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Abstract

The highly conserved C-terminal domain (CTD) of the largest subunit of RNA polymerase II 

comprises a consensus heptad (Y1S2P3T4S5P6S7) repeated multiple times. Despite the simplicity 

of its sequence, the essential CTD domain orchestrates eukaryotic transcription and co-

transcriptional processes, including transcription initiation, elongation, and termination, and 

mRNA processing. These distinct facets of the transcription cycle rely on specific post-

translational modifications (PTM) of the CTD, in which five out of the seven residues in the 

heptad repeat are subject to phosphorylation. A hypothesis termed the “CTD code” has been 

proposed in which these PTMs and their combinations generate a sophisticated landscape for 

spatiotemporal recruitment of transcription regulators to Pol II. In this review, we summarize the 

recent experimental evidence understanding the biological role of the CTD, implicating a context-

dependent theme that significantly enhances the ability of accurate transcription by RNA 

polymerase II. Furthermore, feedback communication between the CTD and histone modifications 

coordinates chromatin states with RNA polymerase II-mediated transcription, ensuring the 

effective and accurate conversion of information into cellular responses.
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Introduction

RNA polymerase II (Pol II) is a multi-subunit enzyme involved in transcribing all protein-

coding genes in eukaryotes [1,2]. The largest subunit of Pol II (RPB1) contains a series of 
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seven residue (Heptad) repeats as its Carboxyl-Terminal domain (CTD). The CTD interacts 

with various general and specific transcription factors, regulators, and other proteins to aid 

and regulate transcription [3–5]. Across eukaryotes, the number of repeats and the level of 

conservation differ among species. For example, Saccharomyces cerevisiae contains 26 

repeats, which mostly conform to the consensus sequence of Tyrosine (Tyr1), Serine (Ser2), 

Proline (Pro3), Threonine (Thr4), Serine (Ser5), Proline (Pro6), and Serine (Ser7) [3] 

(Figure 1a and 1b). The positioning of heptads can be viewed differently with alternative 

frames of references though (Figure 1c). Through the evolution tree, complicated eukaryotes 

contain Pol II with the CTD heptads deviating from the consensus, mostly in the 7th position 

[6] (Figure 1b). The most extreme example is Drosophila, which has a CTD consisting of 42 

repeats of highly divergent sequence with only two heptads as consensus [7]. Even though 

the CTD doesn’t directly contribute to Pol II’s catalytic activity, its function is required for 

the effective transcription of genetic information ― cells with the CTD deleted cannot 

survive [8,9].

The CTD heptad repeats undergo extensive post-translational modifications (PTMs) such as 

phosphorylation [10], acetylation [11], methylation [12], and glycosylation [13]. 

Phosphorylation is the most prominent modification in which kinases phosphorylate Ser2 

and Ser5 of the heptad transiently. They are returned to their dephosphorylated form by the 

end of the cycle [14] (Figure 1a). When RNA Pol II binds to the promoter, it is free of 

phosphate modifications. Ser5 is among the first residues to be phosphorylated after 

transcriptional initiation [15]. After initiation, the DRB-sensitivity inducing factor (DSIF) 

and the negative elongation factor (NELF) block Pol II at ~60bp downstream of the 

transcription start site, called promoter-proximal pausing [16,17]. Pausing is released by the 

positive transcription elongation factor (P-TEFb) when negative elongation factors (DSIF 

and NELF), as well as Ser2 of the CTD, are phosphorylated [18]. These phosphorylation 

marks are removed at the end of the transcriptional cycle, which prepares Pol II to initiate 

another transcription cycle.

Spatiotemporal phosphorylation of the CTD is critical for Pol II’s biological function since 

mutations on the residues of heptads or the enzymes modifying the phosphorylation states 

compromise transcriptional functions [19,20]. The high abundance of PTM sites on the 

flexible CTD exhibits resemblance to the flexible histone tails that are also heavily modified 

by methylation, acetylation, ubiquitination, and phosphorylation [21–23]. In 2003, a CTD 

code hypothesis was proposed, highlighting its potential to encode a large amount of 

information through its PTMs and their combinations to recruit binding partners [24]. In a 

similar fashion to proteins interacting with histones, the proteins interacting with the CTD 

are identified as writers (such as kinases that place phosphate groups), modifiers (such as 

proline isomerases that change proline isomeric states), readers (such as proteins physically 

recruited to Pol II by interacting with the CTD), and erasers (such as phosphatases that 

remove phosphates) (Table 1). The interplay between this extensive collection of writers/

modifiers/readers/erasers can generate all combinations of modification species, leading to 

various functions during transcription (Figure 1d and 1e). It has been twenty years since the 

CTD code was proposed, yet the exact mechanism of CTD-mediated transcription still 

evades our understanding.
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Detection of CTD phosphorylation

The combinatorial coding system is highly attractive, with great potential for information 

encryption. However, experimental evidence which supports the combinatorial PTMs of 

CTD has been elusive due to the lack of adequate tools for detecting and identifying these 

chemical modifications. Historically, the detection of phosphorylation species can be 

achieved using electrophoretic mobility assays [25,26]. While fast and robust, these assays 

are unable to identify the specific phosphorylated locations. Identification was substantially 

improved when high specificity PTM-specific antibodies were introduced [27]. However, 

PTM-specific antibodies cannot specify the heptad position in the CTD where the 

modification has occurred. Furthermore, these antibodies are not precise for quantifying the 

phosphorylation level of the CTD for several reasons. First, antibodies are generated against 

the consensus sequence; thus, deviation from these repeats might compromise antibody 

recognition and affect binding strength. This issue frequently arises in metazoans. For 

example, the regions in human CTD containing the last 24 of the 52 overall heptad repeats 

deviate from the consensus sequence. Another complication in quantification is the chemical 

modification on flanking residues which affect antibody recognition. In human CTD, where 

doubly phosphorylated heptads have been detected [14], the levels of these bis-

phosphorylated heptads cannot be accurately quantified but estimated to be at least 25% of 

the mono-phosphorylated heptad levels [28].

Direct detection methods such as mass spectrometry show significant advantages in 

deciphering the modification states of Pol II. The gold standard for site-specific 

characterization of PTMs is tandem mass spectrometry (MS/MS), which provides single 

residue resolution without context interference. However, several properties of the CTD 

heptad present hurdles for interpretation through conventional bottom-up MS/MS analyses: 

(1) the scarcity of Arg and Lys residues that serve both as protonation sites and proteolytic 

sites, (2) the potentially large number of labile phosphate groups, and (3) the repetitive 

nature of the CTD sequence [3,29]. The need for high-resolution detection of PTMs in the 

CTD motivated the recent MS/MS analyses of the CTD in yeast [30] and human cells [28] 

using conventional collision-induced dissociation (CID). The difficulty in proteolyzing the 

CTD to generate small peptides for bottom-up MS/MS analysis was circumvented by 

introducing mutations to the CTD sequence to facilitate proteolytic digestion and 

modification site localization [28,30]. Most mutations are generated at the heptad’s 7th 

position since it is the least conserved residue in the entire heptad. Such analyses show that 

the phosphorylation of Ser5 and Ser2 dominates the mono-phosphorylated species [30]. 

Furthermore, in human cells, both mono-phosphorylated and bis-phosphorylated heptads 

were mapped, and a substantial percentage of bis-phosphorylated heptads were detected 

[28]. The identification of phosphorylation marks on the CTD provides insights into the 

existence of different phosphorylation species within cells.

Mass spec strategies have pushed forward to allow a direct interpretation of the endogenous 

CTD phosphorylation during transcription without introducing mutations [31,32]. Certain 

regions of the human and Drosophila CTD have endogenous Lys and Arg residues that allow 

lysis of long polypeptides into fragments suitable for tandem MS analysis [31–33]. For the 

CTD consensus sequence, novel proteases such as chymotrypsin and proteinase K cut at the 
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peptide bond following tyrosine residues. These strategies alleviate the concern of 

introducing mutation bias, presenting a similar phosphorylation pattern as the 

phosphorylation mapping done by mutating the heptad’s 7th residue [31,32].

The application of ultraviolet photodissociation (UVPD) has overcome the issue of low 

ionization/activation issue [32–34]. Unlike collision and electron-based activation methods, 

UVPD presents obvious advantages for identifying phosphorylation of Pol II [35–42]. As a 

one-step, high energy activation method, the use of UVPD retains labile modifications [42]. 

Next, UVPD provides high coverage of the sequence, allowing it to generate rich 

fragmentation patterns for positively and negatively charged peptides. Therefore, UVPD is 

highly applicable to acidic phosphoryl peptides [37]. Lastly, UVPD provides a significant 

advantage over electron-based MS/MS methods by characterizing even singly charged 

peptides. When considering the many benefits of UVPD, it becomes a natural choice for 

CTD analysis. Indeed, UVPD-mass spec was able to map the Drosophila CTD, which has 

proven difficult for analysis via PTM-specific antibodies due to its divergence from the 

consequence sequence from which those antibodies were derived [31,32].

Crosstalk of different residues on the CTD heptad

The histone modification hypothesis describes the generation of sophisticated PTM patterns 

for precise transcriptional control, achieved by the crosstalk between different histone 

PTMs. For example, Histone-2-B Lysine-120 ubiquitination (H2BK120ub) regulates the 

methylation of H3K79 and H3K4, which activates gene expression [43,44]. In turn, the tri-

methylation of H3K4me3 and H3K36me3 both inhibit the Protein Regulator of Cytokinesis 

(PRC) 2 activity, ensuring gene expression [45]. In contrast, ubiquitination marks placed by 

PRC1 on H2AK119 activates PRC2 to methylate H3K27 and silences gene expression [46]. 

The combinatorial diversity of modification patterns allows recruitments of precise 

transcription regulators and factors that toggle specific gene expression for cell 

differentiation, development, or disease progression.

Histone crosstalks inspire the investigation of a similar network arising from PTMs of 

various residues in CTD heptads. Indeed, the development and use of mass spec methods to 

map CTD phosphorylation reveal the abundance of bis-phosphorylated heptads in the human 

CTD [28]. Bis-phosphorylated heptad levels are even higher when considering a span of two 

heptads since double heptad repeats are more likely to be the functional unit for protein 

recruitment [47]. Because five of the seven residues are capable of being phosphorylated, 

this leads to a potential of 20 different combinations of double phosphorylation marks, 

which would act as an excellent way of signaling during various transcriptional steps (Figure 

1e).

Crosstalk between proline isomerization and serine phosphorylation—Only 

two residues (Pro3 and Pro6) out of the heptad sequence cannot undergo phosphorylation. 

Instead, proline’s unique chemical structure makes it the only natural amino acid exhibiting 

a high percentage of cis conformation in proteins (~10% to 25%). This natural chemical 

diversity exists in biological systems as a novel mechanism to trigger different signaling 

transduction pathways. In this case, cis- and trans- proline behave differently to activate 
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distinct downstream signals [48]. The intrinsic transition between cis- and trans- proline 

occurs in solution at a slow rate. Thus, it is the rate-limiting step for some signaling 

pathways, especially when the phosphorylation of a flanking residue poses an additional 

hindrance to natural isomerization [49]. Under such a situation, Pin1, a prolyl-peptidyl 

isomerase, isomerizes the phosphoryl Ser/Thr-Pro motif by re-balancing cis- and trans- 

proline levels and guaranteeing the availability of cis-proline for downstream effectors [50]. 

Pin1 is a CTD binding protein that recognizes the hyperphosphorylated Ser-Pro motif on the 

CTD [49]. Its impact on the phosphorylation state of CTD became apparent when the 

structures of Ssu72, a CTD phosphatase, showed that only cis-proline fits into the CTD 

binding site of Ssu72 [51–53] (Figure 2a). Ssu72 is the only cis-specific phosphatase ever 

reported. Its selectivity is well established when tested with two peptidomimetic chemical 

compounds with proline that cannot undergo isomerization to mimic cis- or trans- proline 

[54] (Figure 2b). Ssu72 only binds and dephosphorylates the cis isostere-containing peptide 

but showed no activity against the trans version. Since cis-proline only accounts for a 

fraction of the natural population in proteins [55] and the isomerization conversion is slow, 

Pin1 can replenish the cis-proline pool when depleted by Ssu72, thus promoting its 

phosphatase activity. In contrast, Scp1, a trans-specific phosphatase, is not subject to Pin1 

regulation because of the ample availability of trans-proline as a substrate [54], thereby 

circumventing the rate-limiting isomerization of proline. Thus, Pin1 activity selectively 

accelerates the dephosphorylation by Ssu72.

Ssu72’s requirement for cis-proline binding also explains its high specificity towards the 

dephosphorylation of Ser5 [56,57]. During Pol II’s transition from promoter pause-release to 

productive elongation, the level of phosphor-Ser5 plummets while the Ser2 phosphate level 

gradually accumulates [29]. Ssu72 needs to discriminate between the subtle differences of 

Ser2 and Ser5 to ensure elongation. High specificity is encoded in the unique active site of 

Ssu72, in which the flanking proline residue needs to be in cis-configuration, as seen in all 

Ssu72 structures [51]. Such a requirement precludes the binding of Ser2, whose preceding 

residue (Tyr1) is too bulky to fit into the active site (Figure 2c). Thus, Tyr1 prevents the 

inappropriate dephosphorylation of Ser2 during elongation. Consequently, Ser2 

phosphorylation keeps accumulating and recruits splicing factors, polyadenylation, and 

termination protein complexes until its removal by Fcp1 at the end of the transcription cycle. 

Overall, the crosstalk between proline isomerization and serine phosphorylation ensures 

accurate phosphate removal during the transcription process.

Crosstalk between Tyr1 and Ser2 phosphorylation—Due to the possible 

combinations of bis-phosphorylated heptads, it is only natural to consider if different 

phosphorylation sites affect each other. The first evidence pointing to crosstalk among 

different CTD phosphorylation sites arose from kinetic studies of P-TEFb [58]. The 

physiological role of P-TEFb has been established in overriding the promoter-proximal 

pausing by phosphorylating Ser2 along with DSIF and NELF [59]. Surprisingly, purified P-

TEFb only shows activity towards Ser5 of the CTD in kinetic assays, raising doubts about its 

identity as a Ser2 kinase [58]. CTD peptides with Tyr1, Ser5, and Ser7 phosphorylated were 

used as substrates for P-TEFb. None of these alter the in vitro specificity of P-TEFb, but 

Ser7 phosphorylation seems to increase its kinase activity [58]. The alternative candidates 
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for Ser2 kinases, CDK12/13, exhibit Ser2 phosphorylation activity, but they are not 

responsible for the Ser2 phosphorylation occurring at the promoter-proximal pausing release 

[60,61].

The more careful experimental design allowed for a re-evaluation of the role of 

phosphorylated Tyr1 in P-TEFb kinase activity. Tyr1 phosphorylation is one of the 

understudied marks partly because of its low abundance, constituting <0.01% of the total 

phosphorylation in the yeast CTD [62,63]. Tyr1 phosphorylation is more prevalent in human 

cells and occurs at the beginning of transcription, with a pattern preceding increased Ser2 

phosphate levels [64,65]. In vitro reconstruction of the P-TEFb-directed CTD 

phosphorylation was carefully analyzed to mimic physiological scenarios [34]. Tyr1 

phosphorylation is achieved biochemically by treating the CTD with c-ABL, a tyrosine 

kinase in humans [34]. Significantly, only half of the CTD is phosphorylated, and, unlike 

synthetic CTD heptads with every Tyr1 phosphorylated, this in vitro phosphorylated CTD is 

susceptible to further phosphorylation by CDKs [34]. Three different biochemical methods 

were used to determine the location of these phosphates [34]. The most direct detection 

method is mass spectrometry using UVPD’s positive and negative activation/ionization 

modes. The results show that P-TEFb generates Ser5 phosphorylation when the substrate 

CTD is not modified. However, when CTD is first phosphorylated at Tyr1 by c-Abl, Tyr1 

and Ser2 bis-phosphorylated heptads become the major products (Figure 2d). This result is 

further corroborated by immunoblotting and biochemical assay. Phosphorylation on other 

CTD residues showed no significant change to P-TEFb’s specificity. Thus, Tyr1 

phosphorylation crosstalks with Ser2 and promotes its phosphorylation by P-TEFb (Figure 

2d).

Crosstalk between Ser5 and Ser7 phosphorylation—Phosphorylation of Ser5 is 

among the first modification marks placed on Pol II during active transcription. The kinase 

responsible for the phosphorylation of Ser5, CDK7 kinase module, is part of Transcription 

Factor II-H (TFIIH), a general transcription factor. The kinase module contains CDK7 

kinase, cyclin H, and MAT1, which doubles as a transcriptional regulator and a cell cycle 

regulator [66–68]. Ser5 phosphorylation is associated with Pol II’s release from the 

promoter by breaking up its interactions with the Mediator [69,70]. Ser5 phosphorylation is 

required for capping enzyme recruitment [71]. Alternatively, engineering the capping 

enzyme’s interaction with Pol II can bypass the need for Ser5 phosphorylation in S. pombe 
[72]. Although the identification of Ser7 phosphorylation lags behind that of Ser5 

phosphorylation by two decades, the timing of Ser7 phosphorylation during the transcription 

cycle is very similar. Interestingly, in vitro phosphorylation of Ser7 requires the existence of 

a Mediator [73,74]. In vivo studies pinpoint a crucial role of CDK7 and identify it as the 

kinase for Ser7 when TFIIH phosphorylates both Ser5 and Ser7 at the beginning of 

transcription [74–76]. Ser7 phosphorylation is functionally essential for transcription of 

snRNA and other non-coding RNA [27,77]. Thus, TFIIH itself is an effector of the interplay 

between Ser5 phosphorylation and Ser7 phosphorylation.

Ser5 and Ser7 use the same kinase to place the phosphate group, and they also get 

dephosphorylated by the same phosphatase. In vitro and in vivo, Ssu72 dephosphorylates 

Ser5 and Ser7 with a strong preference for Ser5 dephosphorylation [56]. Phosphorylated 
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Ser7 heptads also recruit RNA Pol II Associated protein 2 (RPAP2), another Ser5 

phosphatase, to Pol II and help it to dephosphorylate Ser5 in non-coding RNAs [78]. This 

suggests that Ser7 phosphorylation can regulate the existence of Ser5 phosphorylation 

[79,80]. Further down the transcriptional process, the integrator complex responsible for the 

termination of U-rich small nuclear RNAs (UsnRNA) demands the phosphorylation of both 

Ser2 and Ser7 for proper recruitment and termination [81]. In such genes, the crosstalk 

between Ser5 and Ser7 allows the removal of Ser5 phosphorylation and the phosphorylation 

of Ser2, eventually leading to Ser2 – Ser7 double phosphoryl marks for integrator’s 

recognition.

Crosstalk of Ser5 and the residues at the 7th position—Although simpler 

eukaryotic organisms have CTD sequences faithfully conforming with consensus sequence, 

metazoans show some divergence in mostly in the 7th position of the heptad repeats. For 

human Pol II, the first half of the CTD (called the proximal region) consists primarily of 

consensus sequences. However, the second half of the CTD (distal region) shows a lot of 

deviation from consensus, with the most frequent replacements for Ser7 being polar and 

charged residues [lysine (in 8 repeats), threonine (6 repeats), glutamate (1 repeat), arginine 

(1 repeat) and asparagine (1 repeat)]. The role of divergent CTD heptads in transcription is 

not fully understood since the consensus sequence is sufficient to perform transcriptional 

functions in cells [7,82]. This was demonstrated in an engineered Drosophila CTD with ~42 

heptad repeats heavily diverging from the consensus sequence, which was strategically 

altered to identify its functional components [82,83]. Heptads containing consensus 

sequence at half the Drosophila CTD length were sufficient to rescue lethality and support 

normal development, but replacing the entire Drosophila CTD with the consensus sequence 

led to deleterious development [83]. These studies suggest a role of divergent sequence in 

balancing Pol II distribution in various membrane-less clusters.

The distal CTD in human has eight lysine residues located at the 7th position (Figure 1b). 

Since lysine is heavily modified post-translationally in histones, its chemical states in the 

CTD were of great interest. Indeed, methylation and acetylation of lysine in the CTD were 

detected in human cells [11,12,84]. The acetylation results in an enhancement of binding 

between RPRD proteins and phosphorylated CTD by about fivefold, as demonstrated by 

quantitative measurement using Isothermal titration calorimetry [11]. RPRD family 

members, RPRD1A and 1B, form heterodimers to interact with Ser5 phosphatase RPAP2. 

Their association to acetylated lysine directs the dephosphorylation of Ser5 mediated by 

RPAP2. This physiological effect was corroborated when the inhibition of lysine acetylation 

was shown to cause the accumulation of Pol II species with phosphorylated Ser5 [11]. Thus, 

the divergent residues and their modification states have the potential to affect Ser5 

phosphorylation states.

On the other hand, Lys7 methylation seems to control expression levels in specific gene 

classes. Competition between Lysine methylation and acetylation is another layer of gene 

regulation built into the CTD that requires further experimental investigation [12,84].

Crosstalk between Tyr1 phosphorylation and the residues at the 7th heptad 
position—Although the 7th residue of the heptad is frequently changed, the residue 
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following it on the polypeptide, Tyr1 of the next heptad repeat, is rarely altered in all species 

[6,29] (Figure 1b). Since Tyr1 gets phosphorylated during active transcription, physical 

proximity raises the possibility that the neighboring 7th residue in the previous repeat can 

influence the phosphorylation of the following Tyr1. Tyr1 is phosphorylated in vitro and in 

cells by Abl kinase, c-Abl, and its homolog ABL2 [85,86]. In the human distal CTD, eight 

lysines and one arginine are located at the 7th position of different heptad repeats (Figure 

1b). When mapped by mass spectrometry, the tyrosines next to these positively-charged 

residues are rarely phosphorylated by c-Abl [33]. The structural analysis provides a 

reasonable explanation for this observation — the positively charged residue pocket close to 

the c-Abl active site expels positive residues at the 7th position and disfavors the following 

tyrosine as the substrate [33] (Figure 3a). Based on this analysis, neutralization of the 

positively charged residue would eliminate bias. Indeed, a PTM called citrullination occurs 

on Arg1830, which removes the positive charge on the arginine side chain and promotes 

promoter-proximal pausing release [87]. Mass spec analysis of this region shows that the 

tyrosine residue (Tyr1831) next to the citrullinated Arg (Arg1830) is resistant to 

phosphorylation [33]. However, upon arginine citrullination, a new peak of phosphorylated 

species appears and is mapped to the phosphorylation on the neighboring tyrosine [33]. 

Tyrosine phosphorylation consequently promotes the P-TEFb phosphorylation on Ser2, 

which releases pausing. Thus, the crosstalk of arginine at the 7th position with 

phosphorylated Tyr1 modulates transcriptional pausing [87].

Mass spec analysis for the preference of the residue proceeding Tyr1 also implies the 

possible existence of Ser7-Tyr1 bis-phosphorylated heptad (Figure 3c). Structural analysis 

reveals that tyrosine kinase’s active site favors a negatively charged residue in front of 

tyrosine due to a potential salt bridge formed with a conserved Arg close to the active site 

(Figure 3c). This preference suggests that phosphorylation of Ser7 in the previous repeat can 

promote phosphorylation of Tyr1 in the next heptad. Testing this prediction in vivo is not yet 

feasible since the kinase responsible for Ser7 phosphorylation, TFIIH, has coupled activity 

to Ser5. Using glutamate to mimic phosphorylated Ser7 has shown robust, preferential 

phosphorylation of neighboring Tyr1 [33]. However, the direct detection of endogenous 

Ser7-Tyr1 bis-phosphorylated heptads has yet to be carried out since previous research was 

done by mutating the heptad’s 7th residues to facilitate proteolysis for mass spec analysis 

[28,30].

Crosstalk between RNA Polymerase II and histone

Histones control the compactness and accessibility of DNA, which is key to Pol II’s function 

in transcription. Crosstalks between histones and Pol II ensures that transcription can 

progress efficiently without delay. Communication with histones is likely to be one of the 

CTD’s essential functions since in vitro reconstruction shows that a transcript can be 

produced without the CTD modifications [88–90]. Yet, the loss of the CTD in cells is fatal 

[19]. One reasonable explanation is that the CTD provides a medium for communication 

between the chromatin state and transcription progress, coordinating gene accessibility for 

transcription. Like Pol II, histone subunits have long tails extending from the nucleosome, 

subject to sophisticated PTMs. Communication between histone tails and the CTD is 

mediated by proteins recognizing both histone PTMs and CTD phosphorylation.
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Communication between histones and Pol II specifies the methylation states for histone 

marks on histone H3. As the essential CTD kinase responsible for Ser2 phosphorylation, P-

TEFb, functions as a central node in this communication (Figure 4a). P-TEFb activity is 

carefully modulated with cellular P-TEFb kept inactive by its association with 7SK/

HEXIM1 until it is recruited by the epigenetic regulator, Bromodomain-containing protein 4 

(BRD4), to Mediator and actively transcribing Pol II [91]. Disruption of the Mediator-

BRD4-P-TEFb relay results in the release and eviction of Mediator from specific enhancers 

and promoters [92]. Bromodomain and Extra-Terminal motif (BET) inhibitors, which 

interrupt the interaction of Bromodomain-containing protein with protein complexes, have 

also been designed as therapeutics for cancers [92–94]. For example, the application of a 

small-molecule BET inhibitor successfully elicited cytotoxic effects in leukemia cells [92]. 

In turn, P-TEFb recruits mono-ubiquitination enzyme H2Bub1 [95], which ubiquitinates 

human H2BK120 (H2BK123 in yeast), a histone PTM required for SET1 methylation on 

H3K4 [96] and H3K79 [97,98]. Interestingly, the regulatory modes for H2BK120ub are 

different for these two lysines on H3. The binding of ubiquitin to Disruptor of telomeric 

silencing 1-like H3K79 methyltransferase (DOT1L) induces a conformational change that 

allows the rotation of substrate H3K79 from an inaccessible conformation to fit into the 

active site [99]. In contrast, ubiquitin interaction with the SET1/COMPASS (COMplex 

Proteins ASsociated with Set1) complex is more extensive for H3K4 methylation [100]. The 

binding of ubiquitin to the SET1 catalytic domain causes local denaturation of a helix that 

would have clashed with H2A. Instead, the helix loses its secondary structure and becomes a 

coil forming a favorable salt bridge to promote SET1 binding [100].

Phosphorylation states of the CTD also directly regulate histone methylation without mono-

ubiquitin modification marks (Figure 4a). CTD phosphorylation sets the pattern of H3 

methylation for active genes co-transcriptionally, for example, in the methylation pattern in 

H3K4 [101–103]. TFIIH-phosphorylated Ser5 recruits SET1/COMPASS through its N-

terminal CTD-Interacting domain (CTD-ID) and activates its methyltransferase activity 

towards H3K4 [104]. Interruption of communication by mutating residues of the COMPASS 

complex reduces H3K4 methylation even though the enzymatic activity is not affected [105]. 

A transplant experiment establishes the causative effect of CTD phosphorylation on the 

histone methylation pattern of H3K4 [105]. When a different CTD-ID replaces the Set1 

CTD-ID, histone methylation at H3K4 is restored right away [105]. The authors hypothesize 

that the interaction between SET1 CTD-ID and CTD of Pol II opens up the active site for 

methylation [105]. This experiment emphasizes the central role of CTD in histone 

methylation.

H3K36 methylation is another vital mark for an actively transcribed gene. Phosphorylated 

Ser2 of the CTD binds to the N-terminal CTD-ID of SET2 (Figure 4a), which in turn places 

methylation on H3K36 [106]. The interruption of this connection between histone and Pol II 

affects the H3K36 methylation level [107]. Mutations on Pol II, which slow down 

transcription elongation, cause both phosphorylated Ser2 of the CTD and H3K36me marks 

to shift closer to the 5’ end of the gene. This shows the coupling effect between these two 

PTMs during late transcriptional events [104]. SET2 CTD-ID specifically binds to Ser2 

phosphorylation but not Ser5 phosphorylation [108,109]. Thus, SET2 protein mediates Pol 
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II and histone communication in both directions of H3K36 methylation and Ser2 

phosphorylation to modulate elongation speed.

Phosphorylation of the CTD also affects the acetylation states of histones that regulate 

nucleosome eviction in yeast (Figure 4b), but evidence for a general mechanism in 

metazoans is still lacking. A balance of acetylation and deacetylation controls co-

transcriptional nucleosome eviction. This balance is monitored by histone acetylation 

complex (HAT) and histone deacetylase complex (HDAC), which are both recruited to the 

promoters by phosphorylated CTD. SAGA, a HAT complex, shows enhanced recruitment 

upon Ser5 phosphorylation by CDK7/Kin28, which activates gene expression and promotes 

nucleosome eviction [110]. In a separate pathway, the CDK8 kinase module within the 

Mediator phosphorylates H3S10 [111]. This phosphorylation crosstalks with H3K14, 

allowing the placement of acetylation marks by Gcn5 acetyltransferase to increase 

nucleosome eviction and stimulate elongation. Phosphorylation of Ser5 by CDK7/Kin28 can 

also recruit histone deacetylase complexes (HDACs) SET3C [112] and RPD3C(S) [113]. 

Recruitment was effective with SET1, but direct physical interaction between the CTD and 

the HDACs was also detected [113]. The balance between histone acetylation and 

deacetylation carefully reduces nucleosome density at promoters for gene expression while 

suppressing cryptic expression.

Perspective

The C-terminal domain of the largest subunit of Pol II is enriched with sites for post-

translational modification. In combination with the existence of divergent heptads, there is a 

massive potential for variation. Crosstalk between modifications on both consensus and 

divergent sequence leads to a staggering capacity of transmitting information, which may 

ultimately alter transcription outcomes. By developing mass spectrometry techniques, we 

can more accurately identify the positions of post-translational marks and enable the 

investigation of crosstalks between highly chemically modified proteins. Future 

investigations from a proteomic standpoint can help us recognize transcription regulators 

that are recruited to on-going transcription machinery by these specific CTD modifications. 

Then, biological studies with these different combinations may ultimately lead us to a better 

understanding of the fundamental mechanisms governing eukaryotic transcription.
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Research Highlights:

• The C-terminal domain of the largest subunit of RNA polymerase II is heavily 

post-translational modified during transcription to coordinate transcription.

• These modifications now can be accurately mapped by mass spectrometry.

• The modifications on specific residues on this domain can influence the 

subsequent modification steps, resulting in differentiated transcriptional 

outcomes.

• The modifications on Pol II and histones communicate to ensure a smooth 

progression in transcription.
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Figure 1: 
RNA Pol II exhibits different post-translational modifications at various stages of 

transcription. (a) The CTD is highly phosphorylated at Ser5 at the beginning of 

transcription. Ser2 gets phosphorylated during the pausing release. At the end of 

transcription, it is believed that both phosphorylation marks are removed. (b) Sequences of 

the yeast, Drosophila and human CTD are shown in a heptad-wise manner. Heptads with 

light blue background are consensus heptads (Sequence - YSPTSPS). Conservation maps for 

yeast and human CTD are shown using LogOdds Sequence Logo.

https://www.ncbi.nlm.nih.gov/CBBresearch/Yu/logoddslogo/

Ramani et al. Page 20

J Mol Biol. Author manuscript; available in PMC 2022 July 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.ncbi.nlm.nih.gov/CBBresearch/Yu/logoddslogo/


(c) Frames of references for heptads are shown with potential starting residue for each 

heptad. (d) All mono-phosphorylated heptad possibilities are shown. (e) All bis-

phosphorylated heptad possibilities with the total number of combinations are shown.
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Figure 2: 
Ssu72 dephosphorylates Ser5 of the CTD with the requirement of Pro6 is in the cis 

configuration. (a) The complex structures of Ssu72 bound to its substrates reveal that the 

proline residue is always in the cis configuration next to the dephosphorylation sites. (b) 

Chemical structures of the Isostere homologs mimic proline residues locked in cis or trans 

configurations. (c) Ssu72 has little activity towards Ser2 of the CTD because the flanking 

residues would cause steric clashes. (d) Crosstalk of Tyr1 and Ser2 phosphorylation leads to 

differentiated outcomes in transcription. Tyr1 phosphorylation primes the P-TEFb mediated 

Ser2 phosphorylation to promote elongation.
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Figure 3: 
Cross-talks of the identities and PTMs of the 7th residues with Tyr1. (a) The conserved 

active sites of c-Abl and ABL2 show a highly positively charged pocket close to the reaction 

center. Modeling reveals close proximity of the pocket with the binding site of the 7th 

residue from the previous repeat. (b) A schematic model of how citrullination of Arg1810 

promotes transcription elongation. (c) Favorable electrostatic interactions between the CTD 

and c-Abl when the 7th residue has a negatively-charged side chain such as glutamate.
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Figure 4: 
Crosstalks between the histone code and the CTD code. (a) The phosphorylation states of 

the CTD regulates histone methylation. (b) crosstalks of the CTD and histone acetylation 

controls elongation speed and prevents cryptic transcription.
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Table 1:

Characterization of proteins bound to CTD.

Proteins Binding affinity (μM) Peptide Sequence Method Ref.

Set2

Sc Set2 SRI ~6 S2,5-PCTD peptide YSPTSPSYSPTSPSYSPTSPSC SPR [106]

Hs Set2 SRI 5.4±0.5 S212-P/S512-P CTD peptide TSPSYSPTSPSYSPTSPSYSPT SPR [108]

Hs Set2 SRI 17.8±0.9 S212-P/S51-P CTD peptide TSPSYSPTSPSYSPTSPS SPR [108]

Hs Set2 SRI 12.5±1.5 S22-P/S512-P CTD peptide SYSPTSPSYSPTSPSYSPT SPR [108]

Hs Set2 SRI 5.5±0.5 S2123-P/S5123-P CTD peptide YSPTSPSYSPTSPSYSPTSPS SPR [108]

Pcf11

Sc Pcf11 CID 54±6 S2-p CTD peptide SYSPTSPSYSPTSPS FA [114]

Sc Pcf11 CID 180 S2-p CTD peptide PTSPSYSPTSPS ITC [55]

Sc Pcf11 CID 1500±300; >1000 Unphosp. CTD peptide YSPTSPSYSPTSPS NMR; FA [115]

Sc Pcf11 CID 1400±650; NBD S21-P CTD peptide YSPTSPSYSPTSPS NMR; FA [115]

Sc Pcf11 CID 240±60; NBD S22-P CTD peptide YSPTSPSYSPTSPS NMR; FA [115]

Sc Pcf11 CID 160±50; 130±35; S212-P CTD peptide YSPTSPSYSPTSPS NMR; FA [115]

Sc Pcf11 CID 630±170; 370±160/110 S212-P/ S512-P CTD peptide YSPTSPSYSPTSPS NMR; FA [115]

Sc Pcf11 CID 1200±500; >1000 S512-P CTD peptide YSPTSPSYSPTSPS NMR; FA [115]

Sc Pcf11 CID 127±15 S212-P CTD peptide YSPTSPSYSPTSPS FA [116]

Sc Pcf11 CID 269±57 T412-P CTD peptide YSPTSPSYSPTSPS FA [116]

Sp Pcf11 CID 48.1±27 S212-P CTD peptide YSPTSPSYSPTSPS FA [116]

Sp Pcf11 CID 51.1±5.2 T412-P CTD peptide YSPTSPSYSPTSPS FA [116]

Sc Rtt103

Sc Rtt103 CID 12±2 S2-p CTD peptide SYSPTSPSYSPTSPS FA [114]

Sc Rtt103 CID 1200±300; >1000 Unphosp. CTD peptide YSPTSPSYSPTSPS NMR; FA [115]

Sc Rtt103 CID 420±70; NBD S21-P CTD peptide YSPTSPSYSPTSPS NMR; FA [115]

Sc Rtt103 CID 76±16; NBD S22-P CTD peptide YSPTSPSYSPTSPS NMR; FA [115]

Sc Rtt103 CID 15±10; 2.1±0.1 S212-P CTD peptide YSPTSPSYSPTSPS NMR; FA [115]

Sc Rtt103 CID 41±19; 53±10 S212-P/ S512-P CTD peptide YSPTSPSYSPTSPS NMR; FA [115]

Sc Rtt103 CID 600±300; 122±2/3 S512-P CTD peptide YSPTSPSYSPTSPS NMR; FA [115]

Sc Rtt103 CID 32.3±6.8 S2-P CTD peptide YSPTSPSYSPTSPS FA [116]

Sc Rtt103 CID 34.8±3.2 T4-p CTD peptide YSPTSPSYSPTSPS FA [116]

Sc Rtt103 CID >1000 S5-p CTD peptide YSPTSPSYSPTSPS FA [116]

Sc Rtt103 CID 6.0±0.2 S2-P CTD peptide PSYSPTSPSYSPTSPS FA [117]

Sc Rtt103 CID 43±2 S2,T4-P CTD peptide PSYSPTSPSYSPTSPS FA [117]

Sc Rtt103 CID 64±2 Unphosp. CTD peptide PSYSPTSPSYSPTSPS FA [117]

Sc Rtt103 CID NBD Y1-P CTD peptide PSYSPTSPSYSPTSPS FA [117]

Sc Rtt103 CID 15±1 T4-P CTD peptide PSYSPTSPSYSPTSPS FA [117]
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Sc Rtt103 CID 6.0±0.2 T412-P CTD peptide PSYSPTSPSYSPTSPS FA [117]

Sc Rtt103 CID 1200±300 Unphosp. CTD peptide YSPTSPSYSPTSPS NMR [118]

Sc Rtt103 CID 50±10 T412-P CTD peptide YSPTSPSYSPTSPS NMR [118]

Sc Rtt103 CID 9±6 S212-P CTD peptide YSPTSPSYSPTSPS NMR [118]

Sc Spt6

Sc Spt6 SH2 3.6±0.15 Y1-P CTD peptide PSYSPTSPSYSPTSPS FA [114]

Sc Spt6 SH2 1.9±0.04 Y1-P-S2-P CTD peptide PSYSPTSPSYSPTSPS FA [114]

Sc Spt6 SH2 1.3±0.06 Y1-P-S5-P CTD peptide PSYSPTSPSYSPTSPS FA [114]

Sc Spt6 SH2 5.2±0.09 S5-P CTD peptide PSYSPTSPSYSPTSPS FA [114]

Sc Spt6 SH2 8.4±0.19 S2-P CTD peptide SYSPTSPSYSPTSPS FA [114]

Sc Spt6 tSH2 375±69 Unphosp. CTD peptide PSYSPTSPSYSPTSPS FA [119]

Sc Spt6 tSH2 38.7±2.4 (Y1-P CTD) peptide PSYSPTSPS FA [119]

Sc Spt6 tSH2 45.4±1.7 Y11-P CTD peptide PSYSPTSPSYSPTSPS FA [119]

Sc Spt6 tSH2 36.8±2.6 Y12-P CTD peptide PSYSPTSPSYSPTSPS FA [119]

Sc Spt6 tSH2 5.1±0.4 Y112-P CTD peptide PSYSPTSPSYSPTSPS FA [119]

Sc Spt6 tSH2 5.7±0.4 S2,T4-P CTD peptide PSYSPTSPSYSPTSPS FA [119]

Sc Spt6 tSH2 7.2±0.3 T412-P CTD peptide PSYSPTSPSYSPTSPS FA [119]

Sc Spt6 tSH2 0.3±0.1 Y112,S512-P CTD peptide PSYSPTSPSYSPTSPS FA [119]

Sc Spt6 tSH2 0.3±0.1 Y112,S212-P CTD peptide PSYSPTSPSYSPTSPS FA [119]

Sc Spt6 tSH2 1.0±0.1 S212,S712-P CTD peptide PSYSPTSPSYSPTSPS FA [119]

Sc Spt6 tSH2 0.0152±0.0009 (Y1-P CTD) × 13 PS(YSPTSPS) × 13 MST [119]

Nrd1

Sc Nrd1 CID 85±25 S5-p CTD peptide PSYSPTSPSYSPTSPS FA [114]

Sc Nrd1 CID 126±4 S2-P CTD peptide YSPTSPSYSPTSPS FA [116]

Sc Nrd1 CID 148±7 T4-p CTD peptide YSPTSPSYSPTSPS FA [116]

Sc Nrd1 CID 65.8±3 S5-p CTD peptide YSPTSPSYSPTSPS FA [116]

Sc Nrd1 CID 40±3 S5-P CTD peptide YSPTSPSYSPTSPS FA [120]

Sc Nrd1 CID 390±30 S2-P CTD peptide YSPTSPSYSPTSPS FA [120]

Sc Nrd1 CID 16±1 S2,5-P CTD peptide YSPTSPSYSPTSPS FA [120]

Sc Nrd1 CID 39±3 (S5-P CTD) × 3 peptide YSPTSPSYSPTSPSYSPTSPS FA [120]

Sc Nrd1 CID 700±100 Unphosp. CTD peptide YSPTSPSYSPTSPS FA [121]

Sc Nrd1 CID 113±5 S512-P CTD peptide YSPTSPSYSPTSPS FA [121]

Sc Nrd1 CID 140±20 S51/72-P CTD peptide YSPTSPSYSPTSPS FA [121]

Sc Nrd1 CID >1000 S712-P CTD peptide YSPTSPSYSPTSPS FA [121]

Sp Seb1 CID 72.3±6.4 S2-P CTD peptide YSPTSPSYSPTSPS FA [116]

Sp Seb1 CID 153.2±12.1 T4-P CTD peptide YSPTSPSYSPTSPS FA [116]

Sp Seb1 CID 280.9±23.1 S5-P CTD peptide YSPTSPSYSPTSPS FA [116]

FluA and FluB polymerase
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Bat FluA Pol 0.9± 0.1 (S5-P)4 CTD peptide (YSPTSPS) × 4 FA [122]

Bat FluA Pol 6.1± 0.7 (S5-P)2 CTD peptide (YSPTSPS) × 2 FA [122]

Hs FluB Pol 2.9± 0.3 (S5-P)4 CTD peptide (YSPTSPS) × 4 FA [122]

Hs FluB Pol 4.2± 0.8 (S5-P)2 CTD peptide (YSPTSPS) × 2 FA [122]

Prolyl-isomerase

Sc ESS1 WW >3000 Unphosp. CTD peptide ASYSPTSPSYS FA [123]

Sc ESS1 WW 241±23 S2-P CTD peptide ASYSPTSPSYS FA [123]

Sc ESS1 WW 61±4.9 S5-P CTD peptide ASYSPTSPSYS FA [123]

Sc ESS1 WW >300 Unphosp. CTD peptide GGSGGSYSPTSPSYS BLI [124]

Sc ESS1 WW 2.6±0.7 S5-P CTD peptide GGSGGSYSPTSPSYS BLI [124]

Sc ESS1 WW NBD Unphosp. CTDpeptide21 YSPTSPSYSPTSPSYSPTSPS CD [124]

Sc ESS1 WW NBD Unphosp. CTD peptide11 SPTSPSYSPTS CD [125]

Sc ESS1 WW 76±4 S2-P CTD9 peptide TSPSYSPTS CD [125]

Sc ESS1 WW 76±4 S2-P CTD11 peptide SPTSPSYSPTS CD [125]

Sc ESS1 WW 98±18 S5-P CTD9 peptide SPTSPSYSP CD [125]

Sc ESS1 WW 79±13 S5-P CTD11 peptide SPTSPSYSPTS CD [125]

Sc ESS1 WW 21 ± 3 S5,2-P CTD11 peptide SPTSPSYSPTS CD [125]

Sc ESS1 WW 16 ±2 S2,5-P CTD14 peptide TSPSYSPTSPSYSPS CD [125]

Sc ESS1 WW 17±2 S5,5,5-P CTD21 peptide YSPTSPSYSPTSPSYSPTSPS CD [125]

Hs Pin1 WW NBD Unphosp. CTD peptide YSPTSPS FA [126]

Hs Pin1 WW 61 ±6.3 S2-P CTD peptide YSPTSPS FA [126]

Hs Pin1 WW 30±0.39 S5-P CTD peptide YSPTSPS FA [126]

Hs Pin1 WW 10±0.8 S2-P-S5-P CTD peptide YSPTSPS FA [126]

Hs Pin1 WW NBD Unphosp. CTD peptide YSPTSPS FA [126]

Hs Pin1 WW 110± 23 S2-P CTD peptide YSPTSPS FA [126]

Hs Pin1 WW 34 ± 5.9 S5-P CTD peptide YSPTSPS FA [126]

Hs Pin1 WW 34 ± 6.2 S2-P-S5-P CTD peptide YSPTSPS FA [126]

Hs Pin1 
PPIase

NBD Unphosp. CTD peptide YSPTSPS FA [126]

Hs Pin1 
PPIase

NBD S2-P CTD peptide YSPTSPS FA [126]

Hs Pin1 
PPIase

> 500 S5-P CTD peptide YSPTSPS FA [126]

Hs Pin1 
PPIase

390 ±6.82 S2-P-S5-P CTD peptide YSPTSPS FA [126]

Capping enzymes

Sp Pce1 WT 0.21 ± 0.03 (S5-P)4 CTD peptide (YSPTSPS)×4 FA [127]

Hs Mce 1 WT NBD Unphosp. CTD peptide SPTSPSYSPTS FA [71]

Hs Mce1 WT 139 ± 8.5 (pH=7.0) S2-P-S5-P CTD peptide SPTSPSYSPTS FA [71]

Hs Mce1 WT 221 ± 19.5 (pH=8.0) S2-P-S5-P CTD peptide SPTSPSYSPTS FA [71]
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Sc Ceg-1 WT 460.7 S5-P CTD peptide YSPTSPSYSPTSPSYSPTSPS FA [128]

SCAF8

Hs SCAF8 
CID

>1000 Unphosp. CTD peptide YSPTSPSYSPTSPS FA [129]

Hs SCAF8 
CID

68 ± 8/6 S2-P CTD peptide YSPTSPSYSPTSPS FA [129]

Hs SCAF8 
CID

330± 50/30 S5-P CTD peptide YSPTSPSYSPTSPS FA [129]

Hs SCAF8 
CID

19 ± 2 S2/5-P CTD peptide YSPTSPSYSPTSPS FA [129]

Hs SCAF8 
CID

90±4/3 S2/S7-P CTD peptide YSPTSPSYSPTSPS FA [129]

Hs TDRD3 
Tudor domain

770±30 R1810-Methylated CTD 
peptide

YSPSSPR(Me2a)YTPQSP FA [130]

PHF3

Hs PHF3 
SPOC

1.6± 0.3 S2-P CTD peptide PSYSPTSPSYSPTSPS FA [131]

Hs PHF3 
SPOC

0.8± 0.1 S2,7-P CTD peptide PSYSPTSPSYSPTSPS FA [131]

Hs PHF3 
SPOC

4.8± 0.3 S2,5-P CTD peptide PSYSPTSPSYSPTSPS FA [131]

Hs PHF3 
SPOC

20.0± 4.0 S5-P CTD peptide PSYSPTSPSYSPTSPS FA [131]

Hs PHF3 
SPOC

26.0± 2.9 S7-P CTD peptide PSYSPTSPSYSPTSPS FA [131]

Hs PHF3 
SPOC

5.7± 0.4 S5,7-P CTD peptide PSYSPTSPSYSPTSPS FA [131]

RPRD family

Hs RPRD1A 
CID

339±56 Unphosp. CTD peptide SPSYSPTSPSYSPTSPSYS ITC [132]

Hs RPRD1A 
CID

8.4±0.7 S2-P CTD peptide SPSYSPTSPSYSPTSPSYS ITC [132]

Hs RPRD1A 
CID

>1000 S5-P CTD peptide SPSYSPTSPSYSPTSPSYS ITC [132]

Hs RPRD1A 
CID

49.8±13.7 S7-P CTD peptide SPSYSPTSPSYSPTSPSYS ITC [132]

Hs RPRD1A 
CID

5.2±0.5 S2,7-P CTD peptide SPSYSPTSPSYSPTSPSYS ITC [132]

Hs RPRD1A 
CID

>1000 S2,5-P CTD peptide SPSYSPTSPSYSPTSPSYS ITC [132]

Hs RPRD1A 
CID

>1000 S5,7-P CTD peptide SPSYSPTSPSYSPTSPSYS ITC [132]

Hs RPRD1A 
CID

48.3±5.5 S7,5-P CTD peptide SPSYSPTSPSYSPTSPSYS ITC [132]

Hs RPRD1A 
CID

1.0±0.1 S2-P, K7-P CTD peptide SPKYSPTSPKYSPTSPKYS ITC [132]

Hs RPRD1A 
CID

7.42±5.37 S2-P CTD peptide SPSYSPTSPSYSPTSPSYS MST [132]

Hs RPRD1B 
CID

114±2 Unphosp. CTD peptide SPSYSPTSPSYSPTSPSYS ITC [132]
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Hs RPRD1B 
CID

6.8±0.2 S2-P CTD peptide SPSYSPTSPSYSPTSPSYS ITC [132]

Hs RPRD1B 
CID

>1000 S5-P CTD peptide SPSYSPTSPSYSPTSPSYS ITC [132]

Hs RPRD1B 
CID

23.6±3.2 S7-P CTD peptide SPSYSPTSPSYSPTSPSYS ITC [132]

Hs RPRD1B 
CID

2.6±0.2 S2,7-P CTD peptide SPSYSPTSPSYSPTSPSYS ITC [132]

Hs RPRD1B 
CID

>1000 S2,5-P CTD peptide SPSYSPTSPSYSPTSPSYS ITC [132]

Hs RPRD1B 
CID

>1000 S5,7-P CTD peptide SPSYSPTSPSYSPTSPSYS ITC [132]

RPRD1B CID 30.0±4.9 S7,5-P CTD peptide SPSYSPTSPSYSPTSPSYS ITC [132]

RPRD1B CID 8.3±0.5 S2-P, K7-P CTD peptide SPKYSPTSPKYSPTSPKYS ITC [132]

HsRPRD2 
CID

355±30 Unphosp. CTD peptide SPSYSPTSPSYSPTSPSYS ITC [132]

Hs RPRD2 
CID

8.3±0.5 S2-P CTD peptide SPSYSPTSPSYSPTSPSYS ITC [132]

Hs RPRD2 
CID

>1000 S5-P CTD peptide SPSYSPTSPSYSPTSPSYS ITC [132]

Hs RPRD2 
CID

82.8±28.7 S7-P CTD peptide SPSYSPTSPSYSPTSPSYS ITC [132]

Hs RPRD2 
CID

7.2±0.1 S2,7-P CTD peptide SPSYSPTSPSYSPTSPSYS ITC [132]

Hs RPRD2 
CID

>1000 S2,5-P CTD peptide SPSYSPTSPSYSPTSPSYS ITC [132]

Hs RPRD2 
CID

>1000 S5,7-P CTD peptide SPSYSPTSPSYSPTSPSYS ITC [132]

Hs RPRD2 
CID

112±13 S7,5-P CTD peptide SPSYSPTSPSYSPTSPSYS ITC [132]

Hs RPRD2 
CID

5.2±0.1 S2-P, K7-P CTD peptide SPKYSPTSPKYSPTSPKYS ITC [132]

Hs CREPT 
RPR

79.2±59.3 Unphosp. CTD peptide YSPTSPSYSPTSPS FA [133]

Hs CREPT 
RPR

12.3±0.9 S212-CTD peptide YSPTSPSYSPTSPS FA [133]

Hs CREPT 
RPR

NBD S512-CTD peptide YSPTSPSYSPTSPS FA [133]

Hs CREPT 
RPR

44.9±6.3 S712-CTD peptide YSPTSPSYSPTSPS FA [133]

Hs p15RS 
RPR

40.5±8.8 Unphosp. CTD peptide YSPTSPSYSPTSPS FA [133]

Hs p15RS 
RPR

13.7±0.8 S212-CTD peptide YSPTSPSYSPTSPS FA [133]

Hs p15RS 
RPR

>1000 S512-CTD peptide YSPTSPSYSPTSPS FA [133]

Hs p15RS 
RPR

62.2±3.3 S712-CTD peptide YSPTSPSYSPTSPS FA [133]

FF domain
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Hs TCERG1 
FF4–6

102±33 S2,5-P CTD peptide YSPTSPSYSPTSPSYSPTSPS NMR [134]

Hs TCERG1 
FF4–6

13±5 S2,5,7-P CTD peptide SPSYSPTSPSYSPTSPSYSPT NMR [134]

Hs JMJD5 
NTD

1.22±0.63 Unphosp. CTD peptide SPSYSPTSPSYSPTSPSYS MST [135]

Hs JMJD5 
NTD

0.48±0.14 S212-P CTD peptide SPSYSPTSPSYSPTSPSYS MST [135]

Hs JMJD5 
NTD

1.41±0.84 S512-P CTD peptide SPSYSPTSPSYSPTSPSYS MST [135]

Hs JMJD5 
NTD

0.12±0.03 S21,51-S22-P CTD peptide SPSYSPTSPSYSPTSPSYS MST [135]

Hs JMJD5 
NTD

1.98±0.85 S2-P CTD peptide SPTSPSYSPTSPSYSPYSK MST [135]

Hs JMJD5 
NTD

9.92±2.63 S21, -S22,52-P CTD peptide SPSYSPTSPSYSPTSPSYS MST [135]

Hs SMN 
Tudor domain

NBD Unmethylated CTD peptide YSPSSPRYTPQSP FA [136]

Hs SMN 
Tudor domain

717±66 R1810me2a Methylated CTD YSPSSPR(me2a)YTPQSP FA [136]

Hs SMN 
Tudor domain

127±15 R1810me2s Methylated CTD YSPSSPR(me2s)YTPQSP FA [136]

Hs SMN 
Tudor domain

175±14 R1810me2s-S Methylated 
CTD

SPSYSPSSPR(me2s)YTPQs FA [136]

Footnote: Abbreviation used in the table.

BLI: Bio-Layer Interferometry

CD: Circular Dichroism

FA: Fluorescence Anisotropy

ITC: Isothermal Titration Calorimetry

MST: Microscale Thermophoresis

NMR: Nuclear Magnetic Resonance

SPR: Surface Plasmon Resonance

Hs: Homo sapiens

Sc: Saccharomyces cerevisiae

Sp: Schizosaccharomyces pombe

NBD: No Binding Detected

NTD: N-terminal domain
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