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RNA Polymerase II (PolII) dependent transcription of mRNAs is central to gene 

expression throughout eukaryotes. Transcription is a highly regulated process, with a 

defined initiation, elongation, and termination phase, all of which are controlled by 

multiple trans-acting protein factors and cis-acting elements on the template DNA and 

transcribed RNA. Extensive work has shown that the phosphorylation state of the C-

terminal domain (CTD) of PolII plays a central role in the recruitment of trans-acting 

factors during all phases of transcription. Aberrant phosphorylation can result in a lethal 

phenotype in yeasts, therefore implying that correct control of phosphorylation by kinases 

and phosphatases specific for the CTD is critical for life.  In addition to the polymerase, 

conserved cis-acting sequence elements near the 3’-end on pre-mRNAs help to define 

and recruit various RNA processing machines to the transcription elongation complex in 
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order to properly process and package the pre-mRNA for export to the cytoplasm for 

translation.  

In this thesis, I first review current knowledge regarding PolII CTD 

phosphorylation and its effects on the transcription elongation complex. Additionally, in 

this first chapter, I will also provide an overview of the 3’-end mRNA 

processing/transcription termination machinery. In the second part of my thesis, I will 

describe my doctoral work on the structural and biochemical characterization of Rtr1, a 

unique PolII CTD phosphatase that represents a novel new member of this class of 

enzymes. In my studies, I show that Rtr1 is a bona fide phosphatase of unique sequence 

and structure that is allosterically regulated by its own C-terminus. Additionally, I show 

that Rtr1 is a dual specificity phosphatase, with activities against both serine and tyrosine 

residues on the CTD. In chapter 3 of this thesis, I describe my work on the in vitro 

reconstitution of the Cleavage Stimulation Factor (CstF) responsible for the recognition 

of sequences downstream of the polyadenylation site on pre-mRNAs that help to define 

the 3’-end processing reaction that occur at the end of genes. Using highly purified 

proteins, I show for the first time that CstF is a dimer of trimers, with two copies of each 

subunit in the entire assembly. In addition, I show that CstF, as a complex, can bind to 

G/U rich RNAs with nanomolar affinities, in stark contrast with previous studies showing 

that singly purified proteins from the complex binding with much weaker affinities.  
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Chapter 1 . An introduction to transcription termination 
	
  
RNA Polymerase II (PolII) is a large protein machine, consisting of 12 subunits, 

responsible for the transcription of multiple classes of RNAs, the largest class being 

mRNAs. Given its role in the genesis of protein-coding genes, PolII is the central player 

in gene expression in eukaryotes. Transcription of mRNAs have a well defined start, 

middle, and end that is regulated by multiple factors that exist either as sequence 

elements on the DNA template and/or pre-mRNA, or as trans-acting protein factors that 

interact with the transcription machinery. Due to PolII’s highly processive activity, a 

defined mechanism must be in place for the polymerase to terminate transcription at the 

end of a gene, otherwise the polymerase would remain engaged on the DNA template 

beyond its stop point. Two major factors that help define transcription end are: the 

phosphorylation state of PolII’s C-terminal domain (CTD), as well as conserved elements 

in the 3’ untranslated region (UTR) of the pre-mRNA that recruit the 3’-end processing 

machinery to process and polyadenylate the RNA. In this chapter, I will describe the 

physiological relevance of each CTD modification, as well as factors that recognize and 

regulate it. I will also describe how the cleavage and polyadenylation reaction that occurs 

at the 3’-end of genes facilitates the proper termination of PolII mediated transcription.  

	
  

1.1 Combinatorial modification of PolII’s CTD provide a landing pad for 
transcriptional regulatory proteins 
	
  
The C-terminal domain of PolII belongs to Rpb1, the largest subunit of the polymerase. 

The CTD is unique in structure and sequence in that it is comprised of a hepta-peptide 

repeat sequence of Tyr1Ser2Pro3Thr4Ser5Pro6Ser7, which is repeated up to 26 times in the 
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yeast Saccharomyces cerevisiae, and 52 times in humans (Meinhart et al., 2005). While 

the CTD repeats are generally well conserved, more distal repeats relative to the body of 

PolII, especially in humans, can diverge from this hepta-peptide sequence; the function of 

these distal repeats have not been extensively studied.  

In all crystal structures of PolII no electron density is observed for the CTD, 

further reinforcing the conclusion that the CTD is largely disordered. However, the 

position of the last observed residue in Rpb1 shows that the CTD can extend from the 

side of the polymerase, not far from the active site of the polymerase. Given the CTD’s 

length, and presumed flexibility, the CTD can potentially assume a position near the exit 

channel of the polymerase, bringing in factors that can modify the elongating RNA (Fig. 

1.1). While it is assumed that the CTD is largely unstructured, solution studies have 

suggested that the CTD can assume some level of local structure, potentially adopting a 

tight alternating β-turn structure, which upon modification can be expanded to a more 

linear structure to allow proteins to bind (Cagas and Corden, 1995; Meinhart and Cramer, 

2004).  

 Of the seven residues on a CTD repeat, five (Tyr1/Ser2/Thr4/Ser5/Ser7) can be 

potentially phosphorylated, and the two prolines (Pro3/Pro6) can be subject to cis-trans 

isomerization by prolyl isomerases. It has been shown that all five of the phosphorylable 

residues can be phosphorylated in vivo, and each mark has been associated with a 

functional event during transcription (Hsin and Manley, 2012). Furthermore, Pro6 has 

been shown to be subject to isomerization by prolyl isomerases, changing the local 

structure around the phospho-serines to allow/prevent factors from recognizing the mark. 

In addition to the phosphorylated markers on a single repeat, it has been shown that the 
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functional unit of the CTD is a diheptad repeat, further expanding the combinatorial 

possibility of modifications (Stiller and Cook, 2004). Subunits of the Integrator complex 

have been shown to recognize an overlapping marker of phosphorylated serine 7 on 

heptad 1, and phosphorylated serine 2 on the proceeding heptad (Egloff et al., 2010). 

These observations have led to the proposal that the CTD heptad and its multiple 

repeats encode a “CTD code”, in which at various points during transcription the 

modifications on the CTD can be changed dynamically to actively recruit various 

transcription regulatory/RNA processing factors to the transcription complex (Table 1.1) 

(Buratowski, 2009). Below, I will describe each phospho-marker and its relevance in the 

transcription process as studied in yeasts (unless noted otherwise).  

	
  

1.1.1 Phospho-tyrosine 1  

The tyrosine 1 phospho-marker is the most recently characterized phospho-residue along 

the CTD. While it was initially described as being associated with the DNA damage 

response because it is heavily phosphorylated by the Abl kinase (Baskaran et al., 1993, 

1997), tyrosine 1’s relevance in transcription was only recently established with the 

generation of antibodies against phospho-tyr1 (Tyr1P). In a recent study characterizing 

this residue, Tyr1P was found to be enriched at 3’ ends of actively transcribing genes, 

with little to none found at the start of transcription; build up of this marker begins only 

after the polymerase engages into elongation mode (Mayer et al., 2012).  

In silico modeling of several transcription termination factors known to bind the 

CTD (such as Nrd1 and Pcf11) with their known phospho-marker and Tyr1P showed that 

the presence of the Tyr1P marker in addition to the other phospho-mark would prevent 
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binding of these known termination factors to the CTD (Mayer et al., 2012). This model 

has led to the currently accepted view that the physiological function of Tyr1P during 

transcription is to act as an anti-termination marker, preventing the premature association 

of termination factors with the active polymerase.  

 While older work has shown that, in higher eukaryotes, the Abl and Arg proteins 

are able to phosphorylate Tyr1 as part of a DNA damage response, the transcriptionally 

relevant Tyr1 kinase(s) and phosphatase(s) have yet to be identified.   

	
  

1.1.2 Phospho-serine 2  

Phophorylation of serine 2 on the CTD is one of the best studied markers along the CTD 

(the other being serine 5) and its role in transcription is well established. Both serine 2 

and serine 5 play critical roles in transcription and are in a “see-saw” type equilibrium 

with each other. Canonically, at the start of transcription near the 5’ end of genes, serine 

5 is highly phosphorylated, while serine 2 is unphosphorylated. As PolII engages past the 

promoter, and begins to enter the elongation phase of transcription, the kinases Bur1/2 

and/or CTDK-I (P-TEFb in higher eukaryotes) begin to increasingly phosphorylate serine 

2, producing a bivalent Ser2P/Ser5P mark on the CTD, commonly associated with 

elongation (Cho et al., 2001; Jones et al., 2004; Qiu et al., 2009; Zhou et al., 2000).  

During the elongation phase, the CTD is heavily and heterogeneously 

phosphorylated on numerous sites in addition to Ser2P and Ser5P (additional markers 

discussed above and below) and can influence the recruitment and activity of the 

spliceosome. While older studies have largely focused on the effects of hyper-

phosphorylated PolII CTD on co-transcriptional splicing of mRNAs (David et al., 2011; 
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McCracken et al., 1997; Millhouse and Manley, 2005 and others), recent work using a 

Ser2 to Ala (S2A) mutant in yeast has suggested that Ser2P influences splicing directly. It 

was shown that a PolII CTD S2A mutant failed to recruit both the U2AF65 protein and 

the U2 snRNA to transcription sites, and as a result, splicing was impaired in these cell 

lines (Gu et al., 2013). While it is clear that Ser2P directly influences the splicing 

reaction, it is unclear if this is due to Ser2P exerting a direct effect on assembly and/or 

enzymatic reaction, or if other factors were disrupted in the background of this mutant. 

Additional work is needed to determine the biochemical mechanism of this phospho-

marker on mRNA splicing. 

 As PolII moves towards the end of genes, serine 5 is largely dephosphorylated, 

and the predominant marker becomes Ser2P. Ser2P assists in the recruitment of several 

transcription termination factors, including the proteins Pcf11 and Rtt103, which bind to 

phospho-specific forms of the CTD via their CTD interacting domain (CID). Work from 

our lab has shown that tandem repeats of the CTD phosphorylated on serine 2 is 

necessary for the efficient recruitment of these CID containing termination factors, via a 

CID-CID homodimerization mediated by neighboring Ser2P CTD repeats; disruption of 

these homodimerization contacts in vivo resulted in improper termination of transcription 

(Lunde et al., 2010). Pcf11 is believed to participate in 3’-end processing of the pre-

mRNA and then remains associated with the CTD to help recruit the mRNA export 

machinery to the processed mRNA (Johnson et al., 2009). Rtt103 is primarily responsible 

for recruiting the 5’-3’ exonuclease complex Rat1/Rai1 to the termination complex, 

which degrades any RNA made after the polyA site, and then physically displaces PolII 
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from the DNA template (Kim et al., 2004). These termination events are effectively 

coupled with the 3’-end processing reaction (described below).  

 Ser2P, after participating in these steps in transcription, is then erased by the 

Ser2P specific phosphatase Fcp1. Crystal structures of Fcp1 with various phosphate 

analogs show a mechanism by which a conserved aspartate acts as the nucleophile 

(Ghosh et al., 2008). However, it is unclear how Fcp1 recognizes its substrate as no 

structure of Fcp1 with a CTD peptide has been solved. Erasure of Ser2P to reset/recycle 

RNA PolII to an unphosphorylated state is likely essential, as disruption of Fcp1 in 

Drosophila melanogaster causes cells to undergo apoptosis (Schauer et al., 2009; 

Tombácz et al., 2009).  

	
  

1.1.3 Phospho-threonine 4 

Similarly to Tyr1P, phosphorylation of threonine 4 (Thr4P) was only recently verified as 

a bona fide in vivo CTD marker. While Thr4P’s existence has been shown in both yeasts 

and higher-order eukaryotes, its primary function in transcription has yet to be 

established. Initial experiments using a conditional Rpb1 knockout (KO)/plasmid 

complementation assay showed that DT40 cells (chicken derived cells) that were rescued 

with a Rpb1 mutant that had all Thr4 residues on the CTD mutated to valine (T4V) began 

to die after 24 hours of induction, suggesting that Thr4 played a role in cell viability. 

Follow up experiments in the same study showed that cells lacking Thr4 as a phospho-

acceptor lacked properly processed histone mRNAs resulting in reduced histone 

production and likely, cell lethality (Hsin et al., 2011).  



	
   7 

 Subsequent work from an independent group also characterized Thr4P’s existence 

in both lower and higher eukaryotes, but suggested that phosphorylation of threonine 4 

plays a role in transcription elongation rather than a mRNA class specific function as 

previously studied. Their transcriptome wide studies in human cell lines using a T4A 

mutant showed accumulation of PolII in the body of genes across the transcriptome, with 

very low abundance at 3’ ends, suggesting that PolII could not enter the elongation phase 

properly. Whether the discrepancies in these studies are due to different cell line 

backgrounds or mutant variants remains to be seen (Hintermair et al., 2012).  

 Published studies also are conflicted to the identity of the Thr4 kinase. Manley 

and colleagues showed that the human Ser2 kinase, P-TEFb, could potentially 

phosphorylate Thr4 since treatment with Cdk9 inhibitors reduced Thr4 phospho levels. 

However, later work contradicted these results showing that in vitro, Cdk9 displayed no 

activity towards Thr4, while Plk3 could phosphorylate both in vitro and in vivo 

(Hintermair et al., 2012; Hsin et al., 2011). The phosphatase responsible for the erasure of 

Thr4P remains unknown. 

	
  

1.1.4 Phospho-serine 5 

Serine 5 phosphorylation (Ser5P) is another well studied and  well characterized 

phosphorylation mark on the CTD, and arguably the most important due to its role in the 

start of transcription. Phosphorylation of serine 5 occurs near the start of transcription and 

is performed by the Kin28 subunit of the general transcription factor TFIIH (Rodriguez et 

al., 2000; Trigon et al., 1998). Marking of serine 5 signals for promoter clearance of the 

polymerase by disrupting the interaction of PolII with the transcription initiation complex 
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(most notably the Mediator complex), thereby promoting polymerase escape from the 

promoter to enter transcription (Max et al., 2007).   

 The biogenesis of an mRNA undergoes several post-transcriptional modifications 

during maturation, the first being a 5’ capping step that protects an mRNA from 

degradation in the nucleus. Via several enzymatic reactions, the capping machinery adds 

a guanine residue to the 5’ end of the pre-mRNA, which is then further modified by a 

methylation at the N7 position on the guanine base (reviewed in Ghosh and Lima, 2010). 

Recruitment of several key enzymes in this essential step of mRNA synthesis are 

mediated by Ser5P, most notably the guanalyltransferase component of the capping 

complex for which structures have been determined of both yeast and animal homologs 

(Fabrega et al., 2003; Ghosh et al., 2011). Interestingly, despite the overall structure of 

the guanalyltransferase being conserved in both yeasts and animals, structures of both the 

yeast and animal versions show different modes of Ser5P binding (Fig 1.2). These results 

suggest that while the capping enzymes diverged evolutionarily, coupling of mRNA 

capping to Ser5P is an essential mechanism (Ghosh et al., 2011).  

 Following the capping step and shift of the polymerase into transcription 

elongation, Ser5P becomes increasingly dephosphorylated while serine 2 becomes 

increasingly phosphorylated. A number of phosphatases specific for Ser5P have been 

identified, including Ssu72 and Scp1. Ssu72 is a member of the APT complex, which is 

associated at the 3’-end of genes and assists in the 3’-end processing of mRNAs 

(Krishnamurthy et al., 2004; Nedea et al., 2003). Scp1 belongs to a family of small CTD 

phosphatases and is used to suppress the expression of neuronal genes in non-neuronal 

cells (Yeo et al., 2003), likely by removing Ser5P prior to promoter clearance. Neither of 



	
   9 

these enzymes display the co-localization with PolII during transcription to act as a 

phosphatase to remove Ser5P in response to accumulation of Ser2P. More recently, a new 

phosphatase enzyme was discovered, named Rtr1, which showed the proper localization 

across genes with PolII, and could selectively dephosphorylate Ser5P in in vitro assays. It 

has been suggested that this is the elusive transcription transition phosphatase (Mosley et 

al., 2009). Additional work also shows that its human homolog, RPAP2, contains 

identical activity profiles against Ser5P (Egloff et al.). However, a crystal structure and 

accompanying biochemical work brought this conclusion into question as no active site 

was found, and no activity could be detected in highly purified recombinant protein 

(Xiang et al., 2012a). This subject will be discussed at length in chapter 2.  

 While a large population of Ser5P is removed during the transition to termination, 

a small population remains that must be removed prior to recycling of the polymerase. 

Ssu72, in association with Pta1 (Symplekin in animals), is likely the responsible 

phosphatase (Ghazy et al., 2009). Crystal structures of Ssu72 in complex with Symplekin 

and a Ser5P peptide (Fig. 1.3) reveal that Ssu72 recognizes a unique form of the CTD at 

the 3’ end of genes: a cis-proline conformation on Pro6 of the CTD is necessary for the 

association of Ssu72 (Xiang et al., 2010). Ess1, a prolyl isomerase, catalyzes this cis to 

trans conversion of proline; addition of this isomerase to in vitro phosphatase reactions 

increases the rate at which Ssu72 dephosphorylates Ser5P (Werner-Allen et al., 2011; 

Zhang et al., 2012b). While no influence of cis-trans prolines has been observed yet for 

Ser2P, it is clear from the work on serine 5 that the prolines can play a role in 

phosphorylation pattern of serines on the CTD, adding yet another layer of complexity to 

the CTD code.  



	
   10 

	
  

1.1.5 Phospho-serine 7 

Serine 7 phosphorylation (Ser7P) was identified as a transcriptionally relevant CTD 

phospho-marker in 2007. Initial studies identifying Ser7P’s transcriptional role were done 

in HEK293 cells using complementation assays with either wild-type PolII or a mutant 

harboring all serine 7 residues mutated to Ala (S7A) (Chapman et al., 2007; Egloff et al., 

2007). This work in S7A lines showed that while transcription of protein coding genes 

were unhampered by this mutation, clear defects in the processing of small nuclear RNAs 

(snRNA) were observed. Further supporting this finding, GST pulldown assays using in 

vitro phosphorylated CTD showed a loss of interaction with the S7A construct with the 

Integrator complex, a large protein complex involved in snRNA processing known to 

bind phosphorylated CTD.  

 Ser7P was suspected to be a metazoan-only transcription marker because the 

Integrator complex is only conserved in higher eukaryotes and not in yeasts. However, 

surprisingly, the transcriptionally relevant kinase responsible for phosphorylating serine 7 

was identified as TFIIH in both yeasts and human cells, suggesting that the function of 

this marker is universally conserved (Akhtar et al., 2009; Boeing et al., 2010). Genome 

wide analysis of CTD phosphorylation in yeast also showed accumulation of Ser7P at 

introns and at sites in which the Nrd1 CTD interacting protein is enriched, suggesting a 

role for Ser7P in the processing of cryptic unspliced transcripts (CUTs) and snoRNAs 

(Kim et al., 2010a). Structural analysis of human TCERG1, a transcription elongation 

regulator known to bind both phospho-CTD and splicing factors, showed that TCERG1 
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requires the phosphorylation of all three serines on the CTD, potentially expanding the 

role of Ser7P into mRNA transcription (Liu et al., 2013).  

 Currently, the only phosphatase known to dephosphorylate Ser7P is the Ser5P 

phosphatase Ssu72. In yeast, depletion of Ssu72 resulted in an increase of the Ser7P 

marker in cells, and in vitro phosphatase assays using purified recombinant Ssu72 

showed selective dephosphorylation of both Ser5P and Ser7P (Bataille et al., 2012; 

Zhang et al., 2012a).  Crystal structures of a Symplekin-Ssu72-Ser7P peptide complex 

showed that Ssu72 binds to a Ser7P CTD peptide with an unusual and constrained 

geometry (Fig. 1.3), and that the phosphatase had a preference for selecting Ser5P over 

Ser7P as a substrate (Xiang et al., 2012b). These experiments suggest that serine 7 is not 

a preferred substrate and that potentially another phosphatase exists to target Ser7P.  

	
  

1.2 mRNA 3’-end processing and transcription termination  
	
  
Prior to the export of the mRNA to the cytoplasm, the pre-mRNA must undergo a final 

processing step that occurs co-transcriptionally, in which the nascent RNA is cleaved in 

the 3’-UTR and then polyadenylated; this process is termed 3’-end processing (Fig. 1.4). 

Polyadenylation is necessary for the efficient export, translation, and stability of the 

mRNA in the cytoplasm. While the reaction is relatively simple, consisting of an 

endonuclease which cleaves the RNA creating a 3’-OH end for Polyadenylate 

Polymerase (PAP) to synthesize the polyA tail, this process in vivo requires the 

recruitment of over a dozen characterized protein factors to the 3’-UTR. More recent 

mass spectrometry studies have implicated an even larger repertoire of proteins involved 
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in 3’-end processing, although many of these factors have yet to be fully characterized 

(Shi et al., 2009).  

 The 3’-end processing reaction also effectively helps to define and commit 

transcription into the termination phase (Fig. 1.4). The 3’-end cleavage reaction that frees 

the pre-mRNA from the elongating polymerase effectively creates a new 5’-end with a 

free 5’ phosphate, which is then accessible to exonucleases to degrade. Below, I will 

describe in detail the complex protein machinery necessary to execute the 3’-end 

processing reaction, as well as the linked mechanism for the recruitment of transcription 

termination factors. 

	
  

1.2.1 Protein-protein/protein-RNA interactions define 3’-end processing sites 

Despite the relative simplicity of 3’-end maturation, a highly complex and coordinated 

protein machinery is necessary for the proper recognition of conserved RNA signals that 

help to define the position of the cleavage site on the pre-mRNA (Table 1.2). In animals, 

several conserved sequence elements along the pre-mRNA (cis-acting elements) help to 

define the position of the cleavage and polyadenylation reaction. Yeasts have similar 

sequence elements, however, they are less well conserved. For brevity, only animal 

sequences will be discussed.   

The first and foremost is the canonical polyadenylation (polyA) site, which is a 

hexamer of the sequence AAUAAA. Genomic studies have shown that while the large 

majority of polyadenylated genes all carry and are processed at this signal (75%), a 

significant fraction of mRNAs also use AUUAAA as a polyadenylation site (~20%) 

(Tian et al., 2005). In addition to the second position in the hexamer being variable, most 
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mRNAs contain more than a single polyA site scattered across the 3’-UTR (Legendre and 

Gautheret, 2003; Mayr and Bartel, 2009; Ozsolak et al., 2010). Generally, the most distal 

(relative to the open reading frame) sites are used by default, but emerging evidence for 

alternative polyadenylation is showing that more proximal sites can be used as well 

resulting in longer or shorter 3’-UTRs depending on the site selected. 3’-UTRs have been 

shown to be binding sites for microRNA (miRNA) silencing of genes, and thus 

alternative polyadenylation can be used as a mechanism to escape regulation (Mayr and 

Bartel, 2009).  

The polyA site also helps to define the position of the cleavage site on the pre-

mRNA. Typically, the cleavage site is 10-30 nucleotides downstream of the polyA site 

(Fitzgerald and Shenk, 1981) and upstream of the G/U-rich positioning element 

(described below). The sequence surrounding the cleavage site is generally non-

conserved (Gilmartin et al., 1995) and thus cleavage position is likely defined by the 

protein-protein/protein-RNA interactions of the 3’-end processing complex.  

The G/U-rich downstream element (DSE) is located 20-30 nucleotides 

downstream of the cleavage site, and is necessary for efficient cleavage (McDevitt et al., 

1986). Unlike the polyA site, the DSE lacks a consensus sequence of any sort, and is only 

defined as being rich in guanine and uracil residues (Cañadillas and Varani, 2003; 

Salisbury et al., 2006). Strength and selection of a polyA site has been linked to the G/U-

rich DSE, where the percent content of uracil in the DSE is greater in “true” polyA sites, 

as opposed to weaker or random AAUAAA hexamers in the RNA sequence (Legendre 

and Gautheret, 2003). Due to its loose sequence requirements, the DSE is highly tolerant 

to mutations. However, the position of the element is more important as in vitro analyses 
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using extracts have shown that deletion or insertion of small sequence elements can 

drastically affect cleavage (McDevitt et al., 1986).  

Historically, the polyA, DSE, and cleavage site defined the minimal necessary 

elements for cleavage and polyadenylation on model substrates, but an upstream 

sequence element (USE) relative to the polyA site has been identified in recent years that 

is functionally important for site selection as well. The USE is defined as being U-rich, 

although a strong consensus sequence of UGUA has also been reported (Hu et al., 2005; 

Yang et al., 2010).  

While the overall 3’-end processing reaction is conserved between yeasts and 

animals, the architecture of the protein complexes involved are marginally divergent from 

one another (Fig. 1.5), likely due to the fact that the RNA elements they recognize are not 

well conserved between species (Zhao et al., 1999). In higher eukaryotes, the efficient 

cleavage of the pre-mRNA can be minimally reconstituted in vitro with the cleavage and 

polyadenylation specificity factor (CPSF), cleavage stimulatory factor (CstF), and 

cleavage factor I and II complexes (Takagaki et al., 1989), while the polyadenylation 

reaction needs only CPSF and PAP (Murthy and Manley, 1992).  

 

Cleavage and Polyadenylation Specificity Factor (CPSF) 

CPSF is a five subunit protein complex consisting of the proteins CPSF160, 100, 73, 30, 

and hFip1. CPSF was initially identified via fractionation experiments and was shown 

biochemically to be involved in both steps of 3’-end processing (Murthy and Manley, 

1992; Takagaki et al., 1989). The largest factor, CPSF160, is a tri-β-propeller protein that 

shares much structural homology to DDB1, a member of the multisubunit cullin-ubiquitin 
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E3 ligases (Li et al., 2006). CPSF160 has been proposed to be the polyA site recognition 

protein via UV crosslinking experiments (Murthy and Manley, 1995). Further validating 

this finding, experiments with the Saccharomyces cerevisiae homolog of the protein, 

Yhh1, also showed direct binding to yeast processing signals (Dichtl et al., 2002). 

However, the molecular basis of polyA site recognition has remained elusive due to 

CPSF160 harboring no known RNA binding domains. In addition, this large protein also 

serves as the major scaffolding factor for numerous other proteins in CPSF, as well as 

bridging CPSF to CstF via a direct interaction with CstF77 (described below).  

 CPSF73 is the endonuclease responsible for the cleavage the pre-mRNA during 

3’-end processing (Fig. 1.5). Structures of the N-terminus of CPSF73 reveal a β-CASP 

domain, known to bind nucleic acids, as well as a metallo-β-lactamase domain. The 

domains bind zinc ions in a manner reminiscent of RNAseZ and suggest a conserved 

mechanism of endonucleolytic cleavage of RNA (Fig. 1.6). Assays with purified protein 

against RNA show weak activity, in agreement with previous results with endogenously 

purified proteins that suggested multiple protein complexes were necessary for the 

efficient cleavage of substrate (Mandel et al., 2006).  

 Interestingly, CPSF100 bears striking homology to CPSF73. Structures of the 

yeast version of N-terminus of CPSF100 show a domain organization similar to that of 

CPSF73 (Fig. 1.6). However, CPSF100 lack the metal binding residues found in CPSF73 

resulting in an enzymatically inactive protein (Mandel et al., 2006). Experiments using 

the yeast versions of the proteins show that CPSF100 can interact directly with CPSF160 

and CPSF73, via its C-terminus (Kyburz et al., 2003). Evidence for interactions between 

the human versions also show an interaction that is mediated via the C-terminus of both 
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73 and 100, suggesting that these interactions are conserved across species (Dominski et 

al., 2005). Likely CPSF100 plays a bridging role between CPSF160 and 73, given that 

the distance between the polyA site and cleavage site can be considerable.  

 The smallest subunit, CPSF30, contains no known domains aside from several 

tandem CCCH-type zinc fingers in its C-terminus. These zinc fingers have been shown to 

bind polyU RNA sequences found near cleavage sites in vitro (Barabino et al., 1997). 

However, given the lack of RNA sequence conservation near the cleavage site, as well as 

the fact that CPSF30 deletion analysis show no loss of cleavage specificity, it is 

questionable how relevant this RNA binding activity is to 3’-end processing. CPSF30 is 

also known to bind hFip1, and a crystal structure has shown that CPSF30 can be subject 

to targeting by influenza virulence factors to suppress host anti-viral responses (Das et 

al., 2008).  

 hFip1 was initially identified as a factor in yeast that associated with PAP, and 

was only later identified as a bona fide member of the CPSF complex. A well conserved 

element mediates the interaction between hFip1 and PAP, while a human Fip1 only 

segment has been also shown to bind U-rich RNAs, similar to CPSF30. Additional 

protein-protein interactions have also been observed between hFip1 and CPSF160, 

CstF77, and CPSF30. hFip1 plays a role in partial role in the cleavage reaction, with 

hFip1 depleted extracts showing decreased cleavage. However, it plays an essential role 

in polyadenylation in which extracts lacking hFip1 showed no polyA activity (Kaufmann 

et al., 2004).  

 

Cleavage Stimulatory Factor (CstF) 
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The CstF complex consists of three polypeptides of molecular weights 77 kDa, 64 kDa, 

and 50 kDa. Like CPSF, CstF was initially identified through biochemical fractionation 

experiments from tissues (Takagaki et al., 1989, 1990). While it remained associated with 

CPSF through most of the purifications, a single cation exchange column could separate 

the two complexes. Experiments using purified CPSF and CstF in an in vitro cleavage 

assay would show that increased cleavage activity would be associated with CstF. The 

major scaffolding factor from which the entire complex is organized is CstF77. The N-

terminal 550 amino acids are composed of helical repeats known as half-a-TPR (HAT) 

that are known to mediate protein-protein interactions (Goebl and Yanagida, 1991; Preker 

and Keller, 1998). Biochemical studies showed strong self-association of CstF77, which 

was further validated by the crystal structure of the HAT domain (Fig. 1.7) (Bai et al., 

2007; Legrand et al., 2007). Some evidence has suggested an interaction between CstF77 

and CPSF160 via the HAT domain of 77 (Bai et al., 2007). Beyond the HAT domain, the 

remaining ~200 residues are heavily proline rich, and are responsible for scaffolding both 

CstF64 and CstF50 (Takagaki and Manley, 2000).  

 CstF64 was one of the earliest proteins identified to participate in 3’-end 

processing due to its UV crosslinking to RNA in a polyA-site dependent fashion (Wilusz 

and Shenk, 1988). Subsequent work would show that CstF64 bound the G/U-rich DSE, 

enhancing the specificity of the cleavage reaction (MacDonald et al., 1994). CstF64 is 

comprised of four distinct domains/regions, of which three have function associated with 

them. The N-terminus of 64 is a classic RNA recognition motif (RRM) domain used for 

binding G/U RNAs (Cañadillas and Varani, 2003; Pancevac et al., 2010; Takagaki and 

Manley, 1997). Following the RRM is a hinge domain unique to 64 that spans 
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approximately 100 residues that is used to bind to CstF77; some work has also shown 

that Symplekin, a large scaffolding protein well characterized in yeast (Pta1), also 

competes with CstF77 for binding to this region (Takagaki and Manley, 2000). A 

significant remainder of the protein is comprised of gly/pro-rich sequences, followed by 

MEARA repeats, none of which are predicted to have significant secondary structure. No 

biological function has yet to be assigned to this segment either. The final 50 residues 

form a 3-helical bundle, which has been shown to associate with other 3’-end processing 

factors (Qu et al., 2007).  

 CstF50 is a WD40-repeat protein with a unique dimerization domain (Fig. 1.7) 

located in the N-terminus of the protein, independent of the β-propeller structure 

(Moreno-Morcillo et al., 2011). Unlike CstF77 and 64, CstF50 does not have a known 

yeast homolog, suggesting that its function unique to higher eukaryotes. Studies have 

shown CstF50 interacts directly with BARD1 (Edwards et al., 2008; Kleiman and 

Manley, 1999), and a CstF-BARD-BRCA1 complex could be detected in cells treated 

with DNA damaging agents (Kleiman and Manley, 2001). Accumulation of unprocessed 

mRNA was also detected in these cells as well, suggesting a link between 3’-end 

processing and DNA damage repair through CstF50.  

 

Cleavage Factor I and II (CFIm/CFIIm) 

Cleavage Factor I is comprised of a heterodimer of a 25kDa subunit, and either a 59 or 

68kDa subunit; it is suspected that the 59 kDa component is a splice variant of the larger 

subunit. The crystal structure of the CFIm25 nudix domain revealed that rather than 

possessing hydrolase activity, the domain had evolved in this complex to bind UGUA 
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RNA sequences found in the USE (Yang et al., 2010). Even more interestingly, the nudix 

domain was shown to stably dimerize, suggesting that CFIm contained two copies of each 

subunit in the complex (Coseno et al., 2008). Crystal structures of CFIm25 and CFIm68’s 

RRM show a heterotetramer, with the nudix domain of 25 serving as the major scaffold 

and the RRMs of 68 each binding to one copy of the nudix domain (Fig. 1.7) (Li et al., 

2011; Yang et al., 2011). Uniquely, despite the presence of two RRMs from 68, the major 

contributor to RNA binding lay still in the nudix domains of 25. In accordance to its role 

in recognizing the USE, recent studies have implicated the CFIm complex in alternative 

polyA site selection (Katahira et al., 2013; Kim et al., 2010b; Kubo et al.).  

 Cleavage Factor II complex (CFIIm) is made of two conserved proteins, Pcf11 and 

Clp1. hPcf11 is a large 1555 amino acid protein, with little resemblance to the yeast 

homolog, with the exception of the N-terminal CID domain, and the C-terminus where 

it’s interaction with Clp1 and members of the mRNA export machinery reside (Johnson 

et al., 2009; Noble et al., 2007). yPcf11 was initially identified as a binding partner with 

the yeast equivalents of CstF77/64, and mutants of yPcf11 displayed defects in both 

cleavage and polyadenylation (Amrani et al., 1997). Work has shown in yeast that Pcf11 

is a bifunctional protein, with functions in both 3’-end processing and transcription 

termination, with termination activity being associated with the CID domain (Sadowski et 

al., 2003).  

 hClp1, along with hPcf11, was identified via purification of native CFIIm from 

HeLa cell extracts. Clp1 was shown to be essential to the cleavage step of 3’-end 

processing, but dispensable for the polyadenylation step. The necessity of hClp1 (and 

CFIIm in general) is likely to act as a bridging factor between CFIm and CPSF, as 
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immunoprecipitation with Clp1 antibodies experiments show association with 

components of CPSF and CFIm (de Vries et al., 2000). 

	
   	
  

1.2.2 Transcription termination is coupled to 3’-end processing 

Following the end of transition of an open reading frame, PolII can remain engaged on 

the DNA template, even well past the polyA site, resulting in transcription run-on (TRO) 

which potentially interferes with the transcription of a neighboring gene (Shearwin et al., 

2005). Thus, proper transcription termination is necessary to ensure the proper release of 

both polymerase and product RNA.  

 Multiple pathways for PolII transcription exist, depending on the class of RNA 

being transcribed. For mRNAs, the transcription termination pathway is tightly associated 

with the polyA site, and in general, the 3’-end processing machinery. Evidence of a 

polyA site-dependent pathway first appeared in the late ‘80s when it was found that 

impaired polyadenylation of reporter genes via usage of a poorly used polyA site or 

mutations in high efficiency polyA sites would result in improper PolII termination 

(Edwalds-Gilbert et al., 1993; Logan et al., 1987). A direct coupling of 3’-end processing 

to transcription was established much later when work in yeast showed temperature 

sensitive mutants of cleavage but not polyadenylation factors impaired transcription 

termination (Birse et al., 1998). Since then, a wealth of work has unveiled a tightly 

coupled association of 3’-end processing factors and PolII CTD phosphorylation to the 

transcription termination pathway. From this work, two major models for termination 

arose:  
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1. The allosteric model, in which transcription of the polyA signal would result in 

changes in the composition of the elongation complex, such as the dissociation of 

an anti-termination factor, and/or a conformation change in PolII itself.  

2. The torpedo model, which posits that 3’-end cleavage of the pre-mRNA frees the 

product mRNA from the elongating polymerase. With the opening of a new 5’ 

uncapped phosphate an exonuclease is recruited to digest the 3’ cleavage product 

still tethered to PolII, where the rapid degradation by the nuclease allows it to 

catch up the polymerase and “torpedo” it from the template (Fig. 1.4) (reviewed 

in Rosonina et al., 2006).  

While these models existed for many years as alternative possibilities, mounting evidence 

suggests they are not mutually exclusive and that termination likely represents a mix of 

these models (Luo et al., 2006).  

 Prior to the end of transcription a number of factors known to impede termination 

are known to associate with the PolII elongation complex, including the SR protein Npl3 

(Bucheli and Buratowski, 2005; Bucheli et al., 2008; Deka et al., 2008) and Sub1 (Calvo 

and Manley, 2005). In addition to trans-acting protein factors, PolII CTD phosphorylated 

at tyrosine 1 has also been suggested to act as an anti-termination factor (Mayer et al., 

2012). At the 3’-end of genes near the polyA site, Npl3 may be removed by either a 

competition mechanism with protein factors and/or a post-translational phosphorylation 

to allow for the binding of the 3’-end processing apparatus (Bucheli and Buratowski, 

2005; Bucheli et al., 2008). Likely, dephosphorylation of Tyr1P occurs near or at these 

sites to allow for the binding of Ser2P interacting proteins such as Pcf11 and Rtt103. 

However, formal evidence for this has not yet been found.  
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Transcriptional pausing at or near the polyA site has also been observed (Orozco 

et al., 2002; Yonaha and Proudfoot, 1999), potentially allowing for the 

processing/termination complexes to assemble. Transcription of the polyA site, in 

addition to the dissociation/association of transcription termination factors, and the 

assembly of the 3’-end processing machinery then allows for the proper cleavage of the 

pre-mRNA by CPSF73 (described above). The known termination factor Pcf11 has been 

shown to directly associate with components of the processing assembly (Qu et al., 2007; 

Sadowski et al., 2003) as well as with Ser2P (Meinhart and Cramer, 2004; Noble et al., 

2005). Work in yeast has shown that Pcf11 forms a central part of not only stabilizing the 

cleavage reaction by its interaction with Rna15 (CstF64 in animals), but is also 

responsible for the recruitment of the Rat1 nuclease, postulated to be the “torpedo” which 

disengages PolII from templates by digesting the 3’ cleavage product (Fig. 1.4) still 

tethered to elongating PolII (Kim et al., 2004; Luo et al., 2006). The human homolog of 

the Rat1 nuclease, Xrn2, has also been shown to promote transcription termination, 

reinforcing the Rat1 torpedo hypothesis (Kaneko et al., 2007; West et al., 2004). 

In addition to recruitment by Pcf11, Rat1 exists in a 1:1 complex with Rai1 

(Xiang et al., 2009), and as a complex can also be recruited to sites of termination by the 

Ser2P interacting protein Rtt103 (Kim et al., 2004). It is unclear how this mechanism of 

recruitment is different from that of Pcf11, and if these work in tandem to facilitate the 

effective localization of Rat1 to termination sites. It is conceivable that Rat1 recruitment 

by Pcf11 is meant to couple 3’-end processing, CTD phosphorylation, and termination, 

but a remaining question then arises to why Rtt103 is needed given that both Pcf11 and 

Rtt103 can bind the same phospho-form of the CTD. 
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1.3 Summary 
	
  
Termination of mRNA transcription is an elaborate and well-regulated process. The 

proper phosphorylation patterns of the CTD and the assembly of multiple complexes 

must occur together both spatially and temporally in order to effectively complete 

synthesis of an mRNA. The work I will present in chapters 2 and 3, represent a step 

towards understanding the regulation and assembly of these factors. Rtr1, as described in 

1.1.4, is a recently described CTD phosphatase with controversial function. In chapter 2, I 

will show that Rtr1 is a bona fide CTD phosphatase, despite reports to the contrary, and 

that it can also dephosphorylate Tyr1P in vitro in addition to removing Ser5P. My work 

presents not only the biochemical and kinetic characterization of a new phosphatase 

enzyme, but also provides an attractive candidate for the removal of a phospho 

“roadblock” to transcription termination.  

 Chapter 3 details the biochemical characterization of CstF, one of the essential 

factors required for the cleavage of pre-mRNAs as described in 1.2.1. Through my work, 

I resolve the controversy regarding CstF’s stoichiometry and show that complex 

formation allows the assembly to recognize DSEs with high selectivity and affinity, 

further providing insight into polyA site selection by CstF. This work also provides a 

stepping stone into building larger recombinant complexes to allow for careful 

biochemical dissection of the 3’-end processing apparatus.  
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Figure 1.1 RNA Polymerase II elongation complex with template and transcript 
Crystal structure of RNA PolII (PDB 1I6H) in complex with a DNA template (black) and 
RNA transcript (red). The position of the C-terminal end of Rpb1 in the crystal structure 
is indicated by the arrow. The CTD presumably is too flexible or was truncated during 
crystallization, thus no electron density is observed for it.  
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Figure 1.2 Divergent modes of Ser5P CTD recognition among conserved mRNA 
capping enzymes 
Candida albicans Cgt1 (left, cyan, PDB 1P16) binds Ser5P CTD (shown in sticks) in an 
elongated fashion along a groove in its structure. Mouse Mce1 (right, yellow, PDB 
3RTX), the vertebrate homolog, also binds Ser5P CTD (shown in sticks) along its 
surface, in a manner quite different from the yeast enzyme.  
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Figure 1.3 Ssu72 dephosphorylates both Ser5P and Ser7P CTD  
Crystal structure of an Ssu72 active site mutant bound to a cis-proline Ser5P CTD (left, 
3O2Q). Structure of Ssu72 bound to a Ser7P CTD peptide (right, 4H3H). Comparison of 
the two structures shows a constrained geometry of the Ser7P peptide relative to the 
Ser5P substrate.  

 

 

 

 

 

 

 

 

 



	
   27 

 

Figure 1.4 Co-transcriptional mRNA 3’-end cleavage is coupled to polyadenylation 
and transcription termination 
The pre-mRNA (orange) is cleaved co-transcriptionally at designated positions near 
polyA sites by the 3’-end processing machinery; only several components are shown for 
clarity (top). Following cleavage, two events may occur simultaneously: the 
polyadenylation at the newly formed 3’-end of the pre-mRNA by PAP (lower left), 
and/or the termination of transcription intitiated by the Xrn2/Rat1p exonuclease. Not 
shown are the termination factors Pcf11 and Rtt103 that bind the Ser2P form of the CTD.  
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Figure 1.5 Overall 3’-end processing machineries of metazoans and yeasts 
Both metazoan (left) and yeast (right) contain homologous protein complexes, however, 
their overall arrangement and organization differ. The yeast CPF complex is homologous 
to animal CPSF, and components of CFIA are homologous to CstF and CFIIm. CFIm 
(animal) and CFIB (yeast) are unique to their respective organisms. Organization of these 
complexes around the RNA differ due to divergence of 3’-end processing signals in 
metazoans and yeasts.  
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Figure 1.6 Structures of CPSF73 and CPSF100 are highly homologous structures 
CPSF73 (left, cyan, 2I7T) shows an open structure with two lobes sandwiching in the 
center two zinc ions coordinating a sulfate molecule (derived from crystallization 
conditions), likely mimicking the phosphate backbone of substrate RNA. Yeast CPSF100 
(right, blue, 2I7X) shows a similar architecture with two distinct halves. However, 
despite the homology, the overall structure is “closed” relative to CPSF73 and cannot 
coordinate the zinc ions necessary for endonuclease activity.  
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Figure 1.7 Dimeric structures in 3’-end processing  
Both CstF50 (upper left, 2XZ2) and CstF77 (2OOE) homodimerize via well conserved 
domains, although the implications of this self-association in the whole CstF complex 
and their impact on its function are currently unknown. CFIm forms a heterotetramer via 
(central bottom, 3QT2) via homodimerization of its CFIm25 subunit (green and cyan).  
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Table 1.1 RNA Polymerase II CTD phosphorylation – regulation and function 
	
  

Residue Kinase(s) Phosphatase(s) Function 
Tyrosine 1 Abl/Arg (metazoan), 

transcriptional 
relevance unknown 

Unknown Anti-termination signal, 
prevents termination factors 
from binding CTD 

Serine 2 Bur1/2 and CTDK-I 
(yeast) 
P-TEFb (metazoan) 

Fcp1 Transcription 
elongation/termination 
signal, assists in pre-mRNA 
processing 

Threonine 4 P-TEFb and/or Plk3 
(metazoan) 

Unknown Histone mRNA processing 
and/or transcription 
elongation signal 

Serine 5 TFIIH Rtr1, Scp1, Ssu72 Transcription initiation, 
mRNA capping, 
transcription elongation 

Serine 7 TFIIH Ssu72 (putative) snRNA/snoRNA 
processing, possible role in 
pre-mRNA splicing 
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Table 1.2 Mammalian 3’-end processing factors and their known yeast homologs 
	
  

Protein Yeast homolog Complex Function 

CPSF160 Yhh1/Cft1 CPSF 
 

Recognizes universal polyA (AAUAAA) signal 

CPSF100 Ydh1/Cft2 CPSF 
 

Unknown, likely bridges CPSF160 and 73 

CPSF73 Ysh1/Brr5 CPSF 
 

Endonuclease responsible for cleavage 

CPSF30 Yth1 CPSF 
 

Participates in cleavage via unknown mechanism 

hFip1 Fip1p CPSF 
 

Necessary for polyadenylation 

CstF77 Rna14 CstF Scaffolding protein, bridges CstF with CPSF 

CstF64 Rna15 CstF Recognizes G/U-rich DSE sequences 

CstF50 Unknown CstF Recruits BARD1/BRCA1 to 3’-end assembly  

CFIm68 Unknown Cleavage Factor I Participates in recognition of USE with CFIm25 

CFIm25 Unknown Cleavage Factor I Primary RNA recognition protein for USE 

Pcf11 Pcf11p Cleavage Factor II Couples termination to 3’-end processing 

Clp1 Clp1p Cleavage Factor II Required for cleavage via unknown mechanism 

PAP PAP1p Associates w/CPSF Polyadenylates free 3’-OH after cleavage 
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Chapter 2 . Rtr1 is a structurally novel phosphatase that dephosphorylates tyrosine 
1 and serine 5 on the RNA Polymerase II CTD1 

 

2.1 Introduction  
	
  
The phosphorylation state of the C-terminal domain (CTD) of RNA Polymerase II (PolII) 

Rpb1 subunit controls transcription (Hsin and Manley, 2012). The CTD consists of a 

highly conserved heptapeptide (Y1S2P3T4S5P6S7) repeated between 26 times in 

Saccharomyces cerevisiae and 52 times in humans. Ser2 and Ser5 are reversibly 

phosphorylated, while the prolines are subject to cis-trans isomerization facilitated by 

isomerases such as Ess1 (Kubicek et al., 2012; Meinhart et al., 2005; Morris et al., 1999; 

Xiang et al., 2010; Zhang et al., 2012). In addition, the Tyr1, Thr4 and Ser7 residues can 

also be phosphorylated, although the impact and scope of these modifications is less well 

understood (Chapman et al., 2007; Hsin et al., 2011; Mayer et al., 2012). The dynamic 

combination of post-translational modifications constitutes a ‘CTD code’ which helps 

recruit or activate various factors to the polymerase during the transcription cycle 

(Buratowski, 2003, 2009; Schwer and Shuman, 2011).  

High levels of phosphorylation of Ser5 (Ser5P) on the CTD occur at or near the 

promoter and help recruit mRNA capping and transcription elongation factors (Ghosh et 

al., 2011; Komarnitsky et al., 2000; Mayer et al., 2010). This modification can also act as 

a signal for the snoRNA/snRNA termination pathway via the Nrd1-Nab3-Sen1 complex 
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  The contents of this chapter are currently under review for publication in Cell Reports 
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Rtr1 is a dual specificity phosphatase that dephosphorylates Tyr1 and Ser5 on the RNA Polymerase 

II CTD 
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in yeasts (Vasiljeva et al., 2008). Ser5P is progressively dephosphorylated as the 

polymerase progresses into the elongation and termination phases of transcription. In 

contrast, Ser2 phosphorylation (Ser2P) levels are low at the start of transcription and 

increase as the polymerase moves along a gene, peaking near the 3’ end of genes, where 

this modification signals the recruitment and/or activation of transcription termination 

factors (Ahn et al., 2004; Gu et al., 2013; Lunde et al., 2010). 

Multiple Ser2/5 kinases and phosphatases have been identified (Hsin and Manley, 

2012), but the identity of the phosphatase responsible for the critical transition from 

Ser5P to Ser2P during transcriptional elongation remains unclear. Yeast Rtr1 was 

recently proposed to be the Ser5P phosphatase responsible for this transition (Mosley et 

al., 2009), a hypothesis further supported by the independent observation that its human 

orthologue (RPAP2) has phosphatase activity with identical selectivity profile: active on 

Ser5P, but not upon Ser2P nor Ser7P (Egloff et al., 2012; Mosley et al., 2009). However, 

this attribution was negated by the lack of in vitro phosphatase activity in Kluyveromyces 

lactis Rtr1, whose crystal structure also failed to reveal a canonical active site observed in 

other phosphatases (Xiang et al., 2012). It was proposed that the phosphatase activity 

detected for Rtr1 might arise from the co-purification of an E.coli phosphatase enzyme, 

although it would appear unlikely that the accidental presence of a recombinant protein 

from bacterial sources would yield an enzyme that selectively dephosphorylates a 

substrate without equivalents in bacteria. 

Here I resolve this controversy by reporting that Rtr1 is active as a phosphatase 

and that its enzymatic activity is functional: mutation in a single absolutely conserved 

residue that significantly reduces catalytic activity in vitro also abolishes its function in 
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vivo. My collaborators and I further show that Rtr1 can target and dephosphorylate PolII 

CTD repeats carrying both Ser5P and the newly described anti-termination Tyr1 

phosphorylation marker, providing additional evidence that Rtr1 is the phosphatase that 

promotes the transition from initiation to the elongation and termination phases of 

transcription. 

	
  

2.2 Results 

2.2.1 Rtr1 is a phosphatase 

I independently determined the crystal structure of the K.lactis Rtr1 (KlRtr1) NTD 

(amino acids 1-156, Table 2.1), which is nearly identical to the previously determined 

structure (Xiang et al., 2012)  (Cα RMSD = 0.35Å) (Fig. 2.1). Purification of the full-

length KlRtr1 protein using standard protocols (Fig. 2.2A, upper flow) resulted in 

preparations that lacked activity when assayed against both phosphorylated GST-CTD 

(data not shown) and the acid phosphatase substrate 6,8-difluoro-4-methylumbelliferyl 

phosphate (DiFMUP) (Fig. 2.2B), a classical phosphatase substrate. However, a closer 

examination of purification protocols in light of reports that some phosphatases are 

inhibited by very low concentrations of divalent metal ions (Wilson et al., 2012), 

prompted us to consider the possibility that activity was abolished by an inhibitory metal. 

Thus, I re-purified the KlRtr1 protein with one additional step: washing the protein with 

EDTA prior to the final gel filtration step (Fig. 2.2A, lower flow). This EDTA-treated 

protein exhibited robust activity against the phosphatase substrate (Fig. 2.2B) and the 

GST-CTD (see below). Structures solved with preparations from both purification 
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methods still contain zinc bound by the CCCH zinc finger, implying that Rtr1 retains zinc 

in a manner that is inaccessible to EDTA.  

Mass spectrometry did not reveal the presence of any other co-purified protein in 

our preparations, but very low levels of contamination cannot be ruled out, leaving open 

the possibility that phosphatase activity could arise from an E.coli protein (Xiang et al., 

2012). To demonstrate that catalytic activity resides in Rtr1, I introduced point mutants 

within highly conserved residues, including the zinc finger motif. Mutations of the 

conserved Cys residues resulted in obviously inactive, insoluble unfolded proteins, 

consistent with the critical role of zinc coordination in protein folding. More revealing, a 

conservative mutation of the strictly conserved Glu66 (Fig. 2.2C) to Gln along helix 4 of 

Rtr1 produced soluble folded protein with significantly reduced activity against DiFMUP 

(Fig. 2.2B). The loss of activity following a structurally conservative Glu-Gln 

substitution conclusively demonstrates that the enzymatic activity originates with Rtr1 

and not from co-purified contaminants. 

To investigate whether the phosphatase activity of Rtr1 is functionally important 

in cells, my collaborators introduced these mutants into yeast in vivo. While Rtr1 is not 

an essential gene, cells lacking folded Rtr1 (Fig. 2.3, Cys mutants) grow poorly at 37oC 

under stress in the presence of formamide (Gibney et al., 2008). Strikingly, cells bearing 

the E66A mutant behave similarly to the Cys mutants. Thus, abrogating the enzymatic 

activity of the protein by a single amino acid change leads to a functional defect 

comparable to that observed with an obviously non-functional misfolded protein. 

The enzymatic activity is sensitive to specific phosphatase inhibitors. The 

classical competitive phosphatase inhibitor orthovanadate inhibited Rtr1 with an 
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inhibition constant Ki of approximately 0.8µM (Fig. 2.4A). However, when I performed 

the same experiment using another phosphatase inhibitor, β-glycerophosphate (BGP), I 

observed no inhibitory activity at comparable concentrations. Exhaustive efforts to soak 

or co-crystallize a wide range of known phosphatase inhibitors and/or peptides to obtain 

an enzyme:substrate complex were unsuccessful. Since a simple treatment with EDTA 

yielded an active protein, it suggested to me that Rtr1 was likely pulling down an 

inhibitory divalent metal during purification. I performed the assay in the presence of 

Mg, Ni and Ca (Fig. 2.4B), common divalent cations often found in biological systems, 

to identify a possible metal inhibitor. However, none had an effect on the activity of the 

protein and the molecular basis of Rtr1’s inhibition remains unknown.  

I conclude that Rtr1 is an active phosphatase, which is unrelated structurally to 

other known such enzymes, and that the function of the protein in vivo is directly related 

to its enzymatic activity.  

	
  	
  

2.2.2 The phosphatase activity resides within the conserved N-terminal domain and 
is regulated by the C-terminal region 

Rtr1 is a highly conserved protein in all eukaryotes, even if it is a nonessential gene 

(Gibney et al., 2008). Based on the crystal structure and the sequence information, yeast 

Rtr1 proteins can be divided into a highly conserved N-terminal domain (NTD) of 

approximately 150 residues and a less conserved region in its C-terminus, referred to as 

the C-terminal region (CTR) (Fig. 2.5A). Metazoan Rtr1 proteins (RPAP2) tend to be 

much larger proteins of approximately 600 residues, with the only significant 

conservation found within the NTD. 
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Given that the crystal structure of the most conserved domain revealed no putative 

active site, and that activity was greatly weakened by a single point mutant, I considered 

the possibility that activity could originate at the interface between the two domains. I 

thus divided KlRtr1 into two halves, purified the constructs, and assayed their activities. 

The CTR exhibited no activity above background, while both NTD and full protein had 

robust activity and similar affinities for the substrate (Table 2.2). Interestingly, the NTD 

exhibited a nearly 30% increase in Vmax relative to the full protein (Fig. 2.5B), suggesting 

that the CTR regulates enzymatic activity via an allosteric mechanism. Thus, phosphatase 

activity resides completely within the conserved NTD, which constitutes a new structure 

for such enzymes.  

 Based on this allosteric inhibition of the NTD by the CTR, I asked if the 

previously observed inhibition observed during purification is alleviated with the deletion 

of the CTR. I thus purified the NTD using both purification methods as illustrated in Fig. 

2.2A and measured its kinetics against DiFMUP. KlRtr1 NTD purified using either 

method yielded active protein with similar kinetic parameters against the substrate (Fig. 

2.5C). I hypothesize, based on these observations that CTR inactivation of the 

phosphatase activity is due to the presence of a divalent metal “gluing” the CTR into a 

conformation that inactivates the NTD.  

	
   	
  	
  

2.2.3 Allosteric auto-inhibition confines the active site 

I was unable to crystallize the complete K.lactis Rtr1 protein, and NMR analysis by my 

colleague on S.cerevisiae Rtr1 (ScRtr1) yields spectra of mixed quality. Peaks from the 

NTD are well dispersed, as expected for a domain with a well-defined fold, while peaks 
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originating from the CTR cluster within a narrow spectral region (8-8.5 ppm) and are 

more intense, suggesting that this region of the protein is only partially structured (Fig. 

2.6A). Backbone dynamics as measured by NMR also indicate that the CTR is partially 

structured, with the extreme C-terminus displaying great flexibility (Fig. 2.6B). 

Unambiguous NOEs were nonetheless observed between residues belonging to the CTR 

and the NTD (Fig. 2.7A, left), indicating an interaction between these two regions. 

Significantly, the residues contacted by the CTR occur near the zinc finger on the “back” 

face of the protein (Fig. 2.7A, right), on the opposite side of the invariant Glu66 residue 

that drastically reduces activity (Fig. 2.2B, Fig. 2.3 and Fig. 2.7A, right). Furthermore, in 

a partially refined NMR structure of the complete ScRtr1 protein, the CTR assumes a 

position on the back face of the NTD, occupying a large portion on the back face of the 

NTD (Fig. 2.7B). However, since kinetic data from Fig. 2.5B suggest that the CTR is an 

allosteric noncompetitive regulator of NTD activity the active site of Rtr1 cannot reside 

on this back face of the protein. Due to the NMR data having been collected on an 

inactive sample, and my kinetic experiments from Fig. 2.5C, these data together suggest 

that the conformation of the CTR shown in the NMR structure reflects an inactive form 

of the protein. Likely the contaminating metal helps stabilize the CTR in this 

conformation, locking Rtr1 into an inactive state.  

Sequence alignment of Rtr1 (Fig. 2.8A) reveals an invariant (in yeasts) glutamate 

(KlRtr1 Glu197) near the extreme C-terminus of the enzyme, as well as a number of 

highly conserved residues surrounding this glutamate. Several of these conserved 

residues display NOE connectivies to the NTD (Fig. 2.7A, left). Given its invariance and 

structural connectivity to a key structural element in the NTD, I hypothesized that this 
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conserved residue of the protein regulates enzyme activity. When Glu197 was 

conservatively mutated to Gln, we observed an increase in Kcat relative to the wild type 

full-length enzyme. Comparison of the kinetic parameters of this mutant with the NTD 

construct shows a similar Vmax/Kcat, suggesting abrogation of allosteric auto regulation by 

mutation of a single conserved glutamate (Fig. 2.8B, Table 2.2). 

I also crystallized and solved the structure of full-length ScRtr1, although to a 

much lower resolution compared to KlRtr1’s NTD (~4Å) (Table 2.1). The low resolution 

structure revealed no additional electron density for the CTR aside from a single helix 

stabilized by packing interactions. While the Sc NTD structure is nearly identical to the 

K.lactis protein, I observed very clear features of a loop (residues ~70-100) in the low-

resolution electron density map of ScRtr1 (Fig. 2.9A), not seen in the crystal structure of 

the KlRtr1 NTD. Backbone dynamics conducted by NMR relaxation methods confirmed 

that the loop is flexible (Figure 2.6B). This loop is stabilized by a packing interaction 

with a neighboring molecule in the crystal (Fig. 2.9A) and forms a V-shaped crevasse 

with helices 4 (including Glu66) and 5, potentially forming a structurally dynamic active 

site.  

 To investigate the role of this loop in enzymatic activity, I introduced a series of 

internal deletions in this loop in our KlRtr1 NTD construct to assay for activity. Assays 

of NTDΔ90-99 show a near 40% drop in Vmax; an even larger deletion (NTDΔ85-99) 

shows a more significant decrease in Vmax (near 70%) (Fig. 2.9B). Gel filtration of these 

constructs show elution volumes similar to that of the wildtype NTD, suggesting that 

deletion of this loop did not affect the folding of this domain (data not shown), and that 

the abrogation of activity is solely attributed to the loss of the loop. The decrease in Vmax, 
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also suggest that the shape of the active site has been altered by our loop deletions, 

resulting in a loss of overall catalytic activity. 

To summarize (Figure 2.9C), the noncompetitive nature of the regulation of the 

NTD suggests that the CTR does not mask the active site. Given the CTR’s connection 

with the NTD via the back side of the domain, and an activity-disrupting mutant on the 

opposite side next to this conserved loop, I conclude that the active site is located within 

the front side of this protein near this loop. 

	
  

2.2.4 Rtr1 targets both Ser5P and Tyr1P for dephosphorylation 

In order to establish the specificity of purified KlRtr1 protein on the CTD, my 

collaborators carried out phosphatase assays using GST-CTD phosphorylated with 

purified TFIIH (Fig. 2.10A). KlRtr1 dephosphorylates Ser5P but not Ser2P and Ser7P. 

Quantitation of the signals from the blots clearly shows robust dephosphorylation of 

Ser5P with increasing enzyme (Fig. 2.10B). 

 Recent work identified Tyr1 phosphorylation within the S.cerevisiae CTD as an 

anti-termination marker (Mayer et al., 2012). Namely, chromatin immunoprecipitation 

profiles of Tyr1P show an enrichment of the phospho-marker during the elongation phase 

of transcription, in agreement with its putative role in preventing the premature 

recruitment of transcription termination factors. Given the role of Rtr1 in 

dephosphorylating Ser5P during transcription to generate the predominant Ser2P form 

observed in late phases of transcription, we wondered whether Rtr1 would 

dephosphorylate Tyr1P as well.  
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 The kinase activity of TFIIH is only weakly active on tyrosines in vitro (Fig. 

2.10A, lower left panels). Thus, we used Abl kinase and TFIIH together to effectively 

phosphorylate serines and tyrosines on the CTD in vitro (Baskaran et al., 1997). We then 

assayed the resulting modified polypeptide with an anti-Tyr1P antibody (Chromotek) in 

parallel with the other phospho-specific antibodies. As shown in Fig. 2.10A, Rtr1 

dephosphorylates Tyr1P as well: the signal for the Tyr1P-specific antibody decreases 

with increasing amounts of Rtr1. The presence of the Tyr1P marker does not disrupt the 

ability of the enzyme to dephosphorylate Ser5P (Fig. 2.10A,B), since quantitation shows 

that dephosphorylation is comparable for Tyr1 and Ser5, but the signals for Ser2P and 

Ser7P remain constant after Rtr1 treatment. In addition to highlighting a new and 

unexpected phosphatase specificity, this result suggests that Rtr1 does not recognize and 

bind to the CTD like other well-characterized CTD-interacting proteins, which are 

repelled by the presence of the Tyr1P marker (Mayer et al., 2012).  

 Finally, I tested the ability of Rtr1 to dephosphorylate CTD peptide mimics to 

quantify its activity against near-native substrates using commercially available calf 

intestinal phosphatase (CIP) as a positive control. Surprisingly, Rtr1 could not 

dephosphorylate a 10-mer Ser5P peptide, nor a four repeat CTD (Ser5P) peptide, or a 

Tyr1P-containing peptide even at high concentrations of enzyme (20µM). As a positive 

control, peptides treated with CIP showed robust phosphate release after reaction 

termination by the addition of malachite green (Fig. 2.10C). The activity of Ssu72 is 

stimulated by the Pro cis-trans isomerase Ess1 (Werner-Allen et al., 2011; Xiang et al., 

2010), but addition of Ess1 did not stimulate Rtr1 to dephosphorylate the Ser5P peptides 

either (data not shown). These results are in apparent contrast with the data on the 
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complete CTD and raise two non-mutually exclusive explanations: either the enzyme is 

highly processive and only act on multiple repeats, or a specific combination of phospho-

markers are needed for Rtr1 to recognize its substrate, which can only be achieved 

combinatorially on a long enough polypeptide to present the relevant marker.  

	
  

2.3 Discussion 
	
  
The interplay of kinases and phosphatases that act upon the C-terminal domain of RNA 

PolII regulates and times the synthesis and biogenesis of cellular RNAs. However, the 

critical transition phosphatase that removes the Ser5P marker and shift the polymerase to 

the elongation and termination mode remains to be firmly established. Rtr1 (RPAP2 in 

vertebrates), a highly conserved protein in all eukaryotes, was proposed to be such a 

phosphatase in two independent studies showing that Rtr1 in both yeasts and vertebrates 

can specifically dephosphorylate the CTD Ser5P (Egloff et al., 2012; Mosley et al., 

2009), but this conclusion was negated by the report that a highly purified, crystallized K. 

lactis Rtr1 was inactive (Xiang et al., 2012). I demonstrate here conclusively that Rtr1 is 

a phosphatase of new structure and attribute previous results on the lack of enzymatic 

activity to the absence of EDTA in the purification protocol, which resulted in an inactive 

protein (Fig. 2.2A,B). I further show that the phosphatase activity of Rtr1 is functionally 

important. Mutation of the absolutely conserved Glu66 to Gln reduces catalytic activity 

significantly and leads to the same phenotype in vivo observed for mutations of the zinc 

coordinating Cys residues (Fig. 2.3), which generate an unfolded, obviously non-

functional protein.  
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The use of EDTA during purification was understandably overlooked because 

Rtr1 requires a single structural zinc ion to maintain its fold. However, Rtr1 maintains its 

hold on the structural zinc ion, once expressed, even in the presence of high 

concentrations of chelating agents, and in my hands required no additional zinc to be 

added to the growth media, or purification solutions (Xiang et al., 2012). While I was 

able to crystallize and obtain crystals of full length protein that diffracted to 4Å, I did not 

identify an obvious contaminating metal, likely due to the low resolution. 

Rtr1 displays linear rates of product formation over a one hour time course as 

assayed by both fluorescence (observation of product), or malachite green (observation of 

phosphate release) and is inhibited specifically by a classical phosphatase inhibitor. 

However, it is an inefficient enzyme when compared with other Ser5P phosphatases, such 

as Ssu72 and Scp1 (Zhang et al., 2006, 2011). Even when compared to the Ser2P 

phosphatase Fcp1 (Hausmann and Shuman, 2002), the slowest known CTD phosphatase, 

Rtr1 is nearly 400 times slower, at about 1x10-3 s-1 in vitro against DiFMUP. The poor 

turnover rate of Rtr1 is likely a reflection of its structure, which lacks a well-defined 

pocket or groove to serve as an active site. I provide this conjecture also as an 

explanation for my inability to crystallize an enzyme-inhibitor complex despite 

exhaustive attempts. 

Why would nature choose such a slow and inefficient enzyme as the Ser5 

transition phosphatase? ChIP data show that Rtr1 associates with PolII at the start of 

transcription and enrichment gradually declines as Ser5P levels decline as well (Mosley 

et al., 2009). Data on the recruitment of human Rtr1 also suggest that the enzyme is 

recruited during the assembly of PolII in the nucleus (Forget et al., 2013). I hypothesize 
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that the premature dephosphorylation of Ser5P by an efficient enzyme would prevent 

recruitment of the mRNA capping machinery, a critical modification for mRNAs 

(Rodriguez et al., 2000; Schwer and Shuman, 2011), and/or favor premature termination. 

Rtr1 could be made more active as transcription progresses by an effector signal via post-

translational modifications, interactions with RNA PolII, or an as yet identified protein 

partner(s).  

Kinetic measurements revealed an allosteric auto-inhibitory function for the 

partially conserved CTR of Rtr1, mediated by a conserved glutamate located near the C-

terminus of the protein and by nearby residues. Mutation of this single residue alleviated 

the partial inhibition of Rtr1 (Fig. 2.8B). While suppression of enzymatic activity is only 

~30%, this observation is consistent with the hypothesis that Rtr1 has naturally evolved 

to be a kinetically slow enzyme to control the timing of Ser5 dephosphorylation. In my in 

vitro characterization, I cannot rule out that Rtr1’s inhibition by a divalent metal is not 

reflective of a native state where a regulatory mechanism is in place to activate the 

protein by removing the inhibitory metal.  

 My collaborators and I also observe that Rtr1 is a dual specificity phosphatase, 

which acts not only on Ser5P but on Tyr1P, a new anti-termination marker (Mayer et al., 

2012) which has until now not been associated with a known phosphatase that would 

erase it as transcription progresses. The activity towards Tyr1P is specific: similar levels 

of dephosphorylation were observed for both Tyr1P and Ser5P, while levels of Ser2P and 

Ser7P were not affected at all (Fig. 2.10A,B). Interestingly, ChIP data show that the 

levels of Rtr1 do not decrease until the end of transcription (Mosley et al., 2009), in 

coincidence with the decline of the Tyr1P marker (Mayer et al., 2012).  
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Rtr1 is active on long CTD repeats, but it displays no activity towards synthetic 

CTD phosphopeptide mimics up to four repeats, phosphorylated on either Tyr1, Ser2 

and/or Ser5 (Fig. 2.10C). This activity is not stimulated by Ess1 either, suggesting that 

Rtr1 does not require a cis proline conformation for dephosphorylation (data not shown). 

The poor rate of catalysis, as well as the difference in lengths and phosphorylation 

patterns of long GST-CTD substrates compared to well defined synthetic peptides, 

suggest that the activity of Rtr1 is stimulated by an as of yet undetermined 

phosphorylation pattern. Perhaps Rtr1 requires highly phosphorylated repeats such as 

those generated by our in vitro kinase assays in which Ser2, Ser5, Ser7, and Tyr1 were 

phosphorylated in a likely mix of combinations in vitro. This hypothesis is supported by 

studies on RPAP2 that suggest that Ser7 phosphorylation is required for RPAP2 activity 

(Egloff et al., 2012) and studies on Rtr1 that show interaction with both the Ser5 and Ser2 

forms of PolII (Mosley et al., 2013). During the elongation phase of transcription, the 

CTD is heavily modified, with Ser2/5 and Tyr1 as known phospho-markers, and potential 

marks at Thr4 and Ser7 as well. Overlapping phospho-marks between neighboring 

repeats can also specify a recruitment signal for CTD interacting proteins (Egloff et al., 

2010). In addition, Rtr1 could be a processive enzyme with significant activity over 

longer phosphorylated substrates. 

I propose a model in which Rtr1 is recruited to PolII during assembly of the 

polymerase (Forget et al., 2013). Due to its slow kinetics and inability to dephosphorylate 

isolated Tyr1 and Ser5 phospho-marks, Rtr1 remains largely inactive during 

transcriptional initiation, capping and promoter clearance (Fig. 2.11 top). As the 

polymerase shifts fully into processive elongation and additional phospho-markers are 
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deposited along the CTD, Rtr1 is activated via a specific but unknown ‘CTD code’ and 

more efficiently removes the Tyr1 and Ser5 markers, progressively setting the 

polymerase into the transcription termination mode (Fig. 2.11 bottom). This model does 

not rule out additional factors that could stimulate Rtr1 either by direct binding or post 

translational modifications. Future work will be needed to systematically identify the 

exact CTD substrate recognized and dephosphorylated by Rtr1. 

In conclusion, the data presented here demonstrate that Rtr1 is a phosphatase of 

novel structure that removes the Tyr1P and Ser5P markers from the PolII CTD, albeit 

inefficiently. Thus, it is the phosphatase responsible for the transition to the elongation 

and termination phase of transcription. Future work will be needed to elucidate its exact 

CTD substrate, as well as its catalytic mechanism, which may be distinct from that of 

known phosphatases to which Rtr1 bears no structural homology. 

	
  

2.4 Materials and methods 

2.4.1 Protein expression and purification  

Saccharomyces cerevisiae (Sc) and Kluoverymyces lactis (Kl) Rtr1 proteins were cloned 

into a modified pET-28a (Novagen) vector with a Protein G B1 domain (GB1) fused to 

the N-terminus to facilitate expression. Plasmids encoding the gene were transformed 

into Rosetta DE3 E.coli, shaken at 37oC until induction with IPTG and expressed 

overnight at 18oC. Cells were harvested the next morning and resuspended in lysis buffer 

(50mM HEPES pH7.5, 200mM NaCl, 30mM imidazole, 5mM βME), lysed by sonication 

and cleared by high-speed centrifugation. Lysate was applied to a HisTrap column (GE 

Healthcare) equilibrated in lysis buffer. Bound protein was eluted from the column by a 
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linear gradient against elution buffer (lysis buffer + 500mM imidazole). Protein-

containing fractions were pooled and placed into dialysis buffer (20mM HEPES pH7.5, 

100mM NaCl, 5mM βME); TEV protease was incubated overnight to remove the His-

GB1 tag.  

Dialyzed material was collected and re-applied to a HisTrap column equilibrated 

in dialysis buffer to remove the tag, TEV protease, and any uncleaved protein. Prior to 

applying the protein to the gel filtration column, 10mM EDTA was added to the protein 

to remove any residual divalent metals that may have co-purified with the protein. After 

incubation with EDTA, the protein was applied to a Superdex 75 (GE Healthcare) 

equilibrated in storage buffer (dialysis buffer but 5mM DTT substituted the βME). The 

protein eluted at a volume consistent with a monomer. Protein-containing fractions were 

concentrated to 10-20mg/mL and flash frozen using liquid nitrogen. For the KlRtr1 1-156 

(NTD) construct, the protein was only concentrated to ~2mg/mL, due to more limited 

solubility before storage. 

	
  	
  

2.4.2 Site directed mutagenesis 

Point mutants were generated using the QuikChange kit (Stratagene). All mutants were 

verified by sequencing. Expression and purification of the mutants were done exactly as 

for the wild type protein. 

	
  	
  

2.4.3 NMR sample preparation and experiments 

NMR samples were prepared by growing Rosetta DE3 transformed with ScRtr1 in M9 

minimal media supplemented with 0.5 g/L 15NH4Cl, 2 g/L 13C-glucose and 0-100% D2O 
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(Sigma-Aldrich) as needed. Selective methyl labeling of ILV residues was done as 

described(Rosen et al., 1996). Samples were purified as described above, but the final 

storage buffer was different (20mM Bistris pH6.5, 50mM NaCl, 2mM DTT).  

NMR spectra were recorded at 298K on Bruker Avance 600 and Avance 800 

spectrometers equipped with triple-resonance cryoprobes and pulse field gradients. Data 

were processed with NMRpipe (Delaglio et al., 1995) and analyzed with 

CCPNMR(Vranken et al., 2005). Rtr1 backbone assignments were obtained using 

TROSY, trHNCA, trHN(CO)CA, trHN(CO)CACB, trHNCACB, trHNCO and 

trHN(CA)CO spectra on a 15N, 13C, 2H labeled protein in 90% H2O, 10%D2O. Methyl 

assignments of Ile, Leu and Val were obtained using (H)CC(CO)NH and H(CC)(CO)NH 

spectra recorded on perdeuterated Rtr1 retaining 1H, 13C labels at the Ile, Leu, and Val 

methyl positions. 

	
  	
  

2.4.4 Crystallization, data collection, structure determination and refinement 

Initial crystals of KlRtr1 were obtained by adding trypsin (Sigma) to full-length protein at 

a ratio of 1:10000 w/w and incubating for 30 minutes at room temperature prior to setting 

up drops. Crystals were obtained by hanging drop by mixing one volume of sample with 

an equal volume of precipitant (0.1M Bicine pH8.5, 10-20% MPD) at 4oC. Crystals 

appeared in ~2 days and matured to final size after a week. Crystals were cryoprotected 

by mother liquor supplemented with 30% MPD, flash frozen in liquid nitrogen and 

harvested for data collection.  

All datasets were collected at the Advanced Light Source at the Lawrence 

Berkeley National Laboratory at beam lines BL5.0.1, 5.0.2 and 5.0.3. Datasets were 
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indexed, integrated, and scaled with the HKL2000 package (Otwinowski and Minor, 

1997). Initial phases were determined from a SAD dataset using a single SeMet 

derivatized crystal. The SAD dataset was collected at BL5.0.1 at a wavelength of 0.98Å 

and phases were determined by the Solve/Resolve program (Terwilliger and Berendzen, 

1999). Initial model building and refinement were done by Coot and CNS (Brünger et al., 

1998; Emsley and Cowtan, 2004).  

 Using the initial model as a template, we re-crystallized KlRtr1 NTD in similar 

conditions and obtained phases using the SeMet model as a molecular replacement 

solution. Final model building and refinement were done on this construct using Coot and 

Refmac5 as part of the CCP4 package (Winn et al., 2011). The final model had 97.8% of 

all residues in the favored region of the Ramachandran plot, and 2.2% in the allowed 

region.  

 Crystals of full length ScRtr1 were obtained using one volume of reductively 

methylated protein (Walter et al., 2006) with one volume of precipitant (0.04M Bicine 

pH8.5, 150mM LiCl, 20mM hexammine cobalt(III) chloride, 22-30% MPD). Crystals 

were cryoprotected with mother liquor +35% MPD and flash frozen in liquid nitrogen 

prior to data collection. The best crystals diffracted to 4Å at the Advanced Light Source. 

Phases were obtained by molecular replacement using our KlRtr1 NTD structure as a 

search model. 

	
  

2.4.5 Phosphatase assays 

Steady state kinetic assays were performed with varying concentrations of DiFMUP (Life 

Technologies) and 10µM KlRtr1 (various constructs as described in the text) in 50mM 
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MES, pH 5.5 at 30oC. Monitoring of product formation was observed by either extracting 

aliquots of the phosphatase reaction at fixed time points and quenching with Biomol 

Green reagent (Enzo Sciences), or by continuous observation of fluorescence emission 

spectra at a wavelength of 450nm. Product formation/phosphate release was determined 

by comparison against a standard curve of either DiFMU or phosphate. Data were 

analyzed and fit to the Michaelis-Menten equation using GraphPad Prism.  

Assays using CTD peptides (Genscript) were done with 2mM peptide in 50mM 

MES at pH5.5, with varying concentrations of KlRtr1 at 30oC for 1 hour before 

quenching with Biomol Green. Calf intestinal phosphatase (New England Biolabs) was 

used as a positive control. Background was determined by performing reactions using 

inactive KlRtr1 purified via the upper scheme diagrammed in Fig. 2.2A 

IC50 experiments were performed using sodium orthovanadate (New England 

Biolabs) and β-glycerophosphate (Sigma-Aldrich) as inhibitors. Data were plotted and 

analyzed using GraphPad Prism. Inhibition constants (Ki) were determined by converting 

IC50 values using the Cheng-Prusoff equation. 

	
  

2.4.6 In vivo experiments  

All yeast strains used in this study were derived from BY4741.  To create Rtr1 mutant 

strains, a RTR1 fragment (-266 to +678) was amplified from BY4741 yeast genomic 

DNA and cloned into the Nco I site of pBS1539 to create RTR1-TAP (Puig et al., 2001). 

Mutant plasmids were created by site directed mutagenesis using a Quickchange 

lightning kit according to the manufacturer’s instructions (Agilent). All resulting 

plasmids were verified by DNA sequencing. Yeast strains were created by transforming 
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BY4741 with a PCR product amplified from wild type or mutant RTR1-TAP plasmids 

and selecting transformants on complete synthetic media lacking uracyl.  Expression of 

the mutant constructs was confirmed by western blotting.  For the growth assays, 5-fold 

serial dilutions of yeast were spotted on YPD or YPD + 2% formamide as previously 

described (Gibney et al., 2008).  

	
  

2.4.7 GST-CTD phosphatase reactions  

GST-CTD phosphatase reactions were performed as previously described (Mosley et al., 

2009). Briefly, purified recombinant GST-CTD was phosphorylated in vitro by TFIIH 

and/or Abl kinase in the presence of ATP.  Unreacted ATP was removed by gel filtration.  

For each phosphatase reaction, approximately 5pmol of modified GST-CTD was used as 

a substrate in the presence of increasing concentrations of KlRtr1 as indicated.  Reactions 

were quenched with 2X SDS-PAGE loading buffer followed by western blot analysis 

using the CTD phosphorylation antibodies described above. 
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Figure 2.1 Crystal structure of K.lactis Rtr1 NTD 
The crystal structure of our independently determined KlRtr1 NTD is shown on the left 
(cyan). The dotted line outlines a missing loop unseen in the electron density maps. A 
single zinc ion (grey sphere, both structures) is coordinated by a unique CCCH zinc 
finger. The previously reported crystal structure KlRtr1’s NTD (PDB 4FC8) is shown on 
the right (yellow) and an overlay of both crystal structures is shown in the center.  
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Figure 2.2 Rtr1 is an active phosphatase 

A) Purification scheme adopted in this study to obtain active recombinant Rtr1 
expressed in E.coli. The determining step in the purification necessary to obtain 
active enzyme is highlighted in red.  

B) Steady state phosphatase assays (n = 3) (with DiFMUP substrate) performed 
using KlRtr1 proteins (10µM) obtained from both purification schemes, as 
diagrammed in part A (+EDTA in black, -EDTA in red), and the E66Q mutant 
(blue)   

C) Sequence alignment of Rtr1 (numbering based on K.lactis) across yeasts and 
vertebrates highlighting the strictly conserved Glu66 residue (asterisked). 
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Figure 2.3 Disruption of phosphatase activity results in an observable phenotype 
Fitness of four mutants (E66A, C73A, C78A, C112A) and of WT ScRtr1 grown under 
permissive and elevated temperatures, both in the presence and absence of formamide to 
induce stress. The phenotypes observed with a single mutant that reduces catalytic 
activity are comparable to those observed when the protein is unfolded by disrupting the 
zinc finger.  
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Figure 2.4 Rtr1 is inhibited by traditional phosphatase inhibitors 

A) Inhibition experiments (n = 3) performed using 10µM KlRtr1 and 1mM DiFMUP 
against two traditional competitive phosphatase inhibitors (vanadate in blue, BGP 
in red). The Ki of vanadate against KlRtr1 is approximately 0.8µM.  

B) Activity of KlRtr1 in the presence of divalent metal ions (n = 3) (10mM). Percent 
activities were normalized against reactions performed with buffer. 
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Figure 2.5 The N-terminal domain of Rtr1 is the functional phosphatase domain 

A) Domain breakdown of Rtr1 in yeasts and vertebrates. Yeast Rtr1 proteins are 
smaller proteins with conserved N-terminal (NTD) and C-terminal domains 
(CTR). Vertebrate Rtr1 (RPAP2) proteins are typically larger with the only 
conservation to yeast Rtr1 proteins found within the NTD.  

B) Steady state phosphatase assays (n = 3) of KlRtr1 against DiFMUP for full length 
(black), NTD (blue), and CTR (red) (10µM protein, all constructs).   

C) Steady state phosphatase assays (n =3) of KlRtr1 NTD purified using methods 
outlined in Fig. 2.2A against DiFMUP (+EDTA in blue, -EDTA in red). 
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Figure 2.6 NMR analysis of S.cerevisiae Rtr1 

A) 1H-15N HSQC spectra of ScRtr1. The black peaks correspond to a lower contour 
level, while the red peaks correspond to a much higher contour level. Partial 
assignments are shown on the spectra. The window highlights the more intense C-
terminal peaks of ScRtr1.   

B) Backbone dynamics of ScRtr1 as observed by measuring (1H-15N) heteroNOE 
(Nuclear Overhauser Effect). The dip for residues 75-100 indicates increased 
mobility for a potentially critical flexible loop disordered in the crystal structure 
of the K.lactis protein (see Fig. 2.1).   
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Figure 2.7 The CTR is positioned on the back side of the Rtr1 phosphatase domain 

A) NOE connectivities between residues in the CTR of ScRtr1 to residues in the 
NTD (left panel). The equivalent residues within the NTD that the CTR makes 
contacts with are highlighted in orange on the crystal structure of the K.lactis 
protein. The invariant Glu66 residue is highlighted in red.  

B) Crystal (left, cyan) and partially refined NMR (right, orange) structures. The NTD 
folds of both KlRtr1 and ScRtr1 are shown in cartoon form, while the CTR of 
ScRtr1 is shown as a surface diagram. The zinc ion is shown as a grey sphere and 
the side chains of the coordinating residues are shown in the KlRtr1 structure. 
Overlay of the crystal and NMR structures is shown in the center panel. The 
position of the N-terminus and flexible loop are noted on the structures. 
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Figure 2.8 A conserved glutamate modulates auto-regulation of activity 

A) Sequence alignment of Rtr1 (numbering based on K.lactis) across yeasts and 
vertebrates, focusing on the extreme C-terminus of the protein. Glu197 is 
asterisked.  

B) Steady state phosphatase assay (n = 3) against DiFMUP of KlRtr1 E197Q (red) 
compared with full length protein (black) and with the NTD phosphatase domain 
(blue).  
 

 

 

 



	
   71 

 

Figure 2.9 A dynamic loop helps define a potentially cryptic active site on Rtr1 
A) 4Å Fo-Fc map of ScRtr1 contoured at 2.5σ, displaying a flexible loop 

(approximately aa 75-100) between helices 4 and 5 in the NTD not seen in the 
KlRtr1 crystal structure, but stabilized in the ScRtr1 structure by a packing 
interaction with a neighboring molecule.   

B) Steady state phosphatase assays (n = 3) against DiFMUP of KlRtr1 NTD with 
numerous internal deletions (black and red) compared against WT KlRtr1 NTD 
(blue). 

C) Cartoon illustration of the regulation of Rtr1 activity by its C-terminus. Zinc is 
shown as a grey sphere and the structurally dynamic loop is shown as a dashed 
line. Glu66 is denoted by a red line on the same face as the active site forming 
loop. The CTR weakly interacts with the NTD in the absence of a metal, as shown 
by the dashed lines; among interacting residues is the critical Glu197 necessary 
for regulation. 
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Figure 2.10 Rtr1 is a dual specificity phosphatase that acts on both Tyr1 and Ser5 

A) GST-CTD phosphorylated with either purified TFIIH (left) or TFIIH/Abl kinase 
(right) were used as substrates for increasing amounts of KlRtr1, then probed with 
antibodies against Ser2, Ser5, Ser7, and Tyr1. Two exposures for Tyr1 are shown 
for clarity.  

B) Quantitation of phospho-signals from the Ser5P and Tyr1P blots on GST-CTD 
modified by TFIIH or TFIIH plus Abl kinase.  

C) Activity of full length KlRtr1 against CTD peptides phosphorylated on Tyr1, 
Ser2, Ser5 and combinations of these markers, as measured by malachite green (n 
= 3). CIP was used as a positive control in all experiments. 4xSer5P denotes a 4 
repeat heptapeptide. 
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Figure 2.11 A model for Rtr1’s role in the transcription cycle 
The general transcription factor complex TFIIH phosphorylates Ser5 on the CTD at the 
start of transcription, facilitating the recruitment of mRNA capping complexes (top). As 
the polymerase moves into elongation and termination modes, the CTD is highly 
phosphorylated by multiple kinases, including an as of yet undentified Tyr1 kinase. Rtr1 
is active on repeats during the elongation phase, presumably due to a signaling 
mechanism encoded by a phosphorylation pattern in the CTD. 
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Table 2.1 Crystal data collection and refinement statistics  
 KlRtr1 SeMet KlRtr1 NTD nativea ScRtr1 full-length 
Data collection    
Space group P212121 P212121 P213 
Cell dimensions      
    a, b, c (Å) 45.39, 103.35, 105.39 43.27, 88.92, 102.49 170.75, 170.75, 170.75 
    α, β, γ 	
  (°) 90, 90, 90 90, 90, 90 90, 90, 90 
Resolution (Å) 50-3.19 (3.30-3.19)b 50-2.06 (2.10-2.06) 50-4.00 (4.07-4.00) 
Rsym or Rmerge 0.097 (0.620) 0.069 (0.612) 0.101 (0.540) 
I	
  /	
  σI 25.0 (3.9) 36.2 (3.1) 24.4 (3.9) 
Completeness (%) 99.9 (100.0) 99.9 (100.0) 100.0 (100.0) 
Redundancy 13.4 (12.1) 5.6 (4.8) 11.0 (11.2) 
    
Refinement    
Resolution (Å)  44.44-2.10  
No. reflections  22581  
Rwork / Rfree  0.202/0.253  
No. atoms    
    Protein  2,355  
    Ligand/ion  2  
    Water  137  
B-factors    
    Protein  46.3  
    Ligand/ion  35.7  
    Water  64.7  
R.m.s. deviations    
    Bond lengths (Å)  0.018  
    Bond angles (°)  2.015  
a Crystals were grown from an enzymatically active protein prep. Final structure refined      
is that of an active protein.  
b Values in parentheses indicate highest-resolution shell.  
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Table 2.2 Steady state kinetic parameters of KlRtr1 against DiFMUP  
    (n = 3 for all experiments)  

	
  
KlRtr1 construct Km (µM) Kcat (s-1) 
Wild-type full length 587 ± 70 0.0010 ± 0.00003 

 
Wild-type NTD 694 ± 74 

 
0.0015 ± 0.00005 

CTR Not detectable 
 

Not detectable 
 

Full length E66Q Not detectable 
 

Not detectable 
 

Full length E197Q 529 ± 45 
 

0.0016 ± 0.00004 
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Chapter 3 . Biochemical analysis of the CstF complex reveals selective RNA binding 
modulated by complex assembly2 
	
  
 
3.1 Introduction 
	
  
Cleavage and polyadenylation (3’-end processing) at the 3’-end of genes is the final step 

in the maturation of an mRNA in eukaryotes prior to packaging and export to the 

cytoplasm. This process is well conserved between yeast and humans and represents the 

final stage of quality control of the mRNA, since improperly processed transcripts are 

subject to nuclear retention and degradation. While 3’-end processing is a relatively 

simple reaction, consisting of an endonucleolytic cleavage of an RNA and subsequent 

polyadenylation at the newly formed and free 3’-OH, over a dozen proteins, assembled 

into various sub-complexes, are required to assemble to execute this reaction (reviewed 

in Mandel et al., 2008).  

 Early fractionation experiments identified three key complexes responsible for the 

recognition of key sequence elements (Takagaki et al., 1989). The Cleavage and 

Polyadenylation Factor (CPSF), comprised of five different subunits is responsible for the 

recognition of the universal metazoan polyadenylation signal, AAUAAA, via CPSF160 

and is key in coordinating both cleavage and polyadenylation (Dichtl et al., 2002; 

Kaufmann et al., 2004; Murthy and Manley, 1995). Cleavage Factor I (CFIm) recognizes 

a U-rich element, upstream (USE) of the polyA site, and is comprised of both a 68kDa 

and 25kDa subunit organized into a heterotetrameric complex (Li et al., 2011; 

Rüegsegger et al., 1996; Yang et al., 2010, 2011). Studies of CFIm have suggested that 
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the complex can recognize a strong consensus sequence of UGUA, although it can still 

accommodate other U-rich RNAs. The Cleavage Stimulatory Factor (CstF) recognizes 

the downstream sequence element (DSE), which is heavily G/U-rich in sequence, and 

plays a key role in polyA site selection. Unlike the polyA site and the USE, the DSE has 

no clear consensus sequence (Legendre and Gautheret, 2003; Salisbury et al., 2006).  

 CstF is composed of three subunits of molecular weights 77kDa, 64kDa, and 

50kDa (Fig. 3.1). The 77kDa subunit is highly conserved, with homologs found in all 

eukaryotes. Crystal structures of CstF77 show an N-terminal helical HAT (Half-a-TPR) 

domain that dimerizes strongly, and biochemical studies show an interaction between this 

domain and CPSF160, linking the two complexes together to establish a connection 

between the DSE and polyA site (Bai et al., 2007; Legrand et al., 2007). In addition, 

CstF77 has been shown to act as the primary subunit with which the other two 

components of CstF assemble (Moreno-Morcillo et al., 2011a; Takagaki and Manley, 

2000).  

 CstF64 is the primary RNA binding component of the complex, with an RNA 

recognition motif (RRM) domain found in the N-terminal ~100 residues. Both solution 

and crystallographic studies have shown that CstF64 and its yeast homolog bind RNAs 

representative of the G/U-rich DSE with weak affinity, yet high specificity, 

discriminating against adenine and cytosine nucleotides (Pancevac et al., 2010; Perez 

Canadillas and Varani, 2003; Takagaki and Manley, 1997). CstF64’s Hinge domain binds 

CstF77’s C-terminal tail in a highly intertwined fashion, suggesting the two proteins have 

evolved to be stoichiometrically related to one another (Moreno-Morcillo et al., 2011a). 

The Hinge domain is also required for the proper assembly and nuclear import of the 
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CstF complex (Hockert et al., 2010). The C-terminus of CstF64 contains a small, but 

conserved domain that is used for the recruitment of other components of the 3’ -end 

processing and termination complex (Qu et al., 2007). Like CstF77, CstF64 is also highly 

conserved, with identified homologs in all eukaryotes.  

 The smallest subunit, CstF50 has been identified only in multicellular eukaryotes, 

and currently has no known yeast homolog. CstF50 contains a predicted seven bladed 

WD40 domain that has been shown to interact with CstF77 (Takagaki and Manley, 

2000). In addition, its N-terminus contains a small dimerization domain that mediates the 

homodimerization of CstF50 (Moreno-Morcillo et al., 2011b). Its biochemical role in 3’-

end processing reactions is unclear, however, it has been suggested that CstF50 helps to 

bridge a link between the DNA damage response and 3’-end processing via its interaction 

with BARD1 (Edwards et al., 2008; Kleiman and Manley, 1999, 2001).  

 With two of the three subunits of CstF forming homodimeric associations, it has 

been suggested that CstF forms a dimer of heterotrimers (Bai et al., 2007; Legrand et al., 

2007; Moreno-Morcillo et al., 2011b). While electron microscopy (EM) of the yeast 

homolog of CstF77/64 shows a tetrameric assembly (Gordon et al., 2011; Noble et al., 

2004), no confirmation of the hexamerization of the CstF complex has been reported. 

While much has been done on the characterization of CstF64’s RNA binding properties, 

only a single study on the RNA binding properties has been performed using natively 

purified complex, which may contain heterogeneities in the form of low amounts of 

copurifying binding partners (Takagaki and Manley, 1997). I present the in vitro 

reconstitution of a minimal CstF complex from recombinant sources, and demonstrate 

that CstF is a hexameric assembly, with two copies of each subunit. Using my in vitro 
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reconstitution method, I biochemically dissect CstF and show that RNA binding is 

mediated solely by CstF64’s RRM domain, and that binding to DSE-like sequences is 

increased greatly upon complex formation.  

	
  

3.2 Results 

3.2.1 CstF can be assembled in vitro 

While the CstF complex has been purified from native sources previously (Takagaki and 

Manley, 1997; Takagaki et al., 1989, 1990), to date, no in vitro reconstitution of the 

whole complex from recombinant sources has been reported. Lack of recombinant 

complex has hampered the analysis of how this complex recognizes the conserved G/U 

rich element in 3’-end processing. I began by the design of several constructs of CstF77 

(see below) to test coexpression with CstF64. Due to no reports of function for the C-

terminal portion of CstF64, I designed constructs using only the RRM and Hinge 

domains for expression, denoted as CstF64RH (Fig. 3.1). While various coexpressed 

constructs of CstF77 and CstF64 can be readily obtained in abundance using E.coli as an 

expression organism, production of CstF50 in E.coli results in complete expression in 

inclusion bodies (data not shown).  

Thus, I used an insect cell expression strategy to obtain soluble CstF50 for use in 

assembling the CstF complex. In brief, CstF50 was expressed as a GST fusion in insect 

cells, and then the protein was bound to glutathione beads. An excess amount of purified 

CstF77/64 was then incubated with GST-CstF50 beads, washed extensively, and then the 

whole complex was eluted from beads with glutathione at once (Fig. 3.2A, lane 4). Initial 

purifications of the complex using full length human CstF77 revealed a co-purification of 
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a stoichiometric amount of an unknown protein (data not shown). Protein sequencing 

analysis of the band revealed that CstF77 experiences an extensive amount of 

degradation, particularly at its N-terminus when expressed recombinantly in E.coli, as 

shown by previous reports (Bai et al., 2007). Redesign of constructs with the N-terminal 

214 residues removed resulted in highly homogenous preparations (Fig. 3.2A), devoid of 

noticeable degradation. Removal of this domain in CstF77 did not impair binding to 

CstF50, reinforcing previous work (Takagaki and Manley, 2000) that its interactions with 

the other components of CstF are mediated by its C-terminal tail (Fig. 3.2A, lane 3 and 

4). By using a pull-down strategy to assemble the three proteins, I could ensure that all 

components were present in stoichiometric amounts with each other. Gel filtration 

analysis of purified complex also shows co-migration of all three proteins in a 1:1:1 ratio 

(Fig. 3.2B).  

Proteolytic digestions of CstF with trypsin also provide evidence that the complex 

is properly assembled. When expressed as just the heterodimer, CstF77/64 is highly 

susceptible to proteolysis by trypsin (Fig. 3.3, lanes 1-5). Even at low concentrations of 

trypsin, CstF77 is cleaved to yield the HAT-C domain by itself (Fig. 3.3, lane 3). 

Incorporation of CstF50 into the complex increased the overall stability of the complex, 

likely via shielding the loop in CstF77, N-terminal to the CstF64 binding region (Fig. 3.3, 

compare lanes 3 and 8). 

Previous solution studies of CstF64’s RRM domain revealed an additional helix 

that lay across the canonical RNA binding surface of the RRM (Fig. 3.4, left). This helix 

was shown by NMR dynamics to unfold upon the addition of RNA, suggesting a 

mechanism that only in the presence of G/U rich RNAs, this helix would “melt” and 
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provide access to the binding surface (Perez Canadillas and Varani, 2003). Due to the 

presence of three lysines in this helix, I reasoned that if RNA binding indeed unfolded 

this structure it would be more susceptible to trypsin digestion. To test this hypothesis in 

the context of the full complex, I incubated CstF with G/U-rich RNAs (see below) and 

performed trypsin digestions. I observed no differences in proteolytic patterns between 

the free and RNA incubated complexes (Fig 3.4, compare lanes 4 and 9). This suggests 

that RNA binding has no effect on the folding of this helix in the assembled CstF 

complex. 

	
  

3.2.2 CstF50 binds to CstF77 via a conserved patch found only in animals 

Biochemical and structural studies have long since identified the minimal region for the 

CstF77/64 interaction (~ aa620-650) (Moreno-Morcillo et al., 2011a; Paulson and Tong, 

2012; Takagaki and Manley, 2000). Preliminary studies also suggested that CstF50 binds 

to a region N-terminal to CstF64’s binding site, and C-terminal to 77’s HAT domain 

(Takagaki and Manley, 2000). I sought to further characterize the interaction between 

CstF77 and CstF50 by mapping the exact sequence necessary for binding.  

Given that the HAT-N half of CstF77’s HAT domain is dispensable for binding 

(Fig. 3.2A) and inclusion of this region results in heterogenous preps, I designed a series 

of CstF77 constructs starting at position 215-560 (HAT-C) with 10 amino acid C-

terminal extensions all the way to residue 610 (Fig. 3.5A, lanes 1-6). Using GST-CstF50 

as bait, we tested the ability of these CstF77 constructs to bind CstF50. As expected, 

CstF77 HAT-C domain alone does not bind to CstF50 appreciably above background. 

Constructs spanning all the way to residue 590 also lack the ability to bind 50 (Fig. 3.5A, 
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lanes 7-11). However, CstF77 proteins with C-termini at either 600 or 610 can bind 

stoichiometrically to 50; of note, there was no difference in binding strength observed 

between 600 and 610, suggesting that the minimal binding motif is encoded between 

residues 560-600 (Fig. 3.5A, lanes 12 and 13). To further validate these pull-down 

results, I ran the eluted complex on a gel filtration column and observed co-elution of 

both proteins, as well as a shift of the CstF50 peak to an earlier elution volume, consistent 

with complex formation (Fig. 3.5A, right).  

Metazoan CstF complexes have been reported to contain three components, while 

the yeast equivalent has only two, with no known homolog of CstF50 having been 

identified. Sequence analysis of CstF77 between animals and yeasts show reasonable 

levels of conservation in the tail beyond the HAT domain, with the highest level of 

conservation observed within the CstF64 binding site. A patch of highly conserved 

residues is also observed between aa580-600 in metazoan CstF77 proteins, while no such 

conservation is seen in the yeast equivalents (Fig. 3.5B boxed). The high level of 

conservation in this region, suggested to me that our previous pull-down results showing 

that constructs lacking residues 590-600 could not bind CstF50 was likely due to an 

incomplete binding site and not that the binding site was contained at 590-600. These 

results also suggest that CstF50 is a bona fide metazoan-only component of CstF and no 

such yeast equivalent exists.  

 From the above analysis, I then asked if residues N-terminal to 580 were 

necessary for binding. Starting with a minimal CstF50-binding competent CstF77 

construct (215-600), I constructed a series of internal deletions, starting from 556-560, 

deleting 5 amino acids at a time all the way to 580 (Fig. 3.6A, lanes 3-7). A CstF77 (215-
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560) was used in pull-down experiments as a negative control. Again, using GST-CstF50 

as bait, I tested binding of each of the internal deletions for CstF50 binding. As expected, 

215-600 bound CstF50 very robustly, while the HAT-C construct lacked any binding to 

50 (Fig. 3.6A, lanes 9 and 10). Unexpectedly, none of the internal deletions had lost the 

ability to bind to CstF50 (Fig. 3.6A, gel lanes 11-15). Gel filtration analysis of this 

internally deleted complex also showed co-elution of both proteins. However, in this 

internally deleted complex, the CstF77/50 complex migrated at molecular weight 

consistent with that of just CstF77 alone (Fig. 3.5C, right). Molecular modeling of 

CstF50’s WD40 domain suggests that CstF50 has a height of approximately 20Å, while 

having a diameter of about 50Å (data not shown). The lack of a shift in apparent size, 

despite complex formation, suggests that CstF50 must bind to CstF77 in an orientation 

that minimally increases the Stokes radius of the overall complex (see Fig. 3.6B for frame 

of reference for orientation). I hypothesize from this analysis CstF50 must be bound to 

CstF77 in an orientation that is parallel to the HAT domain.  

	
  

3.2.3 CstF is a hexamer 

Gel filtration analysis of CstF77/64 shows an elution profile consistent with that of a 

160kDa dimer of dimers (Fig. 3.7), as previously suggested by structures of several 

components of CstF (Bai et al., 2007; Legrand et al., 2007; Moreno-Morcillo et al., 

2011a). CstF50 elutes at volumes smaller than 100kDa, likely implying that while 50 

dimerizes (Takagaki and Manley, 2000), the overall shape and conformation reflect that 

of a highly compact dimer.  
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Given the self-association of both CstF77 and CstF50, it has been suggested, but 

not demonstrated, that CstF assembles as a hexamer in vivo (Bai et al., 2007; Moreno-

Morcillo et al., 2011b). Assuming two copies of each component in the complex with my 

domain boundaries for each subunit, my assembled complex has a theoretical molecular 

weight of approximately 254kDa. Oddly, when assembled as a whole, CstF runs at 

volumes expected for 160-170kDa globular proteins, barely larger than the CstF77/64 

heterodimer (Fig. 3.7, black vs. green trace). These results suggest two possibilities: 

assembly of all three proteins disrupts dimeric associations (127 kDa) and results in a 

highly elongated trimer, or the hexameric complex forms a tight and compact structure 

resulting in a smaller than expected apparent molecular weight.  

 While gel filtration can determine molecular weights of single globular proteins 

with good confidence, complexes of multiple proteins may behave inconsistently on gel 

filtration due to their shapes. I thus turned to size exclusion chromatography multi-angle 

light scattering (SEC-MALS) with the help of a colleague to more accurately determine 

the molecular weight of the entire complex in a shape independent manner. SEC-MALS 

analysis of CstF using two independently purified samples showed an average molecular 

weight of ~253-260kDa, consistent with that of a hexameric assembly (data not shown). 

The difference between that of the experimental and predicted weight could partially be 

explained from both error of the instrument, and the possibility of contaminating RNAs 

bound to the complex during the purification process. All together, the data demonstrates 

that CstF is a highly compact hexameric assembly, with two copies of each protein in the 

whole complex.  

 



	
   89 

3.2.4 CstF binds G/U-rich RNAs selectively with a 1:1 stoichiometry 

Early SELEX experiments and bioinformatics studies showed that CstF binds G/U-rich 

sequences regardless of sequence (MacDonald et al., 1994; Takagaki and Manley, 1997), 

while still discriminating against A/C sequences. Experiments done with the CstF64 

RRM show that it binds RNA with weak affinity, leading to speculation that selection of 

the cleavage site in 3’-end processing is defined by weak RNA interactions strengthened 

by cooperative interactions between protein complexes (Pancevac et al., 2010; Perez 

Canadillas and Varani, 2003; Takagaki and Manley, 1997). While previous biochemical 

and structural work have largely focused on CstF64’s affinity towards G/U sequences  a), 

little work has been done on how or if CstF64’s incorporation into the full complex 

affects binding to RNA. To test CstF’s RNA binding activity, I initially tested three G/U-

rich sequences by electrophoretic mobility shift assays (EMSA) with the help of 

colleagues (see Table 3.1 for sequences) (Fig. 3.8). While the 10-mer and 12-mer bound 

only modestly, we were surprised to observe binding to the 14-mer at a Kd of between 1-

10nM.  

 The GU12 and GU14 sequences contain a symmetric GUGU on both the 5’ and 

3’ ends of this RNA (Table 3.1). Given the symmetry of the complex, the presence of two 

copies of CstF64, as well as its base specificity, we reasoned that CstF should, in 

principle, bind a bipartite RNA with identical G/U sequences on the 5’ and 3’ ends 

spaced by a non-binding A-spacer.  

 We used EMSA to test various RNAs with GUGU as the binding element, spaced 

apart by as few as two adenine residues. We also designed several RNAs consisting 

solely of the two binding sites spaced by uridines and guanines. To our surprise, CstF 
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bound none of the A-spaced RNAs with any appreciable affinity at the concentration 

range tested (1nM to 1µM) (Fig. 3.9A, all lanes). In contrast, using a G/U spacer instead, 

CstF showed appreciable binding for 12-mers and larger RNAs (see U2 vs U4), with an 

apparent Kd between 100-1000nM for U4 (Fig. 3.9B, compare lanes 8 and 13). Even more 

strikingly, changing the central two uridines to guanines increased binding by 10-fold, 

with an apparent Kd of 10-100nM (Fig. 3.9B, compare lanes 4 and 14) 

It was striking to see two nearly identical RNAs (U4 vs. UGGU) display such 

different binding affinities based on a two base change in the center of the sequence (2U 

à 2G). I asked then if it was possible that rather than recognizing GUGU sequences at 

the 5’ and 3’ ends of the RNA that CstF was instead binding two separate strands of RNA 

via the center of the sequence. To discriminate between these binding modes (1:1 

CstF:RNA, 1:2 CstF:RNA), I conducted a series of titration experiments by gel filtration, 

by keeping the protein concentration fixed and increasing the amount of RNA. I reasoned 

that when a 1:1 complex is formed, any additional RNA would result in the appearance of 

a free RNA peak on gel filtration.  

As expected, protein:RNA ratios under 1 show no additional peak. As RNA was 

increased over a protein:RNA ratio of 1:1, a peak that absorbed strongly at 260nm began 

to appear at the volume where UGGU would elute by itself. At a protein:RNA ratio of 

1:2, a very prominent peak at the RNA position is observed, suggesting that all binding 

sites on CstF have already been occupied (Fig. 3.10). These data establishes that CstF 

binds only a single strand of G/U-only RNA. 
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3.2.5 CstF binds RNA with both base and length specificity  

To more quantitatively define CstF’s affinity towards G/U rich sequences, I turned to 

fluorescence anisotropy (FA) binding assays using fluorescent RNAs labeled at the 5’-

end. For a control, I also purified and tested CstF64’s RRM domain to test against GU14. 

The CstF complex bound GU14 with very high affinity, with a Kd of nearly 10nM (Fig. 

3.11A black trace, Table 3.2). Similarly, the 12-mer sequence, UGGU (see Table 3.1), 

which binds to CstF with an apparent Kd of 10-100nM by EMSA, was found by FA to 

bind with a dissociation constant of nearly 50nM, cross-validating my own results. In 

contrast with these results, binding of GU14 with CstF64’s purified RRM bound with an 

affinity of approximately 14µM, nearly a thousand fold weaker when compared to the 

complex, consistent with previous results (Pancevac et al., 2010; Perez Canadillas and 

Varani, 2003). Both the RRM and the complex exhibited selectivity towards G/U 

sequences as binding experiments using A/C sequences resulted in no observable binding 

(Table 3.2).  

 Given the increase in binding after the addition of only two nucleotides (a 12-mer 

vs. 14-mer), I asked if RNA length played a role in CstF binding. I designed two 

additional RNAs that increased in length by two nucleotides at a time (Table 3.1) and 

tested their binding by FA. CstF’s affinity towards GU16 was similar to that of GU14, in 

the low nanomolar range. However, to my surprise, GU18 exhibited much poorer binding 

characteristics, with a Kd of approximately 100nM, nearly 10-fold worse binding 

compared with GU14 (Fig. 3.11A green trace). These results indicate that CstF 

specifically optimally sequences of roughly 14-16 nucleotides in length, while losing 

affinity towards shorter and longer sequences.  
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3.2.6 CstF50 restricts the complex’s affinity to shorter sequences 

As seen in Fig. 3.3A binding of CstF50 can increase the overall stability of the complex 

in vitro, while in vivo CstF50 can bind additional factors to the 3’-end processing 

complex. I asked if association of CstF50 contributed to the overall binding to RNA. 

While CstF50 has no RNA binding domain, WD40 proteins have been known to bind to 

nucleic acids, including CPSF160 in the 3’-end processing complex (Dichtl et al., 2002; 

Kagawa et al., 2011; Murthy and Manley, 1995). To test this possibility I used purified 

heterodimer CstF77/64 and the complete complex in binding assays against GU14. The 

full complex binds with high affinity as demonstrated earlier. In parallel, binding assays 

using CstF77/64 showed Kd values to be about 4-fold weaker when compared with the 

full complex (Fig. 3.11B black vs. red trace, Table 3.2). While binding was not 

significantly reduced (still in the low nM range), I was surprised to see any effect on 

binding in the absence of CstF50. To further examine this, I used the weakest binding 

RNA, GU18, and tested its binding with the CstF77/64 heterodimer. Surprisingly, 

binding of CstF77/64 to GU18 was nearly 2-fold better compared to GU14, and when 

compared with full complex’s affinity to GU18, nearly 4-5-fold better (Fig. 3.11B green 

vs blue, Table 3.2). The gain in affinity between GU14 and GU18 with respect to 

CstF77/64 suggests to me that avidity, due to additional binding sites on the longer RNA, 

may be increasing the affinity of the heterodimer. 

 To test to see if CstF50 contributed to RNA binding directly in the CstF complex, 

I assembled a complex that lacked the RRM domain of CstF64, and tested its binding to 

GU14. Even at the highest concentrations used (2µM), I could observe no distinguishable 

RNA binding from this RRM-less complex (Table 3.2). This shows that CstF64 is the 
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sole RNA binding component of the CstF complex, and that CstF50’s role in selecting 

shorter RNA sequences is likely a structural one.  

	
  

3.3 Discussion 
	
  
Detailed biochemical analysis of how each component of the polyadenylation complex 

contributes to 3’-end processing has been hampered by the ability to obtain sufficient 

amounts of highly pure recombinant proteins expressed from heterologous organisms. 

Earlier studies used complexes purified from native sources and/or cancer cell lines, 

which might contain contaminating proteins (McDevitt et al., 1986; Murthy and Manley, 

1992; Rüegsegger et al., 1996; Takagaki et al., 1989; de Vries et al., 2000). In this work, I 

present the in vitro reconstitution of the entire cleavage stimulatory factor from purified 

recombinant proteins and demonstrate that CstF assembles as a hexameric complex that 

binds G/U-rich sequences with high affinity and selectivity.  

 In recent years several major components of the processing assembly having been 

characterized structurally (Bai et al., 2007; Li et al., 2011; Mandel et al., 2006; Moreno-

Morcillo et al., 2011a, 2011b; Noble et al., 2007; Yang et al., 2011). In addition to high 

resolution structures, mass spectrometry and electron microscopy have revealed even 

more interactions in the 3’-end processing machinery (Shi et al., 2009). Structures of 

CstF77’s and CstF50’s dimerization domains have been solved, showing that 

dimerization of these components in the complex have extensive interfaces, suggesting 

that the entire CstF complex functionally assembles as a dimer of trimers (Bai et al., 

2007; Moreno-Morcillo et al., 2011b). Studies on the yeast versions of CstF also suggest 

a dimeric assembly of the proteins, implying that these interfaces are evolutionarily 
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conserved (Gordon et al., 2011; Noble et al., 2004). I show in my work that CstF behaves 

indeed as a highly compact dimer of trimers, as gel filtration elution shows a far smaller 

complex than expected when compared to molecular weight standards on my columns. 

CstF’s smaller than expected migration has been observed previously from natively 

purified complexes, where people noticed the complex migrating at a molecular weight 

of about 200kDa. My light scattering data show conclusively, that, despite the irregular 

migration on a column, CstF’s molecular weight is consistent with that of a hexameric 

assembly, confirming previous speculations based on structural data.  

 By using GST pull-down assays, I demonstrate that CstF50 binds to CstF77 

through a patch of conserved residues just before the CstF64 binding site (Fig. 3.5). CstF 

has three known components, while the yeast version has only two components, with no 

known CstF50 equivalent. An earlier report suggested that the protein Pfs2, also a WD40 

repeat protein that could bind Rna14 (yeast CstF77), could potentially be the CstF50 

homolog in yeast (Ohnacker et al., 2000). Sequence analysis of the C-terminus of CstF77, 

particularly near the CstF50 binding site, shows moderate levels of conservation between 

yeasts and metazoans just before the CstF50 binding region. However, conservation with 

yeasts drop off dramatically at the CstF50 binding site, while species with known CstF50 

homologs all show high levels of sequence identity. My sequence analysis suggests that 

CstF50 has no equivalent in yeasts and that its function evolved only in metazoans. This 

is not unexpected given that the overall 3’-end processing architecture in yeasts differ in a 

number of aspects with the metazoan machine.  

 Additional pull-down assays demonstrate that the entire segment C-terminal to the 

HAT domain, and N-terminal to CstF50’s binding site is completely dispensable for 
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complex formation. While this by itself is not remarkable given that WD40 propellers 

often interact with other proteins through short peptide sequences (Davis et al., 2005; 

Jennings et al., 2006; Zhang et al., 2012), my gel filtration analysis with these internal 

deletion complexes show that CstF50 minimally shifts the CstF77 peak once the loop has 

been deleted, suggesting that CstF50 inserts itself parallel to the CstF77HAT dimer (Fig. 

3.6B), negating any major increase to the overall radius of the complex. A perpendicular 

insertion, given that WD40 propellers can be nearly 50Å in diameter, is more likely to 

increase the overall radius of the complex and result in a shift on gel filtration. These 

results are in agreement with my gel filtration data with regards to the assembly of the 

full complex, compared to the CstF77/64 heterodimer, showing that incorporation of 

CstF50 minimally increases the apparent molecular weight on columns (Fig. 3.7).  

 Previous work, including structures of CstF64, have shown that CstF has a 

preference for binding to guanine and uridine rich sequences, typically found downstream 

of the polyA site in 3’-UTRs (McDevitt et al., 1986; Perez Canadillas and Varani, 2003). 

As previously reported, in my control experiments with purified CstF64 RRM, I observe 

only modest binding to a G/U-rich sequence while maintaining exquisite selectivity 

against sequences consisting exclusively of A/C residues. To my surprise, however, the 

full complex binds to RNA 1000-fold more strongly. While I identified this sequence 

serendipitously, other G/U-rich RNAs I tested also bound with nanomolar affinity, albeit 

more weakly compared to GU14 (Fig. 3.8). The binding constants I observe are 

consistent with those seen for natively purified complexes from cells (Takagaki and 

Manley, 1997), reinforcing that my in vitro reconstituted complex represents a native-like 

state. I surmise that due to the predicted anti-parallel symmetry of the complex, CstF’s 
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1:1 stoichiometry with RNA, and the presence of two possible binding sites on the 

sequence used, that the bound RNA must adopt a U-shaped conformation in order to 

allow both RRMs of CstF64 access to the 5’ and 3’ binding sites. How the central linker 

between the sites plays a role in binding is unclear (U4 much weaker than UGGU), and 

will require structural studies in order to elucidate the contribution of this element to 

boosting affinity.  

 My binding experiments reveal a previously unknown role of CstF50 in the 

complex for binding RNA. RNA binding assays performed both in the presence and 

absence of CstF50 show a difference in binding affinities towards identical RNAs. The 

full complex displayed very strong affinity (Table 3.2) towards the GU14 sequence, 

while only slightly longer RNAs (GU18) displayed nearly 10-fold weaker Kd values. In 

contrast, binding to GU14 by CstF77/64 showed a binding constant approximately 4-fold 

weaker compared to the full complex. Even more strikingly, binding to the GU18 

sequence by the heterodimer showed comparable binding as to the GU14 RNA. These 

data, together with the observation that CstF64’s RRM is the only direct RNA binding 

component in the complex, suggests that CstF50 plays a role in restricting the complex to 

bind only to G/U-rich sequences of 12-16 nucleotides in length. These results indicating 

that CstF has a preference to RNA lengths are in agreement with previous bioinformatics 

analysis done on downstream sequence elements, which showed that DSEs are typically 

12-15 nucleotides in length (Salisbury et al., 2006). I speculate that CstF50 dependent 

restriction of RNA length plays a role in polyA site selection, where DSEs of 12-16 

nucleotides are favored over longer G/U-sequences in strong constitutively utilized polyA 

sites. While the differences in binding affinity in my assays are not drastic (4-10 fold) 
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between the full complex and the heterodimer, small changes in sequences in the DSE 

have been correlated with “weak” versus “strong” polyadenylation sites (Legendre and 

Gautheret, 2003). I hypothesize that the presence of CstF50 can help bias 3’-end 

processing towards constitutive polyA sites. A genome wide study on polyA site usage in 

CstF50 depleted cells will be necessary to see if there is indeed an influence by CstF50 

on polyA site selection.  

 My work illustrates that CstF assembles as a tight and compact hexameric 

complex. The entire complex then binds to G/U sequences with very high affinity, 

compared to CstF64’s RRM alone, and protein-protein interactions within the CstF 

complex assist in the selection of downstream sequence elements. Further work using 

purified recombinant proteins will be needed to understand the interactions between CstF 

and CPSF, and how their association helps to define the cleavage and polyadenylation 

site.  

	
  

3.4 Materials and methods 

3.4.1 Purification and assembly of CstF 

Sequences coding for human CstF77 and CstF64 were cloned into a modified pRSF-

Duet-1 (Novagen) vector with a Protein G B1 domain (GB1) inserted between the NcoI 

and BamHI sites to facilitate expression and solubility of expressed complexes. 

Sequences coding for CstF50 were cloned into a modified pFastBac (Life Technologies) 

vector with an N-terminal GST tag to facilitate purification. Identity of all clones were 

verified by DNA sequencing.  
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 CstF77/64 clones were transformed into BL21 (DE3) E.coli cells. Transformants 

were then grown in LB media at 37oC until OD600 = 0.6. Cells were then induced with 

0.2mM IPTG and expressed overnight at 18oC. The next morning, cells were harvested 

by centrifugation, and resuspended in buffer A (50mM HEPES pH7.5, 200mM NaCl, 

30mM imidiazole, 5mM βME). Cells were then lysed by sonication, and then clarified by 

high-speed centrifugation. Soluble material was purified by nickel affinity 

chromatography, using buffer B for elution (A + 500mM imidazole). TEV protease was 

added to the purified material to remove the His-GB1 tag, and this mixture was then 

dialyzed against buffer C (20mM HEPES pH7.5, 5mM βME).  

 Following dialysis, dialyzed material was further purified by anion exchange 

chromatography by loading onto a Q HP column (GE Healthcare) equilibrated in buffer 

C. Bound material was eluted by a linear gradient against buffer D (C + 1M NaCl). 

Fractions containing pure material were concentrated and loaded onto a Superdex 200 

10/300 GL (GE Healthcare) equilibrated in storage buffer (20mM HEPES pH7.5, 

200mM NaCl, 5mM DTT). Purified heterodimer was finally concentrated to ~1mg/mL 

and flash frozen for complex reconstitution.  

 Standard methods in Sf9 cells were used for production/expansion of 

baculoviruses expressing CstF50. Viruses at the P3 or P4 stage of expansion were used to 

infect monolayer HighFive insect cells. Cells were harvested 72-96 hours post infection, 

then resuspended in PBS. Lysis was done by sonication, and material was clarified by 

high-speed centrifugation. Lysates were then loaded onto a glutathione sepharose (GE 

Healthcare). Bound material was then washed extensively with PBS, and finally with 

storage buffer. Following washes, purified CstF77/64 (5-10mg total material) was 
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incubated with the resin for one hour at 4oC. The column was then washed extensively 

with storage buffer, and the bound material was eluted with storage buffer + 10mM 

reduced glutathione. TEV protease was then added to cleave the GST tag from CstF50 

overnight. Samples were concentrated the next morning and loaded onto a Superdex 200 

10/300 GL equilibrated in storage buffer. Fractions containing stoichiometric amounts of 

all three subunits were pooled, concentrated to 5-10mg/mL, and flash frozen for 

subsequent use.  

	
  

3.4.2 GST pull-down assays 

All CstF77 constructs were expressed in E.coli as a His6GB1 fusion and purified by 

single step nickel affinity chromatography. GST-CstF50 was expressed and purified as 

described above. 2 mg of each CstF77 construct was incubated with GST-CstF50 beads 

for one hour at 4oC in storage buffer and washed extensively with storage buffer 

following incubation. For gel analysis, samples were eluted from beads by the addition of 

2x SDS-PAGE loading dye, then heated at 95oC for 10 minutes. Samples were resolved 

by 10% SDS-PAGE gels and proteins were detected by Coomassie blue staining.  

 For native gel filtration analysis, complexes were eluted from beads with 10mM 

reduced glutathione, and tags were cleaved overnight by TEV protease. Samples were 

then loaded to a Superdex 200 10/300 GL equilibrated in storage buffer.  

	
  

3.4.3 Limited proteolysis 

10 µg of CstF was used per 10µL reaction. Samples were incubated with increasing 

amounts of bovine trypsin (Sigma-Aldrich) in storage buffer on ice for one hour. 
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Digestions were then quenched by the addition of 2x SDS-PAGE loading dye and heated 

at 95oC for 10 minutes. For digestions in the presence of RNA, CstF was incubated with 

GU14 at a protein:RNA ratio of 1:1.1 on ice for 15 minutes and digested with trypsin.  

	
  

3.4.4 RNA binding assays 

All RNAs used for binding experiments were purchased as RNase-free HPLC purified 

oligos from IDT DNA. Oligonucleotides were resuspended in DNase/RNase-free TE 

buffer to a stock concentration of 100µM and kept frozen at -20oC until needed.  

 For EMSA binding experiments, RNAs (see Table 3.1 for sequences) were 

radiolabelled at the 5′ end with [γ-32P] ATP (PerkinElmer) by T4 polynucleotide kinase 

(Takara). Oligonucleotides were then purified from excess radiolabel and kinase using a 

NAP10 column (GE Healthcare). Labeled RNAs were then used in binding reactions 

with CstF at a final concentration of 50pM in EMSA binding buffer (20mM Tris pH7.0, 

100mM NaCl, 1mM EDTA pH8.0, 2mM DTT) on ice for 30 minutes. Reactions were 

resolved on a 6% native acrylamide gel. Gels were vacuum dried and visualized on a 

phosphor-screen.  

 For fluorescence anisotropy experiments, RNAs were modified with a 5’-end Cy5 

fluorophore (absorbance maxima = 650nm, emission maxima = 670nm) and used at a 

concentration of 0.5µM in FA binding buffer (20mM HEPES pH7.5, 200mM NaCl, 5mM 

DTT, 1mM EDTA) for binding experiments with CstF. Fluorescence anisotropy values 

were converted to RNA fraction bound by the equation: 
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Where FB is the fraction of RNA bound by CstF, FAobs is the anisotropy at any protein 

concentration point, FAmin is the anisotropy at no protein added, and FAmax is the 

maximum value of anisotropy obtained in the experiment.  

 The fraction of RNA bound was then plotted against protein concentration. Kd’s 

were determined by fitting to the equation: 

 

Where FB is the fraction bound, Kd is the dissociation constant (to be determined), 

[RNA] is the concentration of RNA used in the experiment, and [P] is the protein 

concentration used.  

	
  

3.4.5 Size exclusion chromatography multi-angle light scattering  

The SEC-MALS system consisted of a P900 HPLC pump (GE), a UV-2077 detector 

(Jasco), a Tri Star Mini Dawn light scattering instrument (Wyatt), and an Opti Lab T-Rex 

refractive index instrument (Wyatt). Approximately 200µg of purified CstF was injected 

into a Superdex 200 (10/300GL) gel filtration column and eluted at 0.5 ml/min in a buffer 

containing 20mM HEPES pH7.5, 250mM NaCl, 0.05% NaN3. The specific refractive 

index of CstF was assumed to be 0.186 ml/g. Data collection and analysis was performed 

with Astra 6 software (Wyatt). Total molecular mass of the complex was determined with 

Astra6 software using protein analysis. Both peak overlap and peak broadening were 

corrected with Astra 6 software.  The SEC-MALS system was pre-calibrated with BSA.  
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 Figure 3.1 Domain breakdown of individual CstF subunits 
All numbering and domain breakdowns are based on the human subunits of CstF. 
CstF77’s HAT domain comprises the first 550 amino acids, with a break between HAT-N 
and HAT-C at residue 215. The remaining 167 residues lack a well-defined domain and 
are used for binding CstF64 and 50. CstF64 contains an RRM domain within its first 95 
residues, and then followed by a unique Hinge domain (aa100-200) that interacts with 
CstF77. A large region of low complexity sequence is located following Hinge. The CTD 
of CstF64 is a novel structure that interacts with other members of the 3’-end processing 
complex. CstF50 has a unique homo-dimerization domain in its N-terminal 70 amino 
acids, followed by a short linker. The WD40 propeller domain is located between 
residues 100-431 and is used for binding CstF77. 
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Figure 3.2 In vitro assembly of the CstF complex 

A) Affinity purification of CstF on glutathione-sepharose beads. Lanes 1 and 2 
represent input of GST-CstF50 and purified CstF77/64 respectively. Lane 3 is the 
bound ternary complex on glutathione-sepharose after washes. Lane 4 is the co-
elution of all three proteins from beads. Molecular weight markers are indicated 
on the left side of the gel, and positions of the CstF subunits are indicated by 
arrows. 

B) Gel filtration of the CstF complex on a Superdex 200 column (top). Collected 
fractions were resolved on SDS-PAGE. Molecular weight markers are indicated 
on the left side of the gel and positions of all proteins resolved are indicated by 
arrows on the right side of the gel.  
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Figure 3.3 CstF50 increases the overall stability of the CstF complex in vitro 
10µg of protein were digested by trypsin for one hour, then resolved on SDS-PAGE, and 
visualized by Coomassie blue staining. Lanes 1 and 6 represent input samples with no 
addition of trypsin.  
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Figure 3.4 RNA binding does not unfold the C-terminal helix of CstF64 
Solution structure of CstF64’s RRM showed a C-terminal helix that lay across the 
canonical RNA binding surface, hypothesized to unfold upon RNA binding (left, red). 
Potential trypsin vulnerable lysines are shown as sticks. Trypsin digests of 10µg of CstF 
complex in the presence and absence of RNA (right). Lanes 1 and 6 represent input 
samples without trypsin.  
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Figure 3.5 CstF50 binds to CstF77 via a conserved patch of residues 

A) GST pull-down assay using numerous C-terminal extensions of CstF77 as prey 
(left). C-# denotes the last residue in the construct.Gel filtration on Superdex 200 
(right) of a minimal CstF77/50 complex (black), and CstF50 alone (red).  

B) Sequence alignment of CstF77 across various organisms. The putative CstF50 
binding site is boxed.  
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Figure 3.6 CstF50 binds CstF77 in an orientation that minimally increases the size 
of the complex 

A) GST pull-down assay using numerous internal deletions of CstF77, starting from 
residue 556 (left). C-600 and C-560 are used as positive and negative controls 
respectively. Gel filtration on Superdex 200 (right) of a maximum internal deleted 
complex of CstF77/50 (black) and CstF77C-600 alone (red). 

B) Crystal structure of CstF77’s HAT-C domain (PDB 2OOE) showing the overall 
length of the dimer. The position of the last residue seen is labeled with a C for 
each monomer and the colored dotted lines represent the C-terminal tail used for 
binding CstF50/64. The black dotted line shows the frame of reference used in the 
discussion (see manuscript).  
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Figure 3.7 CstF is a compact hexamer 
Gel filtration on Superdex 200 of CstF (black), CstF77/64 (green), and CstF50 (red). The 
GST tag from the purification of CstF50 and the CstF complex acts as an internal control. 
The void peak at 8mL also acts as an internal control between runs. The arrows indicate 
the positions where the globular weight standards for 200kDa and 150kDa run. 
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Figure 3.8 EMSA identification of RNA binding by CstF 
EMSA of CstF with three distinct GU-rich RNA sequences. Formation of protein:RNA 
complexes are indicated by arrows. Sequence details are shown in Table 3.1. CstF was 
used at final concentrations of 1nM, 10nM, 100nM, 1µM, and 10µM.  
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Figure 3.9 CstF binds to G/U-rich only sequences  

A) EMSA of CstF against GUGU(An)GUGU sequences, where n is the number of 
adenine nucleotides between GUGU motifs. CstF was used at 1nM-1µM. 

B) EMSA of CstF against GUGU(G/U)GUGU sequences. Nucleotides spacing the 
GUGU motifs are denoted underneath each RNA. CstF was used at 1nM-1µM. 
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Figure 3.10 CstF binds to target RNAs with a 1:1 stoichiometry 
Gel filtration chromatogram observing absorbance at 260nm of CstF titrated with 
increasing UGGU RNA. The elution volume of the free RNA peak is observed at 
~18.5mL. 
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Figure 3.11 CstF binds G/U-rich RNAs length specifically 

A) Fluorescence anisotropy binding curves of CstF against GU RNAs of increasing 
lengths. Sequence details and binding constants are given in Tables 3.1 and 3.2 
respectively.  

B) Fluorescence anisotropy binding curves of CstF and CstF77/64 against GU14 and 
GU18. Binding constants are given in Table 3.2.  
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Table 3.1 RNA sequences used in this study 
	
  

RNA Sequence 
GU10 GUGUGUGUUG 
GU12 UGUGUUUGUGUG 
GU14 GUGUGUUGGUGUGU 
GU16 GUGUGUUGGUGUGUGU 
GU18 GUGUGUGUUGGUGUGUGU 
U2 GUGUUUGUGU 
U4 GUGUUUUUGUGU 
UGGU GUGUUGGUGUGU 
A2 GUGUAAGUGU 
A4 GUGUAAAAGUGU 
A6 GUGUAAAAAAGUGU 
AC14 CACACAACCACACA 
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Table 3.2 Protein:RNA complex dissociation constants  
    (n = 3 for all FA experiments) 
 

Protein construct RNA Kd (EMSA/FA) 
CstF 77ΔN/64RH/50 GU10 100-1000nM (EMSA) 
CstF 77ΔN/64RH/50 GU12 10-100nM (EMSA) 
CstF 77ΔN/64RH/50 GU14 8.0nM ± 3.6nM (FA) 
CstF 77ΔN/64RH/50 GU16 20.6nM ± 7.4nM (FA) 
CstF 77ΔN/64RH/50 GU18 106.0nM ± 22.2nM (FA) 
CstF 77ΔN/64RH/50 U2 100-1000nM (EMSA) 
CstF 77ΔN/64RH/50 U4 10-100nM (EMSA) 
CstF 77ΔN/64RH/50 UGGU 46.9nM ± 8.8nM (FA) 
CstF 77ΔN/64RH/50 A2 >1µM (EMSA) 
CstF 77ΔN/64RH/50 A4 >1µM (EMSA) 
CstF 77ΔN/64RH/50 A6 >1µM (EMSA) 
CstF 77ΔN/64H/50 GU14  No binding (FA) 
CstF 77ΔN/64RH/50 AC14 No binding (FA) 
CstF64 RRM GU14 13.7µM ± 3.1µM (FA) 
CstF64 RRM AC14 No binding (FA) 
CstF 77ΔN/64RH GU14 41.3nM ± 7.1nM (FA) 
CstF 77ΔN/64RH GU18  24.6nM ± 7.5nM (FA) 
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