+79.966 Da) at each of the possible serine, threonine, and tyrosine residues to identify 817 

fragment ions containing the moiety and optimize characterization scores in ProSight 818 

Lite (Fellers et al., 2015). Western blots were quantified using ImageJ (Schneider et al., 819 

2012) and statistical significance was determined by two-tailed unpaired Student’s t-test 820 

assuming unequal variances in Microsoft Excel. Statistical significance is reported in the 821 

figure legends. Results have been shown with ± standard deviation or SEM as 822 

mentioned in the figure legends. 823 
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Figure Legends: 978 

 979 

Figure 1: P-TEFb in vitro activity and phenylalanine replacement of Tyr1 alters 980 

phosphorylation of the CTD. (A) LC-UVPD-MS/MS analysis of yCTD treated with P-981 

TEFb alone showing extracted ion chromatogram for two CTD heptads.  (B) Portions of 982 

MALDI mass spectra of 3C-protease digested yCTD construct treated with P-TEFb 983 

alone (red) and no kinase control reaction (black). Mass labels indicate m/z at the 984 

various peak maxima. Arrows indicate the maximum and minimum m/z peaks for kinase 985 
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treated sample. “+#P” notation indicates an approximate number of phosphates added 986 

based on mass shifts relative to no kinase control. (C) SDS-PAGE EMSA of dmCTD and 987 

dmCTDYtoF (as indicated) treated with Erk2 (top, right bands), TFIIH (middle, right 988 

bands), or P-TEFb (bottom, right bands) and paired no kinase control reactions (left 989 

bands). Biological triplicate were carried out with three different reactions of same 990 

reaction were setup.  (D-E) Kinase activity assay of wild-type yCTD (shown in black) and 991 

yCTDYtoF (shown in red) variant by Erk2 (D) and TFIIH (E) fitted to the Michaelis-992 

Menten kinetic equation. The Michaelis-Menten kinetic parameters kcat(s
-1), Km(µM) and 993 

kcat/Km(µM-1 s-1) are given below the graphs for each respective fit. Each measurement 994 

was conducted in triplicate (technical triplicate) with standard deviations shown as error 995 

bars. 996 
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 997 

Figure 2: c-Abl kinase phosphorylates Tyr1 of RNA polymerase II CTD in cells and 998 

in vitro. (A) Representative image of western blot against phosphorylated Tyr1 (top) of 999 

yCTD (containing 26 heptad repeats) treated in vitro with c-Abl (right) and paired no 1000 

kinase control (left). Coomassie-stained blot included indicating loading (bottom).  Data 1001 

representative of three experimental replicates. (B) LC-UVPD-MS/MS analysis of 3CTD 1002 

treated with c-Abl showing extracted ion chromatograms for 3CTD (m/z 888.76, 3+ 1003 

charge state, red XIC) and mono-phosphorylated 3CTD (m/z 915.36, 3+ charge state, 1004 

blue XIC) peptides.   (C) Representative images (top) and quantification (bottom) of a 1005 
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western blot of imatinib dosage series (10-30 μM, as indicated, red) and paired DMSO 1006 

vehicle controls (left band, white) of 20 μg total protein from HEK293T cells. Phospho-1007 

specific Tyr1 antibody (clone 3D12) was used. Imatinib decreases pTyr1 epitope 1008 

abundance to 88.0% (10μM imatinib, not significant), 65.2% (20μM imatinib), and 51.3% 1009 

(30μM imatinib) relative to paired vehicle controls.  Epitope signals normalized against 1010 

tubulin loading control.  Significance determined by Welch’s t-test (* = p-value < 0.05, ** 1011 

= p-value < 0.01, n.s. = not significant (p-value > 0.05)), n=6, error bars indicate SEM. 1012 

(D-G)  Portions of MALDI mass spectra of 3C-protease digested yeast CTD (D), 5CTD 1013 

(E), 4CTD (F), and 3CTD (G) construct treated with c-Abl (red) and no kinase control 1014 

reaction (black). Mass labels indicate m/z at various peak maxima. Arrows indicate the 1015 

maximum and minimum m/z peak for kinase treated sample. “+#P” notation indicates an 1016 

approximate number of phosphates added based on mass shifts. Satellite peaks, 1017 

prevalent in (E), correlate well with sodium adducts (M+23 Da). 1018 
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 1019 

Figure 3: Effect of Tyr1 phosphorylation by c-Abl on the function of P-TEFb.  1020 

(A) Portions of MALDI mass spectra of 3C-protease digested yCTD construct treated 1021 

tandemly with c-Abl followed by P-TEFb (red) and no kinase control reaction (black). Mass 1022 

labels indicate m/z peaks for kinase treated sample. “+#P” notation indicates an approximate 1023 

number of phosphates added based on mass shifts.  (B) Representative images (top) and 1024 

quantification (bottom) of western blot analysis of yCTD treated with P-TEFb alone (left, white) 1025 

and tandemly with c-Abl followed by P-TEFb (right, red). Tandem treatment of c-Abl followed 1026 

by P-TEFb increases phosphorylated Ser2 epitope abundance to 279% of P-TEFb only 1027 

treatment control. Ser5 phosphorylation levels is not significantly altered. Significance 1028 
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determined by Welch’s t-test (* = p-value < 0.05, n.s. = not significant (p-value > 0.05)), n = 3, 1029 

error bars indicate SEM. (C) Representative images (top) and quantification (bottom) of 1030 

western blot analysis of yCTD treated with TFIIH alone (left, white) and tandemly with c-Abl 1031 

followed by TFIIH (right, red).  Tandem treatment of c-Abl followed by TFIIH does not 1032 

significantly alter the epitope abundance of phosphorylated Ser2 or Ser5. Significance 1033 

determined by Welch’s t-test (n.s. = not significant (p-value > 0.05)), n = 3, error bars indicate 1034 

SEM. (D-H) LC-UVPD-MS/MS analysis of yeast CTD with inserted Lys in every other heptad 1035 

repeat (yCTD-Lys) treated with kinases or combination of kinases. Biological triplet samples 1036 

were independently measured with exemplary spectra shown (n=3). (D) yCTD-Lys treated 1037 

with c-Abl showing extracted ion chromatograms for mono-phosphorylated (m/z 789.84, 2+ 1038 

charge state) and doubly phosphorylated (m/z 829.83, 2+ charge state) peptides of sequence 1039 

(YSPTSPSYSPTSPK). The LC traces are shown in red and the phosphorylation sites 1040 

determined by UVPD-MS/MS are highlighted in red font with “p” to indicate phosphorylation.  1041 

(E) LC-UVPD-MS/MS analysis of yCTD-Lys treated with P-TEFb showing extracted ion 1042 

chromatograms for mono-phosphorylated (m/z 789.84, 2+ charge state) and doubly 1043 

phosphorylated (m/z 829.83, 2+ charge state) peptides. (F) Representative UVPD spectra that 1044 

demonstrate the diagnostic fragmentation pattern of the peptides shown in the inset from (E). 1045 

The one shown is peak 5, which is the predominant product from yCTD-Lys treated by P-1046 

TEFb alone. (G)LC-UVPD-MS/MS analysis of yCTD-Lys with c-Abl followed by P-TEFb 1047 

showing extracted ion chromatograms for mono-phosphorylated (m/z 789.84, 2+ charge state) 1048 

and doubly phosphorylated (m/z 829.83, 2+ charge state) peptides. (H) Representative UVPD 1049 

spectra that demonstrate the diagnostic fragmentation pattern of the peptides shown in the 1050 

inset of (G). The one shown is peak 7, which is the predominant product from yCTD-Lys 1051 

treated by c-Abl followed by P-TEFb. (I-K) Portions of MALDI-MS spectra of 3C-digested S5A. 1052 

Panels included no kinase control (I), P-TEFb only treated (J), c-Abl only treated (I), and 1053 

tandemly treated with c-Abl followed by P-TEFb (K). Mass labels indicate m/z at the various 1054 
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peak maxima. Arrows indicate the maximum and minimum m/z peak for kinase treated 1055 

sample. “+#P” notation indicates an approximate number of phosphates added based on 1056 

mass shifts.  1057 

 1058 
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Figure 4: Reduction of Tyr1 levels specifically reduces Ser2 levels in cells. (A) 1059 

Representative images (top) and quantification (bottom) of western blot against 20μg 1060 

total protein from HEK293T cells treated with paired DMSO vehicle control (left, white) or 1061 

10μM dasatinib (right, red). Immuno-blotting against epitopes left to right: 1062 

phosphorylated Tyr1 reduced by treatment to 69.7% control (n=6), phosphorylated Ser2 1063 

reduced by treatment to 70.8% control (n=4), phosphorylated Ser5 unaltered (n=6), 1064 

POLR2A unaltered (n=6) (POLR2C quantification provided in Supplementary Figure 13). 1065 

(B) Representative images (top) and quantification (bottom) of western blot against 20ug 1066 

total protein from HEK293T cells treated with paired DMSO vehicle control (left, white) or 1067 

20μM imatinib (right, red). Immuno-blotting against epitopes, left to right: Phosphorylated 1068 

Tyr1 reduced by treatment to 65.2% control (n=6), phosphorylated Ser2 reduced by 1069 

treatment to 85.2% control (n=6), phosphorylated Ser5 unaltered (n=6), POLR2A 1070 

unaltered (n=6) (POLR2C quantification supplied in Supplementary Figure 13).  Epitope 1071 

signals normalized against tubulin loading control. Significance determined by Welch’s t-1072 

test (* = p-value < 0.05, ** = p-value < 0.01, *** = p-value < 0.001, n.s. = not significant 1073 

(p-value > 0.05)), error bars indicate SEM.  1074 

.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 May 28, 2019. ; https://doi.org/10.1101/652214doi: bioRxiv preprint 

https://doi.org/10.1101/652214
http://creativecommons.org/licenses/by/4.0/


 45 

 1075 

Figure 5: ChIP-seq analyses on the distribution of RNA polymerase II upon the 1076 

inhibition of Tyr1 phosphorylation. (A) ChIP-seq example illustrating the association 1077 

of RNA polymerase II along the active transcribing genes. Antibody 8WG5 was used to 1078 

detect RNA polymerase II regardless of its phosphorylation state and 3E10 was used to 1079 

detect pSer2. The promoter regions of the genes are shaded in yellow for highlighting.  1080 

(B) Heatmaps of ChIP-seq signal intensity of RNA polymerase II (8WG5) [±2kb windows 1081 
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around the center of transcription start site (TSS)] for genes in each group. (C) Boxplots 1082 

on the pausing index changes on the genes from G2 (9945 genes) and G3 (4973 genes) 1083 

clusters upon Tyr1 phosphorylation. “****” indicates p-value ≤ 0.0001. (D) The profiling of 1084 

pSer2 signal along gene body under control and dasatinib treatment for genes of cluster 1085 

G2 and G3. (E) The correlation of the accumulation of RNA polymerase II versus the 1086 

reduction of pSer2 in the promoter region for genes in G2 and G3. The x-axis represents 1087 

the log2 of the ratio of pausing index in the dasatinib treatment versus DMSO control. 1088 

The y-axis presents the log2 ratio of pSer2 signal strength in dasatinib treatment versus 1089 

DMSO control. 1090 
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Supplementary Figure S1 - Amino acid sequences of GST-CTD constructs. (A) Sequence of CTD portion of GST-CTD 
constructs used in the manuscript.  Sequences presented N to C-terminal as individual heptads. Residues mutated are 
indicated above in blue font. 
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Supplementary Figure S2 – Mass spectrometry analysis of yCTD treated by kinases. Related to Figure 1 and 
Figure 2. (A, B) LC-UVPD-MS/MS MS2 spectra of yCTD treated with P-TEFb: (A) SPSYsPT and (B) YSPTsPS.  These 
spectra correspond to the LC traces in Figure 1A. The locations of the confirmed phosphorylation sites are indicated as 
lowercase y or s in the sequences. (C) MALDI-TOF of yCTD treated with P-TEFb, zoomed view to show detail. Portion of 
MALDI-MS spectra of 3C-protease digested yCTD constructs treated with P-TEFb. Mass labels indicate m/z at the various 
peak maxima. Arrows indicate the maximum and minimum m/z peaks for kinase treatment sample. “+#P” notation 
indicates an approximate number of phosphates added based on mass shifts relative to no kinase control. (D) EMSA to 
show the effect of YtoF mutation on CTD gel shift upon kinase phosphorylation.  EMSA and intact mass analysis result for 
Drosophila CTD 9mer before and after treatment with Erk2. (E) LC-UVPD-MS/MS spectra of 3CTD treated with c-Abl. 
Diagnostic fragmentation of mon-phosphorylated peptides corresponding to LC peaks 2 and 3 from Figure 2B are shown 
in the top and bottom spectra, respectively 
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(A)                                                                                        

 
 
 
 

 
 

Supplementary Figure S3 – Phosphorylation of different CTD constructs by CTD kinases, related to Figure  3. (A) 
Western blot analysis of yCTD treated in tandem with c-Abl and Erk2. Representative images (top) and quantification 
(bottom) of western blot analysis of yeast CTD treated with Erk2 alone (left, white) and tandemly with c-Abl followed by Erk2 
(right, red).  Tandem treatment of c-Abl followed by Erk2 does not significantly alter the epitope abundance of 
phosphorylated Ser2 or Ser5. Significance determined by Welch’s t-test (n.s. = not significant (p-value > 0.05)), n = 3, error 
bars indicate SEM. (B) Dot blot analysis of the tandem treatment of c-Abl and P-TEFb. c-Abl treated GST yCTD followed 
by Dasatinib inhibition before P-TEFb treatment (blue), c-Abl treated GST yCTD followed by heat inactivation of c-Abl before 
treatment with P-TEFb (green) with corresponding P-TEFb only treated GST yCTD (white) and c-Abl followed by P-TEFb 
treated GST yCTD (red). Significance determined by the t-test (* = p-value < 0.05) n = 3, n.s. = not significant (p-value > 
0.05), n = 3, error bars indicate SEM from three technical replicates. 
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(A) UVPD-MS/MS diagnostic spectra for yeast CTD with Lys mutation variant treated by c-ABL. 
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(B)  UVPD-MS/MS diagnostic spectra for yeast CTD with Lys mutation variant treated by P-TEFb. 
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(C) UVPD-MS/MS diagnostic spectra for yeast CTD with Lys mutation variant treated by c-ABL followed by P-
TEFb. 
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Supplementary Figure S4 – LC-UVPD-mass spectra yCTD-Lys treated with CTD kinases. Related to 
Figure 3. The tables show the fragments matched from UVPD spectra. The confirmed phosphorylated 
residues are highlighted with blue boxes in the sequence, and backbone cleavages that produce diagnostic 
fragment ions are designated by color-coded slash marks (a/x green, b/y blue, c/z red) in the sequence. 
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Supplementary Figure S5 – LC-UVPD-mass spectra yCTD-Lys treated with CTD kinases. Related to 

Figure 3. LC-UVPD-MS/MS analysis of yeast CTD with inserted Lys in every other repeat treated 
with c-Abl showing extracted ion chromatograms. For claritiy, only doubly phosphorylated species 
(m/z 792.81, 2+ charge state) peptides are shown. Peptide A is most abundant and its spectra are 
shown in Figure 3G-H. The less abundant peptides (peptide B, C, D) are shown here when different 
kinase treatment was applied. For the clarity, only doubly phosphorylation species were shown. The 
phoshoryl-species containing both pTyr1 and pSer2 are highlighted with arrows. 
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 (B) 

   
 
Supplementary Figure 6 – Analysis of yCTD treated in tandem with TFIIH and P-TEFb. Related to Figure 3. (A) 
Extracted ion chromatogram of mono-phosphorylated heptad (m/z 818, 2+ charge state) peptides. (B) UVPD mass spectra 
of three mono-phosphorylated heptads. The locations of the confirmed phosphorylation sites are indicated as lowercase y 
or s in the sequences.  
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Figure S7: Cell-based analysis of phosphorylation of RNA polymerase II. Related to Figure 4-5. (A) Quantification of 
POLR2C western blot from Figure 4.  POLR2C bands from dasatinib and imatinib blots (indicated) from Figure 4 were 
quantified. Dasatinib treatment POLR2C quantification was performed on the same blots providing the Ser2 and Ser5 
data. Imatinib treatment POLR2C quantification was performed on the same blots providing POLR2A and Ser5 data. No 
significant change in POLR2C levels was observed for any blot analyzed. Epitope signals normalized against tubulin 
loading control. Significance determined by Welch’s t-test (n.s. = not significant (p-value > 0.05)), error bars indicate SEM, 
n=6). (B) Boxplot of pausing index changes of HEK293 cells on the genes from G0 and G1 clusters upon Tyr1 
phosphorylation. “ns” indicates a p-value higher than 0.05. “****” indicates p-value less than 0.0001.  (C) Lineplot of 
pausing indexes on all genes. Solid and dotted lines are representing two biological replicate. (D) Lineplot of pausing 
indexes on genes for each cluster. (E) The profiling of pSer2 signal along gene body under control and dasatinib 
treatment for genes from cluster G0 and G1. 
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