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Summary 
Architecture of eukaryotic mRNA 3' end processing machinery and insights into the 

mechanism of polyadenylation 

 

This dissertation is submitted for the degree of Doctor of Philosophy by Ananthanarayanan 

Kumar 
  
Almost all eukaryotic messenger RNAs (mRNAs) have a polyadenosine (polyA) tail at their 

3′ end that is added by a multi-protein complex known as cleavage and polyadenylation factor 

(CPF). CPF, along with accessory cleavage factors (CF) IA and IB, cleaves the pre-mRNA 

within the 3' untranslated region (UTR) and adds a poly(A) tail. Previous work has shown that 

CPF is a fourteen-subunit complex that is organised into three enzymatic modules: 

phosphatase, nuclease and polymerase.  

 

The polymerase module consists of the poly(A) polymerase Pap1, three RNA binding 

proteins (Cft1, Pfs2 and Yth1) and an unstructured protein Fip1. To understand how 

polymerase module recognizes specific RNA elements and how polyA tail addition is 

coordinated with other factors, I recombinantly expressed and purified a five-subunit 

polymerase module. Electron cryomicroscopy analysis resulted in a 3.5 Å resolution structure 

of Cft1-Pfs2-Yth1, revealing four β propellers in an arrangement reminiscent of other nucleic 

acid binding complexes. Using biochemical assays, I show that CF IA stimulates 

polyadenylation activity of CPF by interacting with polymerase module and tethering it to 

substrate RNA. Thus polymerase module acts as a hub to bring together the RNA, Pap1 and 

cleavage factors for specific and efficient polyadenylation.  

 

The poly(A) tail length of newly made pre-mRNAs in S. cerevisiae is ~ 60 As. The nuclear 

poly(A) binding protein Nab2 is known to have a role in poly(A) tail length control. The 

molecular mechanism behind how CPF terminates polyadenylation to regulate uniform 

poly(A) tail length remains elusive. Using an in vitro polyadenylation assay with highly pure 

protein complexes, I have studied the mechanism of poly(A) tail length control by CPF. The 

assays highlight the contribution of the cleavage factors and the phosphatase module of CPF 

towards regulating the poly(A) tail length of a substrate RNA. Taken together, the findings 

discussed in this dissertation provide new insights into the architecture of eukaryotic mRNA 

3' end processing machinery and into the mechanism of polyadenylation by CPF.  
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1.1 Messenger RNA processing and regulation 
 

Genes contain the blueprints that instruct the cell how to make proteins (in the case of 

protein-coding genes), or functional RNAs in the case of ribosomal RNAs (rRNAs) or 

transfer RNAs (tRNAs) for example. Gene expression is the procesess by which the 

instructions encoded in genes are utilised by the cellular machinery to synthesise the 

final gene products. Gene expression broadly involves the following steps: 

transcription of the genomic DNA into an intermediate RNA, processing of the 

intermediate RNA into its mature form, export into the cytoplasm and translation 

into proteins in case of messenger RNAs (mRNAs). 
 

Genes coding for rRNAs are transcribed into a pre-rRNA by the RNA polymerase I 

(Pol I) and the genes coding for tRNAs are transcribed into pre-tRNA by RNA 

polymerase III (Pol III) (Paule and White 2000). These functional RNA molecules 

then undergo a series of modifications before being exported into the cytoplasm 

(Wang and He 2014). In the case of rRNAs, they go on to play important structural 

and enzymatic roles in the protein synthesis machinery of the cell - the ribosome 

(Brimacombe and Stiege 1985). rRNAs not only contribute to the assembly of the 

ribosomes but also function as a ribozyme in catalysing peptide bond formation. On 

the other hand, tRNAs function in decoding the instructions contained in the mRNA 

and act as an adaptor molecule bringing amino acids to the ribosome to carryout 

protein synthesis (Agirrezabala and Valle 2015). There are several other functional 

RNAs  in  the  cell  that  perform  various  other  functions  e.g. the RNA components 

of telomerase and spliceosome etc. 
 

Pre-mRNAs are synthesised from protein coding genes by RNA polymerase II (Pol II) 

machinery. As the pre-mRNA emerges out of Pol II, it undergoes several 

modifications that render the nascent RNA fit for export into the cytoplasm. These 

include addition of a 7-methylguanosine (m7G) cap at the 5' end, splicing of the non-

coding intronic regions and cleavage at specific sites in the 3' untranslated region 

(UTR) followed by addition of multiple adenosine monophosphates at the 3' end 

(polyadenylation) (Figure 1.1). These three modifications transform the pre-mRNA 

into a mature mRNA that is then used by ribosomes to make proteins (Figure 1.1). It 

is thought that the components of the mRNA export adaptor interacts efficiently with 

properly synthesized poly(A) tails bound by poly(A) binding protein Nab2. Nab2 and 
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the export adaptor components subsequently interact with the nuclear pore complex 

resulting in efficient export of mRNA into the cytoplasm. In humans and budding 

yeast, pre-mRNA splicing defects leads to nuclear retention of polyadenylated 

transcripts. Intriguingly, such polyadenylated transcripts retained in the nucleus can 

then serve as substrates in mRNA decay pathways (Tudek, Lloret-Llinares, and 

Jensen 2018).  Studies performed in fission yeast and human systems suggest a role 

for nuclear poly(A) binding proteins and the MTR4 helicase in recruiting poly(A) 

containing RNAs to the exosome nuclease. I n  b u d d i n g  y e a s t ,  N a b 2  h a s  a l s o  

b e e n  i m p l i c a t e d  i n  n u c l e a r  m R N A  d e c a y  v i a  i t s  i n t e r a c t i o n  w i t h  

t h e  s p l i c e o s o m a l  p r o t e i n s .  In summary, the various mRNA processing 

machineries including the spliceosome, the cleavage and polyadenylation factor 

(CPF), the various poly(A) binding proteins and the exosome work together to 

regulate the state and levels of mRNA in the nucleus. 

 

By regulating the stability and the chemical properties of the mRNA, cells can fine 

tune how much of a given protein an mRNA can produce, as well as its spatio-

temporal properties. Any changes in the interaction between the mRNA and its 

binding partners (that are involved in transcription, pre-mRNA processing, export 

or translation) can alter the stability or the fate of the mRNA. These changes are 

usually a result of environmental, epigenetic or developmental factors. For example, 

alternative polyadenylation is a phenomenon in which the mRNA 3' end processing 

machinery cleaves and polyadenylates at a different site in the 3' UTR rather than 

the consensus polyadenylation site. This may be caused in part by an increase in the 

expression levels of cleavage factor proteins that recognize the cleavage site. Changes 

in the habitual cleavage site in the 3' end of a pre-mRNA results in mRNAs with 

different UTR lengths, effectively altering the proteome that could interact with the 3' 

UTR. Such changes play a crucial role in the life of an mRNA and could lead to 

changes in gene expression. For example in human cells, a normal 3' UTR of the 

cell surface protein CD47 enables efficient cell surface expression, which protects 

cells from phagocytosis by macrophages. The uridine-rich elements in the longer form 

of the CD47 3' UTR i n t e r a c t s  w i t h  t h e  R N A  b i n d i n g  p r o t e i n  

H u R ,  w h i c h  i n  t u r n  i s  r e s p o n s i b l e  f o r  b r i n g i n g  t h e  p r o t e i n  

S E T  t o  t h e  s i t e  o f  t r a n s l a t i o n  o f  C D 4 7 .  S E T  t h e n  i n t e r a c t s  

w i t h  t h e  C D 4 7  p r o t e i n s  a n d  r e c r u i t s  i t  t o  t h e  p l a s m a  

m e m b r a n e  v i a  i t s  a s s o c i a t i o n  w i t h  R A C .  A shorter form of the 3' 
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UTR  that can no longer interact with HuR, does not recruit SET to the site of 

translation. This  results  in  localisation  of  CD47  protein  to  the site of translation 

i.e. endoplasmic reticulum (Berkovits and Mayr 2015). Thus, the various mRNA 

processing steps such as splicing or 3' end processing not only contribute to the 

normal functioning of an mRNA but also play a crucial role in regulating its 

functions. 
 

The focal point of this dissertation is to understand the mechanism of mRNA 3' 

end processing by using a structural and biochemical approach. The introduction 

chapter begins with a focus on the historical overview of the "mRNA 3' end" field. 

This is followed by a description of the properties and functions of the components of 

the mRNA 3' end-processing machinery. Emphasis has been placed on discussing the 

experiments carried out using Saccharomyces cerevisiae as the model organism. 

The chapter ends by listing the specific aims of this dissertation and how they are 

addressed. 
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Figure 1.1: The life of an mRNA inside a cell. RNA polymerase II (shown in light 
blue) transcribes the information in the DNA (in black) into an intermediate pre-

mRNA (in brown). As the pre-mRNA emerges out of RNA polymerase II, it undergoes 
several modifications. The capping enzyme complex carries out the capping at the 5' 

end, whereas the spliceosome (in peach) removes the introns. The cleavage and 
polyadenylation factor (CPF) along with the accessory cleavage factors (CFs) cleaves at 

specific sites in the 3' end, followed by the addition of a poly(A) tail. Nab2 bound 
mature mRNAs are exported into the cytoplasm by the nuclear pore complex. In the 

cytoplasm, the information in the mRNA sequence is decoded by the ribosome to 
synthesize linear chains of amino acids. Alternatively, the mRNA deadenylation 

complexes including Ccr4-Not targets poly(A) containing RNAs and primes them for 
subsequent degradation. 
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1.2 Cleavage and polyadenylation at 3' ends of mRNA 
 

The cleavage and polyadenylation at the 3' end of an mRNA is carried out by a large 

multi-subunit protein machinery that includes the Cleavage and Polyadenylation 

Factor (CPF), and accessory cleavage factors (CF) IA and IB.  As the pre-mRNA 

emerges out of pol II, CPF and CF IA/B recognises specific cis elements in the 

nascent RNA, cleaves at a specific site and adds a poly(A) tail to the cleaved 3' end 

(Figure 1.1) (Hollerer et al. 2014). The cleavage of the mRNA is coupled tightly to the 

termination of transcription by pol II. In the torpedo model of transcription 

termination, the cleavage of mRNA by CPF is followed by recruitment of the Rat1 

exonuclease to the nascent mRNA. Rat1 degrades the free end of the mRNA and stops 

transcription when it reaches pol II. The length of the poly(A) tails of newly made 

pre-mRNAs in humans is ~250 As and in Saccharomyces cerevisiae  is ~ 60 As (M 

Edmonds, Vaughan, and Nakazato 1971; Mclaughlin et al. 1973; Groner and Phillips 

1975). Defects in cleavage and polyadenylation are associated with diseases including 

cancer and β- thalassemia (Curinha et al. 2014). 
 

In the past 59 years, there has been tremendous progress in our understanding of how 

mRNA 3' ends are formed. However, there are still many fundamental questions that 

remain to be addressed. It is interesting to note that some of the major advancements 

in the field were always accompanied by important technical developments in 

molecular biology. Similarly, the results published in this thesis are also a result of 

major technical progress made in electron cryomicroscopy (cryo-EM) and 

recombinant protein production. Discussed below are some of the important 

discoveries that resulted in the birth and evolution of the mRNA 3' end-processing 

field, thus sparking an interest in the study of mRNA 3' ends. 
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1.2.1 Historical overview 
 

An enzyme that catalyses the ATP-dependent synthesis of a linear sequence of 

adenosines was discovered in 1960 (Mary Edmonds and Abrams 1960). The linear 

poly(A) chain was linked via the 3' to 5'- phosphodiester linkage. An elegant study by 

Nakazato and co-workers demonstrated that the poly(A) tails were indeed covalently 

linked to the end of an mRNA (M Edmonds, Vaughan, and Nakazato 1971).  This was 

one of the earliest studies also to report the observation of a homogenous poly(A) 

chain length (~200As) in nuclear RNA from humans. The functional importance for 

poly(A) tails were soon recognised. Injection of polyadenylated mRNAs into Xenopus 

oocytes conferred stability in vivo (Georges Huez et al. 1975). It was also shown that 

polyadenylation functionally stabilizes histone RNAs  (G. Huez et al. 1978). Much 

later, in vitro and genetic studies revealed an involvement of poly(A) tails in the 

synthesis of proteins (Sachs and Davis 1989; Tarun and Sachs 1995). The discovery 

of poly(A) tails and emerging understanding of it’s properties led to development 

of mRNA purification techniques and cDNA generation protocols (Venkatesan, 

Elango, and Chanock 1983). 
 

In the 1970s, there were many studies involving the purification and characterization 

of the enzymes that add the poly(A) tail (Mary Edmonds and Winters 1976). It was 

found that the poly(A) polymerase enzyme alone did not have any substrate 

specificity (Winters and Edmonds 1973; Tsiapalis, Dorson, and Bollum 1975). 

However, in vivo pulse labelling studies showed that the 3' end of an mRNA is 

formed by cleavage and polyadenylation at specific sites (Nevins and Darnell 1978). 

In vitro experiments using a HeLa cell lysate then demonstrated the sequence 

specificity of mRNA polyadenylation (J L Manley 1983), but this study did not find 

any cleavage activity. Moore and Sharp were the first to demonstrate site and 

sequence specificity in cleavage coupled with polyadenylation (C L Moore and Sharp 

1984). They attributed the specificity of this polyadenylation to the endogenously 

produced RNA. The exogenously added RNA did not have specific polyadenylation, 

thus showing that transcription was somehow connected with cleavage and that 

transcription was not a prerequisite for polyadenylation. Yet, the factors contributing 

to the specificity of cleavage and polyadenylation remained elusive. 

 

The development of improved HeLa nuclear extracts for reconstituting the splicing 
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reaction furthered the biochemical advancements in the field of 3'-end processing. 

Using non hydrolysable ATP analogs, Claire Moore showed that cleavage still occurs 

in the absence of polyadenylation and that cleavage and polyadenylation can occur 

independent of each other in vitro (Claire L Moore and Sharp 1985). Subsequent 

experiments demonstrated that the cleavage reaction was endonucleolytic in 

nature (C L Moore, Skolnik-David, and Sharp 1986). Studies by Butler and Pratt 

in 1988 showed that the mature 3'-end of yeast mRNAs were formed by 

endonucleolytic cleavage followed by polyadenylation and not due to transcription 

termination (Butler and Platt 1988). 
 

The contribution of the RNA elements to the cleavage and polyadenylation reaction 

was also extensively researched. Proudfoot and Brownlee found a six-nucleotide 

AAUAAA sequence in all of the  six mRNAs  they  studied  (N. J. Proudfoot and 

Brownlee 1976).   Later  this  sequence  was  shown  to  be important for proper 

formation of mRNA 3' ends by using genetic means (Fitzgerald and Shenk 1981). 

Higgs and colleagues showed that a single point mutation in the AAUAAA site in 

either human α2-globin gene or the human Fl-globin gene led to defects in mRNA 3'-

end processing, and provided the molecular basis for α-thalassemia and in β-

thalassemia (Higgs et al. 1983). This study was one of the first to highlight the 

medical importance of 3'-end  processing.  The progress made  in  our  understanding  

of  these  cis- elements aided in the discovery of the 3'-end processing protein 

complex as discussed below. 

 

Using an RNAse H protection experiment, Zarkower and Wickens found that some 

protein factors in HeLa nuclear extract form a complex with the AAUAAA region of 

the substrate RNA and that this complex formation is necessary for cleavage and 

polyadenylation (Zarkower and Wickens 1987). Around the same time, work from 

Walter Keller's lab also demonstrated the existence of an mRNA 3' end processing 

complex using native gel shift assays (Humphrey et al. 1987). Attempts were made to 

fractionate the nuclear extracts to identify the components that make up these 

complexes. The obvious candidates were a poly(A) polymerase and an endonuclease. 

The lack of substrate specificity in polyadenylation by the polymerase alone suggested 

that the 3' end processing reaction was made up of other unknown proteins that could 

confer specificity. The breakthrough came in 1988 when the labs of James Manley, 

Walter Keller and Joseph Nevins isolated separate complexes from HeLa nuclear 
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extracts (James L. Manley 1988; Christofori and Keller 1988; Mcdevitt et al. 1988). 

Some of these individual complexes could perform the cleavage reaction in a site-

specific manner. None of these separate fractions had specific polyadenylation 

activity, but when combined together could restore the specificity that is found in 

nuclear extracts. This is highly reminiscent of RNA polymerases from eukaryotes 

that function efficiently only upon formation of ternary complexes with initiation and 

elongation factors. Figure 1.2 visually highlights some of these major milestones in 

the mRNA 3' end-processing field. 
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Figure 1.2: A historical timeline of some of the major discoveries in the mRNA 3' 

end-processing field. 
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1.2.2 Understanding the mRNA 3' end processing machinery 

 

Using anion exchange chromatography of a yeast nuclear extract, Chen and Moore 

isolated four different fractions that when combined could reconstitute the  cleavage  

and  polyadenylation  of substrate RNAs (J. Chen and Moore 1992). They named 

these four fractions cleavage factor (CF) I and II, polyadenylation factor (PF) I and 

polyA polymerase (PAP). They found that CFI and CFII when combined together 

could cleave a substrate RNA, whereas PFI and PAP could not cleave the RNA. 

However, PFI and PAP when combined with CFI and CFII could specifically 

polyadenylate the cleaved RNA. At this stage, the idea of a multi-protein complex 

being responsible for the specific cleavage and polyadenylation of mRNA 3'-ends 

began to emerge, but the composition of such a complex was still unknown. These 

above studies set the stage for detailed biochemical characterization of the mRNA 3' 

end-processing complex described below. 
 

Purification of these individual factors from endogenous sources revealed the 

numbers and identities of their components (Preker et al. 1997; Zhao, Kessler, and 

Moore 1997). Endogenous purifications from the lab of Walter Keller showed that the 

S. cerevisiae Cleavage and Polyadenylation Factor (CPF) contains the proteins Cft1, 

Cft2, Ysh1, Pta1, Pap1, Fip1, Yth1, Pfs2 and other unidentified proteins. Proteomic 

studies using affinity purification of CPF coupled with mass spectrometry identified 

12 known interaction partners of CPF and 7 additional components (Gavin et al. 

2002). Subsequent pull downs from S. cerevisiae using a TAP tag on the Ref2 

protein, further characterized the holo-CPF that contained 15 subunits.  This new 

holo-CPF consisted of all the known components as well as the newly discovered 

components Syc1, Pti1, Swd2, and two protein phosphatases Glc7, Ssu72 (Nedea et al. 

2003). Thus our current understanding of the yeast mRNA 3' end processing 

machinery is that it is made up of the CPF and CFI complexes (Figure 1.3). 
 

CPF has three enzymatic activities: two protein phosphatases (Glc7 and Swd2), an 

endonuclease (Ysh1) and a polymerase (Pap1). Importantly, the accessory CFI has 

two components: CF IA and CF IB (Figure 1.3). CF IA is made up of four proteins - 

Rna14, Rna15 and two unknown proteins (Kessler, Zhao, and Moore 1996), which 

were subsequently identified as Clp1 and Pcf11 (Minvielle-Sebastia et al. 1997; 

Gross and Moore 2001).  CF IB is made up of a single polypeptide (Hrp1) that is 
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critical for cleavage site selection. CF IA and CF IB act together with intact CPF to 

perform accurate, site-specific cleavage and polyadenylation of pre-mRNAs (Kessler 

et al. 1997; Kessler, Zhao, and Moore 1996; Minvielle-Sebastia, Preker, and Keller 

1994). 

A crude purification of the mRNA 3'-end processing machinery from HeLa nuclear 

extracts revealed the identities of the ~85 proteins that forms the human complex (Shi 

et al. 2009). Those 85 proteins not only included several 3'-end processing 

components but also factors associated with transcription, splicing, DNA-damage 

repair and translation. Bonafied components of the human 3'-end processing 

machinery includes the poly(A) polymerase (PAP) and four different multi-subunit 

protein complexes: cleavage and polyadenylation specificity factor (CPSF), cleavage 

factor I (CFI), cleavage factor II (CFII) and cleavage stimulatory factor (CstF). In 

addition to the abovementioned factors, the nuclear poly(A)  binding  protein  

PABN1,  the  scaffolding  protein  Symplekin  and  the  CTD  of  pol  II  are 

additional components of the mammalian 3'-end processing machinery (Xiang et al. 

2010). 

 

 

 
 

Figure 1.3: (a) The composition of S.cerevisiae CPF and its protein-protein 

interaction network from nanoESI-MS data and in vitro pull downs. Protein symbols 

are scaled down to have an area proportionate to their molecular weights. 

Interaction between proteins is represented by contact between the symbols. Yellow 

stars denote enzymes. (b) The composition of S.cerevisiae CF I and its protein-

protein interaction network from in vitro pull downs and previous literature. 
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Recent work from our lab has resulted in a clear understanding of how the three-

enzymatic activities of CPF are segregated in the organisation of the complex in 

S. cerevisiae (Easter 2014). Native mass spectrometry analysis of several different 

preparations of CPF found that CPF consists of three enzymatic modules: a six 

subunit phosphatase module that includes subunits Glc7 and Ssu72, a three subunit 

nuclease module that includes the endonuclease Ysh1, and a five subunit polymerase 

module that includes the poly(A) polymerase Pap1 (Figure 1.3a). This work provided 

biophysical evidence of the stoichiometry and composition of CPF. Thus, the 

previous nomenclature of the S. cerevisiae 3' end processing machinery that includes 

it’s segregation into CFII, PFI and PAP has been rendered obsolete with this 

newfound architecture of CPF (Figure 1.3a). 
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1.2.2.1 Cleavage and polyadenylation factor 

 

Outlined below is the description of proteins that make up the three-enzymatic modules 

of CPF.  

 

1.2.2.1.1 The polymerase module 

 

The polymerase module in yeast is made up of five proteins: Cft1, Pfs2, Yth1, Fip1 

and Pap1 (Figure 1.4). A very similar polymerase complex was purified from human 

cells and was sufficient to reconstitute specific polyadenylation (Schönemann et al. 

2014). 

 

 

 
 

Figure 1.4: Schematic representation of yeast polymerase module subunits. Cft1 is 

predicted to contain three β-propeller repeats (Scrima et al. 2008). The predicted 

WD40 domain of Pfs2 is highlighted in yellow. Pap1 contains an N-terminal polymerase 

domain (in blue) and a C-terminal RNA binding surface (in purple) (Bard et al. 2000). 

The five zinc fingers of Yth1 are colored in pink. Fip1 is an unstructured protein with 

residues 80 to 105 involved in binding Pap1 (in grey).   

 
Cft1 is rich in β-strands and is the largest of all the CPF proteins (154 kDa in size). It 

was identified in yeast  owing  to  its  sequence  similarity  to  the  mammalian  

counterpart  that  was  known  to  bind AAUAAA (Stumpf and Domdey 1996). Using 

purified Cft1, it had been shown that the central region in the sequence of Cft1 can 

mediate binding to RNA (Dichtl et al. 2002). The human Cft1 (or CPSF-160) 
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Symplekin) and the pseudo-nuclease Cft2 (or CPSF-100) to form the core of the 

human CPSF complex (Sullivan, Steiniger, and Marzluff 2009). Similar to its yeast 

counterpart, CPSF-160 is rich in β-strands and binds RNA in vitro (Keller et al. 

1991; Dichtl et al. 2002). 
 

Pfs2 was identified as a component of CPF during the purification of a multi-subunit 

complex that had specific polyadenylation activity (Preker et al. 1997). Pfs2 is a 

WD40 repeat-containing protein that has been proposed to mediate the interaction of 

CPF with the cleavage factors (Ohnacker et al. 2000). The human polymerase 

complex directly binds the polyadenylation signal via Pfs2 (or WDR33) and Yth1 (or 

CPSF 30) (Chan, Huppertz, Yao, Weng, Moresco, Yates Iii, et al. 2014). The human 

homologue of Pfs2 (WDR33) has an N-terminal WD40 domain and it is not 

uncommon for WD40 domains to mediate nucleic acid binding (Jin et al. 2016). 

Unlike Pfs2 that only contains the WD40 domain, WDR33 also contains a central 

collagen like domain and a C-terminal GPR rich sequence. The roles of the central 

and the C-terminal domains remain unclear. 
 

Yth1 is another RNA binding component of the polymerase module that contains five 

CCCH zinc finger (ZF) domains (Tacahashi, Helmling, and Moore 2003; Barabino et 

al. 1997). Yth1 and its human counterpart CPSF30 are thought to recognise the RNA 

cleavage sites (Barabino, Ohnacker, and Keller 2000b; Chan, Huppertz, Yao, Weng, 

Moresco, Yates, et al. 2014). CPSF-30 interacts with the AAUAAA sequence via 

zinc fingers two and three (Chan, Huppertz, Yao, Weng, Moresco, Yates Iii, et al. 

2014). CPSF-30 also contains a zinc knuckle at its C-terminal end that is not present 

in Yth1.  Similarly, zinc fingers two and three of Yth1 specifically mediate the RNA 

binding, whereas zinc finger four and five are thought to interact with the unstructured 

protein Fip1 (Tacahashi, Helmling, and Moore 2003). 
 

Fip1 was discovered as an interaction partner of Pap1 (Preker et al. 1995). Fip1 has an 

acidic stretch at its N-terminus, and a proline-rich C-terminal region. Human Fip1 

(hFIP1) is almost two times bigger in size compared to the S. cerevisiae Fip1 due to 

the additional R-rich and RD- rich domains in the C-terminal region. The N-terminal 

residues 80-105 of Fip1 interact with Pap1, whereas the C- terminal residues 206-220 

interact with Yth1. A crystal structure of the Fip1 peptide 80-105 bound to Pap1 

reveals molecular details of this interaction (Meinke et al. 2008). Fip1 is thought to 

tether Pap1 to the rest of CPF via a central flexible linker and also provide a platform 
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for protein-protein interaction for other CPF components (Helmling, Zhelkovsky, and 

Moore 2001; Ezeokonkwo et al. 2011). Deletion of the last 107 residues of Fip1 (that 

lies after the Yth1 binding site) had an insignificant effect on yeast viability and on 

polyadenylation by CPF. hFIP1 binds U-rich containing RNA via its C- terminal 

arginine rich domain (Kaufmann et al. 2004). 
 

Pap1 is the enzyme that synthesizes the poly(A) tail at the mRNA 3' ends (Lingner et 

al. 1991) and is one of the most extensively characterised subunits of CPF. Pap1 

belongs to the DNA polymerase β family of enzymes. Although Pap1 loses its 

substrate specificity when in isolation, it has nucleotide specificity (M Edmonds 

1990). The human homologue of Pap1 (PAP) acquires substrate specificity for 

polyadenylation upon associating with the CPSF complex (Schönemann et al. 2014).  

The N-terminal region of the yeast and mammalian PAPs share substantial sequence 

identities, whereas the C-terminal domains do not share this similarity. A deletion of 

the first 18 amino acids of Pap1 affects the specific polyadenylation of pre-mRNA 3' 

ends by CPF as this region is thought to contact other CPF subunits (Zhelkovsky, 

Kessler, and Moore 1995; Ezeokonkwo et al. 2012). The C-terminal end of Pap1 also 

has an RNA binding domain, the exact role of which is still unknown (Zhelkovsky, 

Kessler, and Moore 1995). Unlike yeast that contains only two poly(A) polymerase 

(Pap1 and Trf4), mammals have different nuclear PAPs - canonical PAP, neo-PAP, 

star-PAP etc (Vaňáčová et al. 2005; Laishram 2014). The canonical PAP is the most 

similar one to the yeast Pap1. Although the molecular details of nucleotidyl transfer 

are conserved between PAP and Pap1, the extended C-terminus of PAP is subjected to 

several post- transcriptional modifications that ultimately regulate its function. The 

detailed mechanism of how Pap1 adds multiple adenosine tails to the 3' end of the 

RNA is discussed in section 1.2.4. It is to be noted that there are no experimentally 

determined three-dimensional structures for any of the polymerase module 

components except for Pap1 and a Fip1 peptide that interacts with Pap1 (Bard et al. 

2000). 
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1.2.2.1.2 The nuclease module 

 

The nuclease module in yeast is made up of three proteins: Cft2, Ysh1 and Mpe1. 

Cft2 is an inactive pseudo-nuclease that belongs to the β-CASP family. The exact role 

of Cft2 in cleavage and polyadenylation remains obscure but Cft2 has been shown to 

be essential for cell viability, and recognition of 3' end processing mRNA cleavage 

site in vivo (Kyburz et al. 2003). UV cross-linking experiments proposed a role for 

Cft2 in RNA binding (Zhao, Kessler, and Moore 1997), and pull down experiments 

with Pol II also suggest that Cft2 has a role in coupling 3' end processing and 

transcription (Kyburz et al. 2003). The crystal structure of Cft2 revealed an N-

terminal metallo-β-lactamase domain and a C- terminal β-CASP domain (Mandel et 

al. 2006). Cft2 and Ysh1 not only share an overall sequence identify of 19.5 %, but 

the structural architecture of Cft2 is very similar to that of Ysh1 or CPSF-73. 

Interestingly, the zinc coordinating residues found in Ysh1 are not conserved in Cft2 

and hence it does not bind zinc. This explains why Cft2 does not possess any nuclease 

activity. 
 

Ysh1 is the endonuclease that cleaves the mRNA 3' end (Mandel et al. 2006; 

Zhelkovsky et al. 2006). Interestingly, strains harbouring mutations in Ysh1 have been 

found to be defective in splicing (Garas, Dichtl, and Keller 2008). Mutating the 

conserved  metal  coordinating  residues  in  the  metallo-β-lactamase  and  β-CASP  

domains  of  Ysh1 results in lethality, showing that Ysh1 requires divalent ion binding 

for its nuclease activity (Ryan, Calvo, and Manley 2004). 
 

Mpe1 is a zinc knuckle containing protein that is known to be important for 

specificity of mRNA cleavage activity (Vo et al. 2001). Mpe1 was found to contain an 

ubiquitin-like (UBL) domain, a RING finger domain in addition to the zinc knuckle 

(Lee and Moore 2014). The zinc knuckle and RING finger have been shown to play 

an important role in specific RNA binding. The functional role of the UBL domain of 

Mpe1 remains to be explored. 
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1.2.2.1.3 The phosphatase module 

 

The phosphatase module in yeast is made up of six proteins: Pta1, Ref2, Pti1, Swd2, 

Glc7 and Ssu72. The identities of Pti1, Swd2, Glc7 and Ssu72 in CPF purifications 

remained unknown and were the last of the yeast CPF proteins to be described (Dichtl 

et al. 2002; He et al. 2003; Gavin et al. 2002; Nedea et al. 2003).  It is to be noted that 

some of the earlier purifications of CPF had some additional unidentified bands that 

could have been some of the phosphatase subunits. For example, it is plausible that 

the bands labelled as p 35 and p 36 in pull downs of the polyadenylation complex 

performed in Walter Keller's lab could be Swd2 and Glc7 (Preker et al. 1997). But 

interestingly none of these early purifications had any obvious bands on SDS-gels 

that could likely correspond to Ref-2 (Ohnacker et al. 2000). The large-scale 

proteomic study that involved co-immunoprecipitation of the polyadenylation 

complex using Pti1 as bait identified Ref2, Pti1, Glc7 and Ssu72 (Gavin et al. 2002). 

In absence of detailed experimental conditions (such as the number of washes 

between each steps) of these  and  earlier  pull  downs,  it  is  difficult  to  ascertain  

why  the  phosphatase  subunits  were  not identified earlier. 
 

Pta1  was  originally  discovered  as  a  gene  that  functions  in  pre-tRNA  processing  

(O’Connor and Peebles 1992). Extracts prepared from a Pta1 mutant strain were 

found to be defective in both steps of mRNA 3' end processing (Preker et al. 1997; 

Zhao et al. 1999). The human homologue of Pta1, known as symplekin, is thought 

to act as a scaffold for protein-protein interaction within CPF (Xiang, Manley, and 

Tong 2012). The N-terminus of Pta1 harbours HEAT repeats similar to its metazoan 

counterpart and further supports the idea that Pta1 could act as a structural scaffold for 

CPF (Kennedy et al. 2009). Previous work from our lab has shown that Pta1 mediates 

the interaction between the phosphatase module and the rest of CPF via its 

association with the nuclease module (Figure 1.3a). This role of pta1 in bridging CPF 

components is further supported by previous studies where symplekin forms a tight 

complex with the nuclease module components Ysh1 (or CPSF-73) and Cft2 (or 

CPSF-100) (Sullivan, Steiniger, and Marzluff 2009). It is thought to influence the 

nuclease activity of CPSF-73 by bringing other regulatory proteins to the complex. 
 

Ref2 was discovered as an RNA binding protein that plays a key role in 

poly(A) site selection (Russnak, Nehrke, and Platt 1995). A role for Ref2 in 

snoRNA formation has also been reported (Dheur et al. 2003). Interestingly, Ref2 
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is the only component of CPF that is not essential for the viability of the yeast 

cells. Swd2 is a WD40 repeat containing protein that is involved in Pol II termination 

and is a shared subunit of the histone H3-K4 methylation complex, COMPASS 

(Roguev et al. 2001; Cheng, He, and Moore 2004). Overexpression of Ref2 can 

rescue the growth defect phenotype of a Swd2 deletion in yeast, highlighting a 

functional  interaction  between  the  two  proteins  (Cheng, He, and Moore 2004).  

The phosphatase enzymes Ssu72 and Glc7 are the newest addition to the family of 

CPF subunits (Edmund P. Walsh et al. 2002). 

 

Ssu72 is the phosphatase that acts on the Ser-5 and Ser-7 of the pol II CTD and helps 

the initiation-elongation cycle of pol II (Krishnamurthy et al. 2004; Reyes-Reyes and 

Hampsey 2007; Rosado-Lugo and Hampsey 2014; Xiang, Manley, and Tong 2012). 

The three-dimensional structure of Ssu72 bound to its substrate (Ser5 

phosphorylated pol II CTD) and in complex with the N-terminus of the scaffolding 

protein Pta1 (Symplekin) has been determined (Xiang et al. 2010).  This structure 

revealed details about how Ssu72 specifically recognises the Ser5 phosphorylated 

CTD and how Pta1 could stimulate the phosphatase activity of Ssu72. In the 

structure, the CTD is bound in the active site of Ssu72 with the Ser5-Pro6 peptide 

bond in an unusual cis configuration. This unusual geometry could explain the 

specificity of Ssu72 for Ser5 phosphorylated CTD peptide.  

 

Glc7 is a PP1 family phosphatase that acts on the Tyr-1 of the pol II CTD and 

coordinates transcription termination (Schreieck et al. 2014). The CTD of the largest 

subunit of Pol II consists of 26-tandem heptapeptide repeats in yeast, and 52- tandem 

heptapeptide repeats in humans. Almost all of the 26-heptapeptide repeats in yeast 

follow the consensus sequence Tyr1-Ser2-Pro3-Thr4-Ser5-Pro6-Ser7 (Eick and Geyer 

2013). However, in mammals the repeats vary from the consensus sequence towards 

the distal end of the CTD.  The CTD repeats are important for coupling transcription 

termination to cleavage and polyadenylation of pre- mRNAs (Hsin and Manley 2012). 

The CTD undergoes several post-translational modifications with phosphorylation 

being the most important for mRNA 3' end processing ( M c C r a c k e n  e t  

a l .  1 9 9 7 ;  H i r o s e  a n d  M a n l e y  1 9 9 8 ) . The CTD repeat is intrinsically 

disordered and can adopt diverse structural architecture upon interactions with 

different 3' end processing proteins such as Pcf11, Ssu72 and Glc7. These interactions 

are not only regulated by PTMs such as phosphorylation but also by other factors such 
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as cis-trans isomerisation of the peptide bonds (Xiang et al. 2010; Werner-Allen 

et al. 2011). The CTD modification changes throughout the different stages of 

transcription and the 3' end processing factors  are  recruited  just  before  

termination.  The exact molecular  details  of  CTD  mediated transcription 

termination and pre-RNA cleavage is still elusive. 

 

1.2.2.2 Cleavage Factors 

 

CF IA and CF IB are the two cleavage factors in yeast. CF IA is a hexamer that 

consists of a hetero- tetramer of Rna14 and Rna15, and a single copy of Pcf11 and 

Clp1 (Gordon et al. 2011) (Figure 1.3b). In humans, the cleavage factors are more 

complicated than their yeast counterparts. There exists a similar complex known 

as the cleavage stimulatory factor or CstF. The three proteins that make up CstF 

are CstF-77 (or Rna14), CstF-64 (or Rna15) and CstF-50 (no yeast homologs). In 

addition to CstF, there also exists hCFI and hCFII. hCFI is made up of proteins that 

contain no known yeast homologs (Rüegsegger, Blank, and Keller 1998).  hCFII is 

made up of hPcf11 and hClp1, the human homologs to yeast Pcf11 and Clp1. 

 

1.2.2.2.1 Cleavage Factor IA 
 

Rna14 consists of a large HAT domain in the N-terminus and a monkey tail region in 

its C-terminus (Paulson and Tong 2012). The HAT domain of Rna14 is made up of 12 

HAT motifs and is thought to act as a protein-protein interaction platform for bringing 

together CPF and CFI (Ohnacker et al. 2000). Similar to Rna14, CstF-77 is a HAT 

domain-containing protein that dimerizes via its HAT-domain (Preker and Keller 

1998; Paulson and Tong 2012; Bai et al. 2007). CstF-77 (or Rna14) interacts with 

CstF-64 (or Rna15) via a C-terminal proline rich region (Hockert, Yeh, and 

MacDonald 2010). Experiments show that extracts prepared from Rna15 or Rna14 

mutant cells cannot restore mRNA 3’ end processing when mixed together. This 

shows that both Rna14 and Rna15 are essential for 3’ end processing and that either 

subunit cannot substitute for the other. 
 

Rna15 is an RRM-domain containing protein that contributes to the RNA binding 

property of CF IA (Minvielle-Sebastia et al. 1991), and has been shown to bind A-rich 
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signals in the mRNA 3' UTR (Gross and Moore 2001). Cstf-64 binds RNA via an N-

terminal RRM domain (Takagaki et al. 1992). A later study also demonstrated that 

Rna15 prefers binding U or G/U rich tracts of a substrate RNA (Pancevac et al. 2010). 

The NMR structure of the RRM domain of CstF-64 reveals the molecular details of its 

interaction with U or G/U rich RNA (Perez Canadillas and Varani 2003). It has been 

hypothesized that the proximity of the downstream U-rich and GU-rich sequences in 

human UTRs might enable binding of two copies of CstF-64 next to each other, 

connected by the CstF-77 HAT domains (Xiang, Tong, and Manley 2014). Cstf-64 

contains a central proline-glycine rich region followed by an alpha helical MEARA/G 

repeat which is not present in its yeast homologue, Rna15. The C-terminal end of 

Cstf-64 and Rna15, however, is highly conserved in eukaryotes and is required for 

polyadenylation (Qu et al. 2007). The C-terminal conserved region of Rna15 

interacts with Pcf11 and this region is necessary for efficient mRNA 3' end 

processing. The central hinge domain of Rna15 and the monkey tail domain of Rna14 

are the minimal regions required for a stable complex formation between the two 

(Moreno-Morcillo et al. 2011). CstF-50 (no known yeast homologue) contains a 

dimerization domain in its N-terminal end and a WD40  domain  in  its  C-

terminus.  Dimerization  of  CstF-50  along  with  the  hetero-tetramer  CstF-77/CstF-

64 results in the formation of a hexameric CstF complex. 
 

Pcf11 was identified as a component of CF IA in a two hybrid screen and a strain 

harbouring a Pcf11 mutant demonstrated shortening of poly(A) tails (Amrani, Minet, 

Wyers, et al. 1997). In vitro binding studies have shown that recombinant Pcf11 can 

interact with the CTD of pol II (Barilla, Lee, and Proudfoot 2001), but a later study 

from Keller and colleagues showed that the CTD binding of Pcf11 and its 

participation in mRNA 3' end processing  are  not  coupled  (Sadowski et al. 2003).  

The  N-terminus  of  Pcf11  contains  a  pol  II CTD binding region, the central 

region harbours the Rna14/Rna15 binding site and the C-terminus contains a Clp1 

binding site followed by a CCHC zinc finger domain (Guéguéniat et al. 2017). Clp1 

was identified as one of the co-purification partners of CF IA that interacts tightly 

with Pcf11 but not with Rna14 or Rna15 (Minvielle-Sebastia et al. 1997; Gordon et al. 

2011). CF IA is thought to activate pre-mRNA cleavage by CPF by mechanism that 

remains to be understood. 
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1.2.2.2.2 Cleavage Factor IB 
 

CF IB or Hrp1 was discovered as a suppressor of a temperature sensitive allele of the 

gene NPL3 involved in mRNA export (Henry et al. 1996) UV crosslinking 

experiments demonstrated sequence specific binding of Hrp1 to RNA (Kessler et al. 

1997; Chen and Hyman 1998), and overexpression of Hrp1 influences the cleavage 

site selection in yeast (Bucheli et al. 2007). Hrp1 contains a central RRM domain that 

mediates its interaction with Rna14. Mutants that disrupt this interaction failed to 

cleave and polyadenylate a substrate RNA (Barnwal et al. 2012). The same study also 

showed that Hrp1 binding to RNA via its RRM domains enhances its interaction with 

Rna14/Rna15, therefore suggesting that RNA binding may trigger the assembly of the 

3' end-processing complex. 

 

1.2.2.3 Cis-regulatory elements 
 

The mRNA signals in budding yeast and humans that recruits and directs the 3' end 

processing machinery f o r  c l e a v a g e /polyadenylation h a v e  similarities a n d  

d i f f e r e n c e s .  The sequences of the yeast signals and the order in which they are 

distributed in the 3' UTR are somewhat different when compared to human signals. In 

vivo studies on ACT1, ADH1, CYC1, and YPT1 mRNAs found that the signals that 

direct polyadenylation site selection are dispersed across several hundred nucleotide 

stretches and it was unlikely that there existed a single polyadenylation signal 

sequence in yeast (Heidmann et al. 1992). However many human mRNA 3' UTRs 

contain a conserved six nucleotide AAUAAA sequence (or a close variant such as 

AUUAAA) known as the polyadenylation signal and is present 10 - 30 nucleotides 

upstream of the cleavage site (N. J. Proudfoot and Brownlee 1976; Beaudoing et al. 

2000; B. Tian et al. 2005; Derti et al. 2012). 
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Figure 1.5: The cis-elements of yeast and human 3' UTR. EE: Efficiency element, PE: 

Positioning element, UUE: upstream U-rich element, DSE: Downstream U-rich 

element. Red arrows indicate the protein binding sites. Py(A)N  is the site of cleavage. 

Py stands for pyrimidine.  

 
There are five predominant motifs in yeast that constitute the cis-regulatory elements: 

the UA rich efficiency element, the A rich positioning element, the U-rich upstream 

element, the Py(A)N cleavage site and the downstream U rich element (Figure 1.5). In 

humans, biochemical studies coupled with bioinformatics have shown that the 

sequences downstream of the human cleavage sites are rich in U/GU sequences 

(Salisbury, Hutchison, and Graber 2006). The sequences upstream of AAUAAA are 

rich in multiple UGUA elements, two of which are specifically and simultaneously 

recognised by hCFI ( H u  e t  a l .  2 0 0 5 ;  Y a n g ,  G i l m a r t i n ,  a n d  

D o u b l i é  2 0 1 0 ) . Auxiliary sequences elements including the upstream U-rich 

sequences and the downstream G-rich regions provide protein-binding surfaces and 

S. cerevisiae
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UAUAUA

AAUAAA
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CFIB CFIACPF
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contribute to efficient mRNA 3'- end processing (Hu et al. 2005; Yang and Doublié 

2011) (Figure 1.5).  

 

The efficiency element consists of alternating UA dinucleotides in some genes or a 

mixture of U-rich and UA dinucleotide stretches in others. A consensus efficiency 

element was found to be a hexanucleotide UAYRUA and more specifically a 

UAUAUA. The Us in position one and five of this sequence are the most essential 

residues for mRNA 3' end formation (Irniger and Braus 1994). It is interesting to note 

that the efficiency elements are somewhat degenerate in different mRNAs in spite of 

the proposed UAUAUA consensus sequence. GCN4 and ADH1 use UUUUAUA as 

their efficiency elements (Egli, Springer, and Braus 1995).  GCN4 represent a class of 

mRNAs where the polyadenylation signals are strictly uni directional whereas ADH1 

polyadenylation sites are bi directional in nature (Irniger, Egli, and Braus 1991). 

Most of the yeast genes including GAL7 use UAUAUA as the efficiency element. 

However genes such as CYC1 and GCN4 use different but related sequences like 

UAUUA, UUUAUA, UAUGUU, and UAUUUA (Egli, Springer, and Braus 1995; 

Guo et al. 1995). The yeast positioning elements are the ones functionally similar to 

the human AAUAAA. They are usually A rich stretches that dictate the position of the 

endonucleolytic cleavage and are located around 10 to 30 nucleotides upstream of the 

exact cleavage site (Heidmann et al. 1994). Removal of the positioning element from 

the RNA results in shift of the cleavage site (P. Russo et al. 1991). Some of the 

most commonly found positioning elements are UUAAGAAC, AAUAAA and 

AAAAAA. Deletion of the positioning element of ADH2 and GAL7 resulted in a 

decrease in the use of the strong cleavage sites (Hyman et al. 1991; Abe, Hiraoka, 

and Fukasawa 1990). Analysis of 1352 unique pre-mRNA 3′-end-processing sites 

have identified U-rich sequences both upstream and downstream of the cleavage site 

(Graber et al. 1999). Importantly, the human polyadenylation signals also contain 

similar U-rich elements near the cleavage site. Mutating either the upstream or the 

downstream U-rich elements to Gs did not have any effect on the cleavage activity. 

However, when U → G mutations were introduced upstream and downstream of the 

cleavage site, cleavage was strongly affected (Dichtl and Keller 2001). The interaction 

of these U-rich elements with the CPF or CFI subunits is yet to be studied in detail. 

Yeast possesses a cluster of cleavage sites downstream of the positioning element. 

The most common cleavage site is a pyrimidine (C or U) followed by one or two 

As (PyAAA), (Heidmann et al. 1992; Bennetzen and Hall 1982). Tian and Graber 
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provide a comprehensive review comparing the poly(A) signals in different 

organisms (Bin Tian and Graber 2012). 
 

A recent study combining in cell structure probing coupled with high-throughput 

functional assays and bioinformatics analysis, have found that folded RNA structures 

near the mRNA 3′-ends facilitate cleavage and polyadenylation (Wu and Bartel 2017). 

This adds a new layer of regulation associated with mRNA 3′ end processing, and 

suggest that the contributions from RNA elements are more complex than previously 

thought. 
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1.2.3 Ysh1 and endonuclease mechanism 
 

Ysh1  (CPSF-73 in humans)  follows  a  general  two-metal  ion  dependent  

mechanism  for  the endonuclease cleavage reaction (Steitz and Steitz 1993). The 

crystal structure of CPSF-73 in a closed state revealed an N-terminal metallo-β-

lactamase domain and a C-terminal β-CASP domain (Mandel et al. 2006). The 

metallo-β-lactamase domain is not only found in β-lactamases but also prevalent in 

different protein families such as thiolesterases, glyoxalase II family and nucleases. 

The crystal structure reveals two zinc ions bound in the active site between the two 

domains. The ions have an octahedral coordination with a hydroxyl ion as one of the 

bridging molecules. Although this structure does not have a substrate RNA bound in 

the active site, conclusions can be made about the possible mechanism via which 

cleavage can occur.  In the metallo-β-lactamase domain of  CPSF-73,  the bridging 

molecule of the two zinc ions acts as a nucleophile to hydrolyse the phosphodiester 

linkage (Mandel et al. 2006). The bridging hydroxyl molecule is right beneath the 

sulfate group that the authors argue is the chemical mimic of the phosphate group of 

the RNA. In a similar study of the RnaseJ enzyme, the position occupied by a sulfate 

ion in the apo structure of RnaseJ was found to be occupied by the phosphate group 

of an UMP in the structure bound to UMP (Sierra-Gallay et al. 2008). So the 

position where they have modelled the sulfate group (or the phosphate group) could 

be the receiver of the nucleophilic attack leading to nuclease reaction (Figure 1.6). 

Direct proof of the postulated two metal ion endonuclease mechanism will require a 

structure of the enzyme in an open state, with an RNA substrate bound in the active 

site, and two divalent ions coordinated octahedrally by the phosphate group and the 

side chains of Asp or His from Ysh1. 
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Figure 1.6: The structure of CPSF-73 (or Ysh1) in a closed state [PDB ID: 2I7V]. 

CPSF-73 contains an N-terminal metallo-β-lactamase domain shown in light cyan, the 

middle region forms a β-CASP domain shown in sand yellow and the C-terminal end 

also forms a part of the metallo-β-lactamases domain shown in light blue. The two 

bound zinc ions are shown in grey, a sulfate group (that mimics the phosphate of the 

substrate) is shown in pink and the bridging hydroxyl ion is shown in yellow. 
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1.2.4 Pap1 and polyadenylation mechanism 
 

Pap1 is the yeast poly(A) polymerase that adds a chain of adenosines to the 3′ 

hydroxyl of a substrate RNA via a two-metal ion dependent nucleotidyl transferase 

mechanism.  The crystal structure of Pap1 revealed three globular domains that 

surround a central substrate binding cleft of 20 Å by 30 Å by 45 Å (Figure 1.7a) 

(Bard et al. 2000). The three domains of Pap1 consist of a palm, finger and thumb 

domains. Furthermore, the arrangement of these respective domains in Pap1 is 

different from that seen in other template dependent polymerases (Figure 1.7a). The 

N-terminus of Pap1 is structurally similar to the palm domains, and the middle 

domain of Pap1 is functionally similar to the finger domains of pol β nucleotidyl 

transferases. The active site in the palm domain of Pap1 is structurally similar to the 

other polymerases in this family of two metal ion dependent nucleotidyl 

transferases. The Aspartates 100, 102 and 154 are required to coordinate the divalent 

cations (Figure 1.7b). The active site also shows that there are extensive contacts 

made by Pap1 to the mononucleotide primer. 

 

The mechanism of poly(A) polymerase activity was determined when the structure of 

a catalytically inactive Pap1 mutant (D154A) was determined in complex with 

MgATP and a poly(A) RNA (Balbo and Bohm 2007). This 1.8 Å resolution crystal 

structure of the ternary complex has clear electron density for MgATP and the RNA 

(Figure 1.7b). However, there is no electron density accounting for a second 

magnesium ion, likely due to the catalytically inactive mutant used in the study. 
 

When compared to the apo open structure of Pap1, this active structure is more closed 

with the N- terminal domain being rotated by ~23°. In this closed state, the N-terminal 

and C-terminal domains interact with the substrate mainly mediating contacts across 

the domains. Interestingly, the single stranded poly(A) chain does not form base 

stacking interactions. The poly(A) substrate remained solvated in the ternary structure 

with 24 of the protein-RNA interactions occurring through an ordered network of 

water molecules. Some of the water molecules that contact the base of ATP could 

impart substrate specificity. 
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Figure 1.7: (a) The structure of Pap1 with MgATP in the open conformation [PDB 

ID:1FA0]. The two divalent cations are shown in grey, the phosphates of the incoming 

3’-dATP is shown in ruby and the mononucleotide primer is shown in yellow.  The 

active site cleft is ~ 20 Å by 30 Å by 45 Å. (b) The active site of Pap1 showing the Mg 

coordination and the incoming ATP in ruby poised for a nucleophilic attack on the 3' 

hydroxyl of the substrate RNA in yellow [PDB ID: 2Q66]. 
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Pap1 interacts with the 2' hydroxyl groups of the adenine bases at the 3' end of the 

poly(A) RNA, one and two positions upstream of the 3' end. This explains why Pap1 

does not prefer DNA substrates as templates  for  polyadenylation.  The  adenines  at  

these  positions  are  well  anchored  and  buried completely within the active site. 

However, the adenine residue three positions before the 3' end remains surface 

exposed on the C-terminal domain of Pap1. This adenine makes base specific contacts 

with Pap1 residues Lys392, Glu487, Leu388 and Leu 491. The three adenosines 

coming after this also makes base specific contacts with highly conserved residues on 

Pap1. 

 

Resembling a substrate ready for a nucleophilic attack, the 3' hydroxyl end of the 

poly(A) RNA is located 3.2 Å from the α phosphorous of ATP. The ternary structure 

provides a structural basis for nucleotide base recognition in spite of the absence of 

any observed direct hydrogen bonding between the base and Pap1. Base stacking 

interactions between the 3' end of the poly(A) RNA substrate and the incoming ATP 

can be observed in the structure. From a thermodynamic point of view, A-A 

stacking is more favourable than A-C or A-U stacking. This could explain why Pap1 

is less efficient to add a poly(A) tail to an RNA 3' end that ends with C or U. The 

discrimination between A and G is largely due to electrostatic reasons and steric 

hindrances due to differences in shape (Balbo and Bohm 2007). 
 

Detailed kinetic studies show that Pap1 switches between the open and closed 

conformation during nucleotidyl transfer. Formation of the closed state results in the 

active site assembly, and subsequently correct substrate recognition and catalysis.  

Interestingly, the nucleotide specificity is manifested in the Vmax term rather than the 

Km. ATP binding promotes the reaction velocity via a ground-state destabilisation 

mechanism. Substrate binding results in domain closure and adenylate transfer 

occurs in the closed conformational state. The mechanism of ground state 

destabilisation and catalysis in the closed state remains unanswered in the field. 
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1.2.5 Regulation of poly(A) tail length 
 

It is thought that a newly synthesised RNA has a poly(A) tail length of ~60 As in S. 

cerevisiae (M Edmonds, Vaughan, and Nakazato 1971; Mclaughlin et al. 1973). Why 

is the length of a poly(A) tail an important cellular property that deserves 

attention? Depending on their lengths, poly(A) tails can either help in stabilizing the 

mRNA or aiding in 3' → 5' exosome mediated RNA degradation.  The rate of removal 

of a poly(A) tail is the major determinant of mRNA degradation and subsequently it’s 

half life. The newly added poly(A) tail of different mRNAs have similar lengths, 

whereas the rate of removal of the poly(A) tail in the cytoplasm is different for 

different mRNAs. Specific RNAs are targeted for deadenylation over others based in 

part on sequences in their 3' UTRs. This allows the cell to control the half-life of an 

mRNA as a function of the intrinsic property of the mRNA only. In addition, mRNA 

poly(A) tail length also has an influence on translation efficiency (Preiss ,  

Muckenthaler ,  and Hentze 1998;  Bei lharz  and Preiss  2007). Therefore 

the length of the poly(A) tail controls the fate of the mRNA and hence gene 

expression. 
 

As CPF adds a poly(A) tail to the cleaved 3' end of a pre-mRNA, poly(A) binding 

proteins in the nucleus are thought to bind the poly(A) tail and somehow restrict their 

length. The zinc finger protein, Nab2, is the major poly(A) binding protein in the 

nucleus, although there are reports suggesting the presence of the cytoplasmic poly(A) 

binding protein Pab1 in the nucleus (Brune et al. 2005). Nab2 was discovered as a 

protein that associates with nuclear polyadenylated RNA in vivo (Anderson et al. 

1993). Nab2 is also required for the efficient export of mRNAs into the cytoplasm 

and in addition to its role in the control of poly(A) tail length in vivo (Green et al. 

2002; Hector et al. 2002). Although Pab1 may have a role in the regulation of poly(A) 

tail length in yeast (Amrani, Minet, Le Gouar, et al. 1997), Nab2 is thought to be the 

functionally relevant protein in poly(A) tail length control owing to its nuclear 

localization. However the exact amounts of Nab2 or Pab1 inside the nucleus is 

unknown. It was found that over-expression of Pab1 with a nuclear localisation 

signal cannot rescue a hyper-polyadenylation phenotype of Nab2 deletion (Hector et 

al. 2002). 
 

Nab2 binds specifically to poly(A) sequences with high affinity (Kelly et al. 2007). 

Nab2 is made up of three functionally distinct domains. The N-terminal domain of 
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Nab2 is involved in poly(A) RNA export, a central domain mediates Nab2’s nuclear 

import and the C-terminal domain harbours seven tandem  zinc  finger  repeats,  of  

which  ZF5-ZF7  are  necessary  for  specific  poly(A)  RNA  binding (Soucek, 

Corbett, and Fasken 2012).  Recognition of poly(A) RNA by Nab2 is essential for 

proper control of mRNA poly(A) tail length ( K e l l y  e t  a l .  2 0 1 0 ) , and rapid 

removal of Nab2 from the nucleus of yeast cells results in disappearance of 

polyadenylated transcripts due to enhanced mRNA decay (Schmid et al. 2015). In 

accordance with the in vivo data, addition of recombinant Nab2 to in vitro 

polyadenylation reactions of CPF results in controlled poly(A) tail addition, but the 

exact molecular mechanism behind how  Nab2  can  impart  length  control  to  the  

polyadenylation  machinery  of  S.  cerevisiae  is  not understood (Viphakone, 

Voisinet-Hakil, and Minvielle-Sebastia 2008). 
 

In humans however, there is a model for the control of mRNA poly(A) tail length 

(Wahle 1995).  It is based on the fully distributive property of the human poly(A) 

polymerase, PAP,  which means it has a low affinity for RNA. The nuclear 

poly(A) binding protein PABN1 forms a stable ternary complex with the PAP, the 

human polyadenylation machinery CPSF and the substrate RNA. This transforms the 

polyadenylation activity of PAP from a distributive to a processive manner. After 

adding a poly(A) tail of ~250 As, for reasons that are currently unknown, PABN1 

dislodges from this stable ternary complex resulting in the termination of this 

processive poly(A) tail synthesis. In cells, the mRNA polyadenylation complex 

consists of additional factors such as  CstF,  CFI  and  CFII  that  were  not  included  

in  the  abovementioned  study.   It  remains  to  be determined whether they influence 

this process. 
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1.3 Overview of 3' end processing:  links to other pathways 
 

Maturation of pre-mRNAs transcribed by pol II requires capping at the 5' end, 

splicing at intronic sites, 3' end cleavage / polyadenylation and export into the 

cytoplasm. Although these diverse nuclear pathways function via separate protein and 

nucleic acid complexes, there exists a great deal of cross- talk between these 

processes (Tudek, Lloret-Llinares, and Jensen 2018; Giammartino and Manley 2014). 
 

The CTD of pol II can recruit a variety of protein factors that are involved in pre-

mRNA processing. The dynamic phosphorylation states of the CTD regulate this 

process. When transcription begins, the CTD is unphosphorylated, and becomes 

differentially phosphorylated throughout the different stages of transcription. We 

know, for example, that Ser5 phosphorylation recruits the 5' capping complex and that 

Ser2 phosphorylation results in assembly of the 3' end processing machinery. The 

Pcf11 subunit of CF IA, contains a CTD interaction domain that specifically 

recognises Ser2 phosphorylated CTD. It is plausible that CF IA is first recruited to the 

CTD through its interaction with Ser2 phosphorylation, and this brings CPF to the 

CTD. The Glc7 phosphatase of CPF can then dephosphorylate the Tyr1 of CTD and 

triggers transcription termination (Schreieck et al. 2014). As the pre-mRNA emerges 

out of the pol II, the various cis-acting elements in the RNA start to attract the binding 

of different proteins, eventually  assembling  a  competent  3'  end  processing  

machinery.  The  CPF  and  CFI  protein components interact both with the pol II 

CTD and the newly synthesized pre-mRNA. The RRM domains of Rna15 (CF IA) 

can recognise GU rich elements that are found downstream of the cleavage site 

(Pancevac et al. 2010) as well as the AAUAA of the positioning element, whereas the 

RRM domains of Hrp1 (CF IB) recognises AU rich efficiency element upstream of 

the cleavage site (Leeper et al. 2010). An open question that remains in the field is 

whether CF IA and CF IB bind upstream or downstream of the cleavage sites 

(Gross  and  Moore  2001;  Dich t l  e t  a l .  2002;  Pancevac  e t  a l .  2010;  

Bae jen  e t  a l .  2014) . CPF likely binds to the AU rich positioning element usually 

present ~ 20 nucleotides upstream of the cleavage site (Chan, Huppertz, Yao, Weng, 

Moresco, Yates, et al. 2014). After the assembly of a competent 3' end processing 

complex involving CF IA, CF IB and CPF, the endonuclease Ysh1 is activated and 

performs cleavage of the pre-mRNA at a specific site Surprisingly, some of the 

spliceosomal proteins can exert influence on pre-mRNA 3' end cleavage and 
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polyadenylation. Binding of the splicing factor U2AF 65 to the pyrimidine tract of 

the intron 3' site that lies upstream of the cleavage site enhances the 3' end cleavage 

activity (Millevoi et al. 2009). Similarly, PAP interacts directly with U2AF 65 and 

increases splicing efficiency (Vagner, Vagner, and Mattaj 2000). A direct interaction 

of the U1A snRNP with PAP has been reported to inhibit polyadenylation (Gunderson 

et al. 1994). However, in vitro assays show that U1A snRNP can stimulate 

polyadenylation by interacting directly with CPSF-160 (Lutz and Alwine 1994). The 

exact role of U1A snRNP in polyadenylation remains to be clarified. 
 

Once the activated Ysh1 in the 3' end processing machinery carries out the pre-mRNA 

cleavage, it is uncertain whether there could be any conformational rearrangement of 

the machinery. The poly(A) polymerase Pap1 can now access the free 3' hydroxyl of 

the end of the pre-mRNA and start adding a tail of multiple adenosines. After 

reaching a tail length of ~60As, the polyadenylation reaction is terminated by a 

mechanism involving the poly(A) binding protein Nab2. The Nab2-bound mature 

(spliced and polyadenylated) mRNA is now competent for export into the cytoplasm. 

The Nab2-bound poly(A) tail can recruit the mRNA export adaptor complex 

Mex67/Mtr2 (Iglesias et al. 2010). Mex67 and Nab2 also interact directly with 

the nuclear pore complex and aid in the efficient export of the mature mRNA 

(Fasken, Stewart, and Corbett 2008). Those mRNAs that are not exported into the 

cytoplasm are targeted for degradation by the nuclear exosome. Studies in humans 

have identified a complex named PAXT that can selectively bind polyadenylated 

mature transcripts via PABN1 and perform exosome-mediated decay. This provides a 

pathway through which polyadenylated RNAs are targeted for degradation in the 

nucleus. Those RNAs that do not have a mature poly(A) tail, are targeted by the 

TRAMP complex that adds a short tail of As and subsequently triggers their exosome-

mediated decay (Schmidt and Butler 2013) . 
 

In summary, CPF (along with the cleavage factors) cleaves and adds a poly(A) tail at 

the 3' end of a pre-mRNA. This is a multistep process involving a large set of protein 

and RNA factors, and is regulated by cross talk between various other mRNA 

processing complexes including Pol II, spliceosome and nuclear export factors. The 

poly(A) tails can either stabilize the mature mRNA, aid in their export or alternatively 

result in nuclear exosome mediated decay or deadenylation. Research in the past two 

decades has aided in our understanding of the composition and functions of the 
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individual components of this machinery. However, very little is known about how 

they work together as a complex to coordinate specific and efficient mRNA 3' end 

processing. 
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1.4 Questions addressed in this dissertation 
 

Prior work from our lab h a s  advanced our knowledge of the architecture of CPF; 

the three-enzymatic activities are segregated into three different modules (Figure 

1.3). Isolated Pap1 enzyme can add a multiple adenosine tail to a substrate RNA in a 

nonspecific manner. It has been shown in humans that the non-enzymatic 

subunits that associate with PAP confer specificity to the reaction. Furthermore, they 

transform the polyadenylation reaction from distributive to processive in nature. In 

chapter 2 of this dissertation, I aim to clarify the function of the non-enzymatic 

polymerase module subunits in yeast and provide a better understanding of how they 

are structurally associated with each other including the substrate RNA. I have taken 

an in vitro biochemistry approach coupled with integrative structural biology 

techniques.  
 

The cleavage factors CF IA and CF IB are known to be important for proper cleavage 

site selection and influence the efficiency of cleavage (Minvielle-Sebastia, 

Preker, and Keller 1994; Kessler, Zhao, and Moore 1996; Kessler et al. 

1997). Although there are prior reports concerning the role of the cleavage factors in 

polyadenylation, the lack of a highly pure and homogeneous in vitro system to study 

polyadenylation has hampered progress. I have used purified protein complexes to 

study the polyadenylation of a pre-cleaved substrate RNA in vitro in order to 

systematically test the role of specific components during the reaction.  In addition, I 

have employed complimentary biophysical techniques to characterize the interaction 

between the cleavage factors and CPF. The main findings from this study are in 

chapter 3.  

 

In S. cerevisiae, newly synthesized pre-mRNAs have a poly(A) tail length of ~ 60 As. 

The exact molecular mechanism behind how CPF terminates polyadenylation after 60 

As remains unknown. In humans, the poly(A) binding protein PABN1 has been 

shown to play a role in regulating the pre-mRNA poly(A) tail lengths. S. cerevisiae 

does not have any PABN1 homologue. The tandem zinc finger-containing protein, 

Nab2, is thought to impart poly(A) tail length control on pre-mRNAs. By using a 

fourteen-subunit CPF purified from both native and recombinant sources, I have 

performed cleavage and polyadenylation reaction of a substrate RNA to 
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investigate pre-mRNA poly(A) tail length control. These results are presented in 

chapter 4. 
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2 Architecture of the Polymerase Module of CPF 
 

The identities and functional properties of the subunits that make up the polymerase 

module are relatively well understood. The polymerase module in yeast is strikingly 

similar to a four-subunit mammalian complex that has been shown to be necessary and 

sufficient for specific in vitro polyadenylation (Schönemann et al. 2014).  However, it is 

unknown how the five proteins constituting the module function together to facilitate 

polyadenylation of a cleaved substrate RNA. A comprehensive understanding of 

subunit interactions within the complex has remained elusive due to the complexity 

involved in producing the polymerase module with high yields and purity for 

biochemical or biophysical experiments. Furthermore, there is a lack of insight into how 

the polymerase module subunits are arranged in 3D space and how this gives rise to the 

function of the module. In this chapter, I describe a method to stringently purify high 

quantities of the polymerase module. I then study a purified, homogenous preparation 

using cryo-EM, and determine the 3D structure of the Cft1-Pfs2-Yth1 subunits of the 

polymerase module. Using cross-linking mass spectrometry, in vitro pull downs and 

nuclear magnetic resonance (NMR) spectroscopy, I further elucidate the molecular 

architecture of the polymerase module, showing how the polymerase Pap1 is flexibly 

tethered to the rest of the complex.   
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2.1 Purification of recombinant polymerase module from Sf9 cells 
 

In order to purify the polymerase module in the correct stoichiometry, polymerase 

module subunits were co-expressed and co-purified. Five genes encoding subunits of 

the polymerase module were cloned into one single vector using the MultiBac 

expression system (Figure 2.1a). Each gene had its own polyhedrin promoter and SV40 

late terminator. The genes coding for Cft1, Pfs2, and Yth1 were cloned into the acceptor 

plasmid pACEBac1, whereas the genes coding for Pap1 and Fip1 were cloned into the 

donor plasmid pIDC. By means of Cre-Lox recombination, a final vector containing all 

polymerase module subunits was generated (section 6.2.4). The subunit Pfs2 contains 

an N-terminal twin StrepII-tag and the subunit Yth1 contains an N-terminal His tag. 

Polymerase module subunits were over-expressed in Sf9 cells by means of baculovirus 

mediated over-expression system (section 6.3.3).  
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2.1.1 Purification of isoforms of polymerase module that vary in Pap1 

stoichiometry 

 

The polymerase module was purified by a three-step protocol (Figure 2.1b). The 

polymerase module was pulled down from Sf9 lysates via the Strep-II tag on the N-

terminus of Pfs2 using streptavidin resin, and eluted with desthiobiotin (Figure 2.1c). 

Analysis of the pull-downs by SDS-PAGE revealed a complex containing all five 

polymerase module subunits and additional bands whose identities were unknown 

(Marked by asterisks in Figure 2.1c).  

 

 

 
 

Figure 2.1: Purification of recombinant polymerase module. (a) Overview of steps 

involved in cloning of polymerase module subunits and baculovirus mediated insect cell 

over-expression (b) Purification scheme of polymerase module (c) Streptavidin pull 

down of the Sf9 cell lysate was analyzed by SDS-PAGE.  
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Furthermore, visual inspection of the bands revealed that the intensity of Pap1 was 

fainter compared to that of Pfs2. This suggested that Pap1 was either present in sub-

stoichiometric amounts, or that the elution fractions from affinity purification contain 

multiple protein complex species.  In order to further clarify this, the elution fractions 

were pooled and loaded onto a pre-equilibrated anion exchange column. Bound protein 

complexes were eluted using a very shallow gradient of increasing salt concentration. 

The shallow gradient allowed the resolution of three peaks at ~300 mM, ~350 mM, and 

~380 mM NaCl (Figure 2.2a). The peaks are referred to as “shoulder”, “peak 1” and 

“peak 2” respectively. SDS-PAGE analysis of the three peaks showed highly pure 

polymerase module complex being eluted across the fractions. Further analysis reveals 

that the stoichiometry of Pap1 subunit varies across the elution fractions (highlighted in 

a red box in Figure 2.2b). The fractions at  ~300 mM NaCl seem to contain excess 

Pap1, and as the salt concentration is increased, complexes with stoichiometric amounts 

of Pap1 are eluted (~350 mM NaCl), followed by complexes containing no Pap1 (~380 

mM NaCl) (Figure 2.2b).  
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Figure 2.2: Anion exchange chromatography separates polymerase module with 

multiple, one or no copy of Pap1 (a) Anion exchange chromatography using a monoQ 

column. Proteins are eluted over a shallow salt gradient starting from 150 mM NaCl 

until 1000 mM NaCl over a 100 ml volume. (b) SDS-PAGE analysis of the eluted 

fractions reveals polymerase module containing multiple Pap1, single Pap1 or no Pap1. 

Varying amounts of Pap1 is highlighted by a red box. 
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observation of polymerase modules with varied stoichiometry of Pap1 is highly 

reminiscent of earlier observations during native CPF purifications from S. 

cerevisiae.  CPF species containing multiple copies of Pap1 were observed when CPF 

from S. cerevisiae is subjected to anion exchange chromatography and a very shallow 

salt gradient elution (Easter 2014). It is interesting to note that CPF without any 
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one copy of Pap1 and CPF with two copies of polymerase as the salt concentration is 

increased (Easter 2014). However, in the case of the polymerase module, the complex 

containing excess Pap1 subunit was eluted first, followed by the other species (Figure 

2.2b). It is possible that the absence of the nuclease and phosphatase modules alter the 

surface chemistry of the polymerase module in comparison with full CPF, thus 

explaining the different elution profiles of CPF compared to polymerase module on an 

anion exchange column.   

 

The three different polymerase module species from the anion exchange step were 

further purified using size exclusion chromatography. The size exclusion 

chromatograms show a well-dispersed and homogenous peak for all three species 

(Figure 2.3a).  

 

 
 

Figure 2.3: Size exclusion chromatography of the three polymerase module variants 

(a) Size exclusion chromatograms of polymerase module variants. (b) SDS-PAGE 

analysis of the polymerase module variants after size exclusion chromatography. (c) 

Representative negative stain micrographs of the three polymerase module variants. 
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The ratio of UV absorption at 260 nm and 280 nm suggests that there are no nucleic 

acid contaminants. SDS-PAGE analysis of the peak fractions further reveals highly pure 

polymerase module complexes (Figure 2.3b). Transmission electron microscopy images 

of negatively stained polymerase module further confirm sample homogeneity (Figure 

2.3c). The micrographs reveal well distributed ~14 nm particles. However, micrographs 

of samples containing Pap1 showed smaller particles in addition to the ~14 nm 

polymerase module. One likely explanation is that the polymerase Pap1 dissociates 

from the complex during preparation of negatively stained sample. The absence of such 

additional small particles in the micrographs of polymerase module without Pap1 (peak 

2) further supports this hypothesis.    

 

In summary, I have established a protocol for the recombinant expression and 

purification of the S. cerevisiae polymerase module. 
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2.1.2 Purification of the poly(A) polymerase Pap1 

 

In order to compare the activity of the polymerase module and the poly(A) polymerase 

Pap1 alone, I sought to recombinantly express and purify S. cerevisiae Pap1, a well-

folded globular protein which has been previously purified and crystallized (Bard et al. 

2000). The gene coding for S. cerevisiae Pap1 was cloned with a N-terminal His tag 

into pET-28a vector. Protein overexpression was carried out in BL21 Star (DE3) cells 

by IPTG induction (Figure 2.4a). The overall purification scheme is shown in Figure 

2.4b Pap1 was isolated from E. coli lysate by affinity chromatography via the His-tag of 

Pap1. The eluate was subjected to ion exchange chromatography using a heparin 

column. The eluate from the heparin column was further purified using size exclusion 

chromatography (Figure 2.4c). The size exclusion chromatography revealed a void peak 

and a homogenous protein peak. SDS-PAGE analysis of the fractions showed the 

presence of highly pure Pap1 in the elution fractions. The peak fraction was further 

concentrated, flash frozen and stored in -80 C for use in biochemical experiments. 
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Figure 2.4: Purification of recombinant poly(A) polymerase Pap1. (a) Overview of 

steps invovled in cloning and IPTG induced bacterial over-expression of Pap1 (b) 

Purification scheme of Pap1 (c) Size exclusion chromatography using a S200 10/300 

GL column. (d) SDS-PAGE of fractions from size exclusion chromatography. 
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2.2 Reconstitution of in vitro poly(A) tail addition        
 

The recombinant production of large amounts of highly pure polymerase module has 

enabled us to characterize the polyadenylation activity of the complex using in vitro 

assays. Here, I describe in vitro polyadenylation assays of a fluorescently labeled 

substrate RNA.  
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2.2.1 Comparison of the polyadenylation activity of polymerase module and Pap1  

 

Before setting up polyadenylation assays of Pap1 and the polymerase module 

complexes, it was necessary to normalize protein samples for the amount of the 

polymerase Pap1. This was carried out using Coomassie staining and densitometry 

analysis of the protein band corresponding to Pap1 (Figure 2.5a). Similarly, the 

polymerase module containing excess Pap1 was loaded onto an SDS-gel alongside 

twice the amount of isolated Pap1 (Figure 2.5b). The amount of Pap1 in the polymerase 

module containing excess Pap1 was found to be similar to twice the amount of Pap1 in 

the isolated sample, further confirming that this preparation contains two copies of Pap1 

(Figure 2.5b). These samples were used in subsequent polyadenylation assays. 

 

 

 

 
 

Figure 2.5: Quantification of Pap1 amounts by densitometry.  (a) SDS-PAGE of 

purified polymerase module and Pap1. The gel was visualized after staining by 

Coomassie blue. The intensity of the band corresponding to Pap1 was analyzed by 

Image J (Schneider, Rasband, and Eliceiri 2012).  After normalizing for the intensity of 

Pap1, the proteins were further used in polyadenylation assay described in figure 2.6. 

(b) SDS-PAGE of purified polymerase module variant containing 2 Pap1 and Pap1 

alone. The intensity of the band corresponding to Pap1 was analyzed by Image J.  After 

normalizing for the intensity of Pap1, the proteins were further used in polyadenylation 

assay described in figure 2.7 
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In vitro polyadenylation assays were carried out using purified polymerase module 

containing one copy of Pap1 and its polyadenylation activity was compared to isolated 

Pap1. 3' end of the yeast CYC1 mRNA has been historically used as a model substrate 

to study cleavage and polyadenylation (Butler and Platt 1988). CYC1 mRNA contains 

several cis-elements known to be important for efficient 3' end processing (Dichtl and 

Keller 2001). A synthetic 42-mer CYC1 3' UTR with a 5' 6-FAM label (hereafter 

referred to as 5'-FAM-CYC1-pc) was used as the substrate in the assays (Schmid et al. 

2012). Products of polyadenylation assays were analyzed by denaturing urea-PAGE 

(Figure 2.6). Pap1 appears to add poly(A) tail faster than the polymerase module.  All 

substrate RNA is polyadenylated after 8 minutes, as seen by the disappearance of the 

band corresponding to 5'-FAM-CYC1-pc. (Figure 2.6a). The differences in speed 

between Pap1 and polymerase module can be appreciated at early time points. Similar 

to the reaction containing polymerase module, all substrate RNA is polyadenylated after 

time 8 minutes by Pap1 (Figure 2.6b). The final length of the poly(A) tail in both cases 

seem similar (~260 As).  

 

 
 

Figure 2.6: Recombinantly purified polymerase module and Pap1 can add a poly(A) 

tail to a pre-cleaved CYC1 RNA.  Polyadenylation assay of (a) purified polymerase 

module and (b) Pap1 analyzed by denaturing urea-PAGE.  A 5ʹ fluorescently labeled 42 

mer CYC1 RNA that has been pre-cleaved is the substrate for polyadenylation. The 

assays were carried out with a final concentrations of 1 µM substrate RNA and 50 nM 

purified proteins. Reactions were initiated by the addition of 2 mM ATP.  * denotes 

degraded RNA. 
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Next, the activity of the polymerase module containing two Pap1s was compared to that 

of isolated Pap1 (present in twofold excess). Isolated Pap1 was found to be faster than 

the polymerase module containing two Pap1s (Figure 2.7a). Moreover, polyadenylation 

by polymerase module containing two copies of Pap1 occurs more rapidly compared to 

that containing one Pap1 subunit. In all cases, polyadenylation appears to be 

distributive, as all substrate RNA is rapidly polyadenylated. 

 

 

 

 

Figure 2.7: Comparing the polyadenylation of polymerase module variant and Pap1.  

Polyadenylation assay of purified (a) polymerase module with two copies of Pap1, and 

(b) Pap1 alone present in two times molar excess amounts was analyzed by denaturing 

urea-PAGE.  A 5ʹ fluorescently labeled 42 mer CYC1 RNA that has been pre-cleaved 

is the substrate for polyadenylation. The assays were carried out with a final 

concentration of 400 nM substrate RNA and either 50 nM purified polymerase module 

or 100 nM Pap1. Reactions were initiated by the addition of 2 mM ATP. 
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mammalian polyadenylation specificity factor (similar to yeast polymerase module) 
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tightly and hence adds a poly(A) tail to the substrate RNA in a distributive manner 

(Wahle 1991; Bienroth, Keller, and Wahle 1993; Wahle 1995). In contrast, the binding 

affinity of the human complex for an AAUAAA-containing RNA was reported to be ~2 

nM (Schönemann et al. 2014; Chan, Huppertz, Yao, Weng, Moresco, Yates, et al. 
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2014), potentially explaining the increased processivity and increased activity of the 

human complex relative to PAP. 

 

2.2.2 RNA binding gel shift assays of polymerase module 

 

While the human complex binds to RNA with higher affinity than PAP alone, it is 

unknown if the yeast complex shows similar relative binding behaviour. To assess the 

RNA binding of yeast polymerase module, electrophoretic mobility shift assays 

(EMSAs) were carried out with a variety of fluorescently labeled substrate RNAs 

(Figure 2.8a). At 500 nM protein concentrations, almost all RNA was bound to the 

polymerase module, as observed by the disappearance of the band corresponding to free 

RNA. (Figure 2.8b). To assess the relative contributions of various cis-elements to RNA 

binding, point mutations were introduced in the positioning element and/or the upstream 

U-rich elements of the 5'-FAM-CYC1-pc RNA. The polymerase module appears to bind 

these mutant RNAs with slightly reduced affinity. Therefore, it is likely that there are 

additional binding sites in the RNA for the polymerase module. Furthermore, a 42-mer 

wild type adenovirus L3 RNA (containing the AAUAAA hexamer) with a 5' 

fluorescein-label was also tested for its ability to bind to the polymerase module. 

Interestingly, the viral RNA did not bind polymerase module as tightly as the yeast 

sequence (Figure 2.8c). Therefore, the yeast polymerase module displays binding 

specificity towards the yeast sequence.  
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Figure 2.8: Electrophoretic mobility band shift assay (EMSA) of polymerase module 

with various substrate RNA (a) RNA sequences used in the study. (b) Recombinantly 

purified polymerase module (without Pap1) was mixed with 50 nM of a fluorescently 

labeled 42 nt long pre-cleaved CYC1 3ʹ UTR and the resulting complex was analyzed 

by 6% native-PAGE. (c) The yeast polymerase module does not bind the adenovirus 

L3 RNA UTR. 

 

Nonetheless, the binding affinity of the yeast polymerase module is in the range of 

several hundred nanomolar lower than that shown by the human polymerase module. 

These results suggest that the yeast polymerase module may act less processively on the 

CYC1 RNA, providing a potential explanation for why the polymerase module is less 

active than the polymerase alone.  
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2.3 Structure of Cft1-Pfs2-Yth1 subunits of the polymerase module 
 

While the non-catalytic subunits do not appear to be important for polymerase module 

activity in vitro, they are highly conserved and functionally significant in vivo. In order 

to better understand and characterize the roles of these components of the polymerase 

module, I sought to study the architecture and structural composition of the module 

using electron microscopy.  

 

2.3.1 Negative stain electron microscopy of the polymerase module 

 

Electron microscopy of a negatively stained protein or protein complex is a good way to 

assess the quality of the sample. It can provide us with valuable information such as the 

size (or molecular dimension) of the sample, the homogeneity or purity of the protein 

preparation and a low resolution initial 3D model of the specimen being studied 

(Kiselev, Sherman, and Tsuprun 1990). In negative stain EM, the protein of interest is 

mixed with a heavy metal stain such as uranyl acetate or uranyl formate. The contrast 

produced by a biomolecule upon interaction with a low dose of electrons is weak. 

However, in case of negatively stained particles, the electrons interact with the coating 

of the negative stain around the protein and hence produce images with very good 

contrast. Furthermore, negative staining also preserves the structure of the proteins in 

the vacuum chamber of the microscope. Given the relative ease of preparing negative 

stain grids, it is a recommended first step in any new structural biology project.  

 

Previous characterization of the polymerase module (with and without Pap1) by 

negative stain electron microscopy showed individual ~14-15 nm particles with uniform 

distribution (Figure 2.3c).  2D classification of particles revealed class averages 

containing well-aligned polymerase module complexes (Figure 2.9a). The classes have 

a wide range of views and suggest that the particles are present in a variety of 

orientations on the grid. Interestingly, the size and shape of 2D class averages of the 

polymerase module look strikingly similar to those of the human 3' end processing 

machinery as reported in an earlier study (Shi et al. 2009).    
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Figure 2.9: Negative stain electron microscopy of polymerase module variants (a)  

Selected 2-D class averages of aligned particles of polymerase module with one copy 

(top) and no copy of Pap1 (bottom). (b) A 3-D reconstruction of the negative stain 

data of the polymerase module variants. 

 

Compared to 2D class averages of the Pap1-containing polymerase module, those 

lacking Pap1 appear to show more detail and display less background noise. This is 

consistent with the observation where micrographs of the polymerase module without 

Pap1 look more homogeneous and contain uniformly sized and uniformly distributed 

particles (Figure 2.3c). Further 3D classification of selected 2D classes showed that the 

polymerase module particle adopts an overall P-shape (Figure 2.9b).  Similar to the 2D 

class averages, the complex containing Pap1 showed less structural detail compared to 

that lacking Pap1 (Figure 2.9b). Moreover, the sample containing Pap1 did not contain 

any significant additional density that could account for Pap1.  

 

In summary, negative stain EM revealed the size and shape of the polymerase module. 

The polymerase module (without Pap1) appeared promising in comparison with the 

sample with Pap1. To further understand the molecular basis of subunit association 
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within the protein complex, I used cryo-EM. The structure determination of the 

polymerase module was done in collaboration with Ana Casañal. 
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2.3.2 Preliminary cryo-EM  

 

The four-subunit polymerase module was vitrified in a layer of un-supported ice on 

UltrAufoil gold grids (C. J. Russo and Passmore 2014). Cryo-EM micrographs revealed 

well-separated particles of uniform size and distribution (Figure 2.10a). Given the 

particles were well-distributed and appeared intact, I proceeded to collect micrographs 

on a 300 kV FEI Titan Krios electron microscope equipped with a Falcon II detector. 

From these, I obtained 2D classes containing high-resolution features (Figure 2.10b). 

The overall shape of the 2D classes was consistent with those obtained from negative 

stain electron microscopy.  

 

 
 

Figure 2.10: Preliminary structural characterization of polymerase module (a) 

Representative micrographs of the polymerase module without Pap1 (b) Selected 2D 

class averages of aligned particles of polymerase module without Pap1. Green arrows 

indicate the “Y” shaped 2-D classes. Yellow arrows indicate the additional density 

found on top of the “Y” shaped classes. White arrows indicate 2D classes containing a 

possible top view  (c) A 3D reconstruction of the polymerase module. Yellow arrow 

indicates a putative beta propeller domain (d) Angular distribution plot of the 3D 

reconstruction shows preferred orientation of the aligned particles. 

(a) Representative cryo-EM micrograph (b) Selected reference free 2-D classes

50 nm 

90°

(c) 3D reconstruction of polymerase module (d) Angular distribution plot of the 3-D reconstruction

18 nm

Cft1
Pfs2

Yth1

Fip1

Beta propeller



 

 66 

Upon closer inspection, the sample shows some inherent heterogeneity (Figure 2.10b). 

For example, some 2D classes adopt a Y-shape (dark green), whereas others contain 

additional density on top of the Y-shaped particle (yellow). Selected 2D classes 

containing extra density were subjected to 3D refinement using the 3D map of full 

native-CPF as an initial model (Casañal et al. 2017b). The 3D refinement, comprising 

56,341 particles, yielded a map of the polymerase module at ~ 7 Å resolution (Figure 

2.10c). At this resolution, clear density corresponding to a beta propeller was observed 

(yellow arrow). The angular distribution plot of the 3D reconstruction revealed that the 

side-on view was predominant, as evidenced in the 2D class averages, hindering further 

improvements in resolution (Figure 2.10d). The rare top views that are poorly 

represented in the 3D map are highlighted in the 2D classes using a white arrow. Thus, 

the preferred orientation problem might prevent the reconstruction of a high-resolution 

3D map, in spite of obtaining 2D classes with secondary structural details. Furthermore, 

at this preliminary resolution, it is difficult to assign the subunits to the observed 

density. 

 

More micrographs of the polymerase module were collected in order to overcome the 

preferred orientation problem by obtaining additional views and enriching existing rare 

views. The new data was combined with the previous dataset; Figure 2.11 shows a 

flowchart of how the combined data were processed, again revealing sample 

heterogeneity. From further classification, I observed the characteristic Y-shaped 2D 

classes (Class 6) as well as classes that contain or lack side density (pink arrow). A final 

refinement of the selected particles resulted in a 3D map of ~ 7 Å resolution and with 

enriched rare views that were not present in earlier reconstructions. It is possible that the 

additional data were collected at a range of ice thicknesses, resulting in different sample 

orientation and thus views of the protein complex. Nonetheless, despite collecting more 

data, there was little to no improvement in the final map resolution (Figure 2.10c, 

Figure 2.11), and the final resolution following post-processing was reported to be ~7 

Å. Data collection and processing details are described in section 6.7.4. 
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Figure 2.11: Summary of cryo-EM data processing of the polymerase module. Two 

data sets were collected in a Titan Krios operating at 300 kv and equipped with a 

Falcon-II direct electron detector. Yellow and pink arrows indicate densities that were 

missing in some 3D classes. 3D classification without alignments were employed to 

further remove incomplete density maps. The final 3D map and its particle distribution 

are shown. 
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2.3.3 Overcoming the resolution barrier  

 

In order to improve the resolution of the polymerase module, I sought to investigate the 

data collection parameters that could be limiting the resolution of the map. One such 

parameter is the detective quantum efficiency (DQE) of the detector, which represents 

the signal:noise ratio contributed by the detector. An ideal detector with a DQE value of 

1 will not contribute to any noise in the image, and will detect all incident electrons. All 

cryo-EM data were thus far collected on a Falcon-II detector in integration mode at a 

magnification of 47000X (1.77 Å/pixel). A comparative analysis of the DQE of three 

different commercially available detectors show that the K2 detector operating in 

counting mode has higher DQE compared to Falcon II or DE-20 at low spatial 

frequency (McMullan et al. 2014) (appendix 8.2.) The DQE of K2 detector increases 

almost linearly with decreasing spatial frequency (appendix 8.2.). This means that K2 

detector will have better signal-noise at higher magnifications. Furthermore, a higher 

magnification allows the pixel size to be reduced, increasing the maximum attainable 

resolution. A higher DQE will also allow a desired resolution to be reached with 

reduced amounts of particles and time.  

 

Taking these parameters into consideration, I decided to image the four-subunit 

polymerase module in a Titan Krios microscope operating at 300 keV and using a K2 

summit detector in super-resolution mode (81000X, 1.4 Å/pixel). A Gatan Imaging 

Filter (GIF) with a slit width of 20 eV was used to enhance contrast. The cryo-EM 

micrograph of the polymerase module revealed well-separated particles of uniform size 

and distribution (Figure 2.12a), consistent with earlier observations. 2D classes of 

selected particles reveal very high-resolution secondary structural information as well as 

a variety of views of the complex (Figure 2.12b).  
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Figure 2.12: Cryo-EM analysis of the polymerase module using a K2 direct electron 

detector. (a) Representative micrograph of the polymerase module showing well-

distributed and homogenous particles. (b) Selected 2D class averages showing high-

resolution secondary structural details and a variety of views. 

 

Two separately collected datasets were merged using the procedure illustrated in 

appendix 8.3. The data were independently processed and two final 3D maps were 

obtained separately from the two data sets. As the absolute pixel sizes on each 

microscope were undetermined, the micrographs needed to be rescaled relative to each 

other. By cross-correlating the 3D maps, a scaling factor was calculated. Once the 

scaling factor was calculated, all the micrographs from the first dataset were rescaled 

accordingly. The rescaled micrographs were subjected to a previously established data 

processing pipeline (section 6.7.4) and all particles were merged. Ana Casañal 

performed the data merging. A total of 460,167 particles from the two data sets were 

subjected to initial 2D clean up and 3D classification. 3D refinement following particle 

polishing led to a 3.6 Å resolution map of the polymerase module (Figure 2.13). Further 

3D classification without alignments separated maps that either contained or lacked the 

additional density highlighted in pink. A final map of the polymerase module was 

obtained from 77,917 particles and at an overall resolution of 3.5 Å based on the gold 

standard Fourier shell correlation (FSC) at 0.143, which in turn is derived from 

comparisons between reconstructions from two independently refined half-sets.  
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Figure 2.13: Steps in the cryo-EM data processing of the polymerase module. 

Particle picking followed by initial 2D and 3D classifications, resulted in 460,167 

particles. They were then polished and subjected to 3D refinement, resulting in a 3.6 Å 

density map. Further 3D classification without alignments resulted in separation of 

maps that contained or lacked the density corresponding to Yth1 (shown in pink). The 

map containing density for Yth1 refined to 3.5 Å, whereas the map without any density 

for Yth1 refined to 4.1 Å. 

 

A local resolution map of the polymerase module shows that the resolution at the core 

of the map is ~ 3.4 Å, which drops to ~ 4 Å towards the outer regions (Figure 2.14b). 

Furthermore, the orientation distribution profile of the final map showed a variety of 

views, contrasting with previously collected data (Figure 2.14c). I speculate that the 

improved data collection parameters and use of the K2 detector in super-resolution 

mode and the additional views obtained from collecting in different ice thickness 

enabled the significant improvement in the resolution of the map of the polymerase 

module.  
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Figure 2.14: Resolution assessment of the polymerase module and orientation 

distribution of the particles in the final map. (a) Fourier shell correlation plots for gold 

standard refinements and model vs. map. Fourier shell correlation plots for model 

refined against each half map.  The final map of the polymerase module at 3.5 Å 

resoluton. (b) The local resolution map shows that the resolution varies from ~ 3.4 Å 

at the core to ~ 4 Å at the surface. (c) Orientation distribution of 77,917 particles 

used in the final model, calculated using RELION (Scheres 2012) and visualized with 

Chimera (Pettersen et al. 2004). 

 

 

 

 

 

 

 

 

Fo
ur

ie
r 

sh
el

l c
or

re
la

tio
n

Resolution (Å) Resolution (Å)

0.5

3.5 Å
0.143

Model vs map
Independently 
refined half-sets

Model(refined against half1) vs map(half1)
Model(refined against half1) vs map(half2)

Fo
ur

ie
r 

sh
el

l c
or

re
la

tio
n

(a)

(b) (c)

3.4

3.7

4.0

4.2

4.5

Resolution (Å)



 

 72 

2.4 Analysis of the cryo-EM structure of Cft1-Pfs2-Yth1 
 

2.4.1 Atomic model of the polymerase module 

 

The improved resolution of the map allowed regions of electron density to be 

interpreted, as side chains from alpha helices (Figure 2.15a) and beta strands (Figure 

2.15b) could be clearly identified, particularly in the core of the complex. Homology 

models of Cft1 and Pfs2 from Phyre (Kelley et al. 2015), along with the crystal 

structures of DDB1 and DDB2, were used as templates to build the full, de novo, atomic 

model of the polymerase module. After modeling the Cft1 and Pfs2 subunits into the 

density map, the shape of the unmodeled density (shown in pink in Figure 2.15c) 

resembled that of a zinc finger protein. It is known that the Yth1 subunit consists of five 

zinc fingers (Barabino et al. 1997; Tacahashi, Helmling, and Moore 2003) and the 

crystal structure of the zinc finger domains two and three of CPSF30 has been 

determined (Das et al. 2008). Molecular replacement (performed by Alan Brown from 

the Ramakrishnan group) with the CPSF30 structure enabled the unambiguous 

identification of the unassigned density as that of Yth1. Appendix 8.4 details all the data 

collection and refinement statistics.  

 

This model represents the first high-resolution structure available for the eukaryotic 3′-

end processing complex. The cryo-EM map colored according to the subunit 

assignment and the corresponding model are shown in Figure 2.15c and Figure 2.15d 

respectively. The overall architecture of the polymerase module involves four beta 

propellers with two zinc fingers anchored on the side (Figure 2.15c). In the cryo-EM 

map, residues 1–1356 of Cft1, 27–414 of Pfs2 and 1–97 of Yth1 were well ordered and 

modeled. However, zinc fingers three, four, and five, and the C-terminal end of Yth1, 

along with the whole of Fip1, could not be modeled. Also not visible were several loops 

in Cft1. This is likely because those regions are disordered, as confirmed by 

bioinformatic predictions (appendix 8.5). The predicted disordered regions in the yeast 

proteins are predicted to be disordered in humans as well. For example, the C-terminus 

of Pfs2 (residues 412–465) that is not visible in the cryo-EM map is predicted to be 

disordered. Similarly, the human orthologue WDR33 contains a poorly conserved and 

disordered C-terminal region. Interestingly, this C-terminal disordered region in Pfs2 is 

not required for viability of yeast (Ohnacker et al. 2000).  
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Figure 2.15: Atomic model of the Cft1-Pfs2-Yth1 subunits of the polymerase 

module. (a) Example density for an alpha helix in Pfs2. (b) Example density for a beta-

strand in Cft1. (c) Cryo-EM map and (d) cartoon representation of the atomic model 

of the Cft1–Pfs2–Yth1 complex of the polymerase module. Yth1 (magenta), Pfs2 

(yellow), Cft1 (green), and zinc ions (pale cyan) are depicted. The three β-propeller 

domains of Cft1 (BP1, BP2, and BP3) are colored in different shades. 

 

Cft1 is a multi-domain protein that consists of three seven-bladed beta propellers 

followed by a C-terminal helical domain (Figure 2.15c and Figure 2.16a), forming the 

core of this three-subunit polymerase complex. Beta propeller (BP) 1 and BP2 are each 

formed of contiguous sequences. Notably, the density for BP2 was less well defined 

compared to BP1 and BP3, and it appeared to be more flexible (Figure 2.16a). BP3 is 

made up of residues mainly from the C-terminal region, but also contains one beta 

strand from the N-terminus, and three beta strands from the middle of Cft1, creating a 

rigid structural core (Figure 2.15d). A helical domain at the C-terminus of Cft1 is 
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located at the nexus of the three beta propellers, further securing the fold (Figure 2.15d). 

BP1 and BP3 interact with each other at a ~60° angle, forming a deep cavity.  

 

Pfs2 consists of an N-terminal alpha helix followed by a central WD40 domain (Figure 

2.15d). This WD40 is made up of a seven-bladed beta propeller (Figure 2.16a). The C-

terminal end in the model of Pfs2 consists of a loop protruding out of the last blade of 

the WD40 and lies adjacent to a loop in the N-terminal end of the model (Figure 

2.16.A).  

 

Yth1 is an RNA binding protein containing five zinc fingers. An N-terminal loop and 

the first two zinc fingers of Yth1 are found to lie next to the BP2 of Cft1 and the WD40 

domain of Pfs2 (Figure 2.15d). 
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2.4.2 Interaction of Pfs2 with Cft1 

 

Previous nanoESI-MS data from our lab had reported a strong direct interaction 

between Cft1 and Pfs2 (Easter 2014; Casañal et al. 2017b). In agreement with this, the 

surface area of the interaction interface between Pfs2 and Cft1 is >4,200 Å2 (Figure 

2.16b). Almost 50 amino acids in the N-terminal region of Pfs2 are inserted into a deep 

cavity between BP1 and BP3 of Cft1. The alpha helix in this region of Pfs2 is likely 

stabilized by its interaction with Cft1 (Figure 2.16b). The WD40 domain of Pfs2 sits on 

top of Cft1, with the loops extending from BP1 and BP3 cradling Pfs2 to further 

stabilize the interaction. Many of the interacting residues between Pfs2 and Cft1 are 

conserved in the human orthologs CPSF160 and WDR33 (appendix 8.6).  

 

 

 
 

 

Figure 2.16: Interaction between the Cft1 and Pfs2 subunits of the polymerase 

module. (a) The three beta propellers from Cft1 are shown in ribbon diagram where 

the entire Cft1 chain is colored in rainbow from N- to C-terminus. Pfs2 is shown as 

ribbon diagram, colored in rainbow from N- to C-terminus. (b) Cartoon 

representation of the atomic model of the Cft1–Pfs2–Yth1 complex of the polymerase 

module.  The N-terminal α-helix of Pfs2 inserts into the cavity formed between the β-

propeller BP1 and BP3 of Cft1. Inset: details of the interaction between Cft1 and Pfs2.  

The residues involved in the interaction that are also conserved in humans are 

highlighted in orange. Yth1 (magenta), Pfs2 (yellow), Cft1 (green), and zinc ions (pale 

cyan) are depicted.   
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2.4.3 Interaction of Yth1 with Cft1 and Pfs2 

 

Yth1 latches onto the Cft1-Pfs2 complex by inserting its N-terminal extended region 

into the central cavity of Cft1s BP3, and continues across a hydrophobic external face 

(Figure 2.17a). A surface representation of the structure reveals a hydrophobic patch in 

the interaction interface in Cft1 as well as a corresponding hydrophobic Yth1 surface, 

showing that the interaction is driven by hydrophobic effects (Figure 2.17b and Figure 

2.17c). In agreement with the importance of the N-terminus for interaction with CPF, 

deletion of the first 25 residues in Yth1 results in a slow growth and temperature 

sensitive phenotype in yeast (Barabino, Ohnacker, and Keller 2000b).  
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Figure 2.17: Interaction between the BP3 of Cft1 and N-terminal loop of Yth1 

subunits of the polymerase module. (a) Cartoon representation of the atomic model 

of the Cft1–Pfs2–Yth1 complex of the polymerase module.  An N-terminal loop in 

Yth1 inserts into the β-propeller BP3 of Cft1.   Selected electrostatic and hydrophobic 

interactions between the N-terminal loop and BP3 are depicted in the inset.  (b) 

Cartoon representation and the corresponding hydrophobic surface representation of 

Cft1-Pfs2 subunits showing a hydrophobic surface at the Yth1 interacting surface.  (c) 

The hydrophobic surface rendering of Yth1 reveals a lining of hydrophobic residues 

that interacts with the BP3 of Cft1.  Yth1 (magenta), Pfs2 (yellow), Cft1 (green), and 

zinc ions (pale cyan) are depicted.    
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The first two of the five Cys-Cys-Cys-His (CCCH) zinc fingers pack into the interface 

between Cft1 and Pfs2 (Figure 2.18). Zinc finger 1 (ZnF1) lies adjacent to Cft1-BP3, 

and second zinc finger (ZnF2) contacts both Cft1 and the side of the Pfs2 beta propeller. 

Furthermore, it has been shown that ZnF2 can directly bind RNA (Barabino, Ohnacker, 

and Keller 2000b; Tacahashi, Helmling, and Moore 2003; Chan, Huppertz, Yao, Weng, 

Moresco, Yates, et al. 2014).  A previous study showed that mutation of Yth1-W70 to 

alanine causes Yth1 to dissociate from CPF (Barabino, Ohnacker, and Keller 2000a). In 

the structure, it can be seen that W70 forms pi-stacking interactions with the zinc-

coordinating H85 in ZnF2 (Figure 2.18). Disruption of this interaction by mutating the 

tryptophan to alanine may destabilize zinc binding, and hence the interaction of Yth1 

with the other subunits. 

 

 
 

Figure 2.18: Yth1 harbors a CCCH zinc finger repeat. The first two of the five zinc 

fingers of Yth1 are displayed.  The zinc fingers belong to the CCCH family and pack 

into the interface between Cft1 and Pfs2. The residue -W70 of Yth1 ZnF2 pi stacks 

with Yth1-H85 and stabilizes the zinc finger fold. Also shown are the hydrogen-

bonding interactions between side chains of Pfs2 and backbone atoms of Yth1.  Yth1 

(magenta), Pfs2 (yellow), Cft1 (green), and zinc ions (pale cyan) are depicted.  
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2.4.4 Polymerase module has a similar architecture to DDB1-DDB2 / SF3b 

 

The characteristic four-beta propeller arrangement of the polymerase module is very 

similar to other nucleic acid binding protein complexes such as DDB1-DDB2 and SF3b 

(Figure 2.19a) (Scrima et al. 2008; Cretu et al. 2016). DDB1-DDB2 is a complex that 

recognizes UV-damaged DNA, and acts as an adapter for a cullin-RING E3 ubiquitin 

ligase to trigger nucleotide excision repair (Scrima et al. 2008; Li et al. 2006). DDB1 

has three beta propellers in a tripartite arrangement reminiscent of the Cft1 (Figure 

2.19). Superposition of Cft1 onto the structure of DDB1 revealed an RMSD of 7.53 Å 

(Figure 2.19b). Despite not displaying significant sequence homology, DDB2 is 

strikingly similar to Pfs2 (RMSD = 3.3 Å) with an N-terminal alpha helix that inserts 

into the cavity between BP1 and BP3 of DDB1, followed by a WD40 domain.  

 

 

 
 

 
Figure 2.19: Structural comparison of Cft1-Pfs2-Yth1, DDB1–DDB2 DNA repair 

and SF3b splicing complexes. (a) Cft1, DDB1 and Rse1 contain three beta-propellers 

followed by a C-terminal alpha helical domain. DDB2 interacts with DDB1 by inserting 

an N-terminal alpha-helix into the cavity between two beta-propellers of DDB1, very 

similar to how Pfs2 interacts with Cft1 (highlighted by a square with dotted red lines). 

In SF3b, helical regions of Hsh155 and Rds3 inserts between the cavity between the 

beta-propellers of Rse1. (b) Structural superimposition of the structures of DDB1-

DDB2 and Cft1-Pfs2. [PDB of DDB1-DDB2: 3ei3, PDB of Sf3b: 5gm6] 
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SF3b is part of the U2snRNP complex essential for pre-mRNA splicing and plays a key 

role in branch site recognition. The scaffolding protein Rse1/SF3b130 forms the core of 

the SF3B complex (Yan et al. 2016; Plaschka, Lin, and Nagai 2017). Similar to the fold 

of Cft1, Rse1 also contains three beta-propellers followed by a C-terminal alpha helical 

domain. In SF3b, two predominantly helical subunits (Hsh155 and Rds3) insert into the 

cavity formed between the two beta propellers of Rse1 and additionally bind another 

protein Cus1 (Figure 2.19a). 

 

In summary, DDB1-DDB2, SF3b, and CPF all use a tripartite scaffold protein (DDB1, 

Rse1 or Cft1) to assemble a rigid and structurally stable complex. Although the core 

scaffolding proteins DDB1, Rse1 and Cft1 share low sequence homology (~15% 

sequence identity), they are highly structurally similar. Furthermore, their interaction 

partners (DDB2, Hsh155/Rds3 or Pfs2) inserts an N-terminal alpha helix into a cavity 

between BP1 and BP3, but the exact interaction mechanism is not conserved. These 

structural similarities may suggest that these complexes are evolutionarily related and 

adapted for different nucleic acid binding and processing complexes. The complexes 

also contact other binding partners through their beta propellers (e.g. DDB1-BP2 binds 

cullin-RING proteins). Similarly, Cft1 may contact other CPF subunits through the beta 

propeller domains. 
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2.4.5 A potential RNA binding surface on Pfs2 

 

Using iCLIP experiments, previous studies have shown that WDR33 can directly bind 

RNA. Furthermore, numerous biochemical experiments support the RNA binding 

property of ZnF2 of Yth1. Interestingly, the aforementioned complexes that are similar 

to the polymerase module also directly bind nucleic acids. In the SF3b complex, 

subunits Hsh155 and Cus1 are known to contact RNA. On the other hand, the DDB2 

substrate receptor of DDB1-DDB2 complex directly binds UV-damaged DNA lesions. 

A hairpin on the top surface of the beta propeller of DDB2 (rich in basic amino acid 

residues) extends into the minor groove of DNA, pushing the damaged base into a 

binding pocket. Similarly, the equivalent surface on Pfs2 contains a cluster of conserved 

lysine, arginine and aromatic residues that could form a putative RNA binding surface 

(Figure 2.20a). The electrostatic surface potential of the polymerase module reveals a 

patch of positively charged residues on top of Pfs2 and on the ZnF2 of Yth1 that lies 

adjacent to Pfs2 (Figure 2.20b). Together, the Pfs2 top surface and the ZnF2 of Yth1 

could provide a composite RNA binding platform. A previous study implicated the 

central region (residues 586 - 749) of Cft1 in contacting RNA directly (Dichtl et al. 

2002). This region lies within the BP2 of Cft1 in the cryo-EM structure. Visualization 

of the electrostatic surface potential of BP2 revealed a positively charged patch enriched 

in lysine, phenylalanine, and arginine (Figure 2.20c).   
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Figure 2.20: Potential RNA binding regions in Cft1–Pfs2–Yth1 complex of the 

polymerase module. (a) The top region of Pfs2 has several surface exposed lysines, 

arginines, histidines and phenylalanines.  The putative RNA binding residues in Pfs2 are 

also conserved across 35 Pfs2 orthologs. (b) Electrostatic surface potential of the 

Cft1–Pfs2–Yth1 reveal a patch of positively charged residues on top of Pfs2 and around 

zinc finger 2 of Yth1. (c) The region in BP3 of Cft1 previously shown to bind RNA 

(Dichtl and Keller 2001) is coloured in blue in the surface representation. Interestingly, 

electrostatic surface potential reveal a stretch of positively charged residues in BP3 

that might potentially contact RNA. Electrostatic surface potential is plotted onto the 

solvent-accessible surface (blue is positive, red is negative, in the range ± 5 kT/e). 
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2.4.6 Comparing the structures of the yeast and human polymerase module 

subunits 

 

The cryo-EM structure of the human equivalent of the polymerase module bound to an 

AAUAAA-containing RNA was recently determined (Sun et al. 2018; Clerici et al. 

2018, 2017). The structure revealed four beta propellers in a tripartite arrangement 

similar to Cft1-Pfs2. Structural alignment of the human polymerase components with 

the yeast subunits revealed a high degree of similarity (Figure 2.21b). In contrast to the 

structure of the yeast polymerase module, the RNA-bound structure also contained the 

third zinc finger of CPSF30 in addition to ZnF1 and ZnF2 (Figure 2.21a). It is likely 

that the presence of RNA makes ZnF3 less flexible, allowing the zinc finger to be 

visualized. The structures also reveal that the ribophosphate backbone of the RNA 

substrate adopts an S-shaped structure. The residues A1, A4, and A5 in AAUAAA 

make base specific contacts with residues in CPSF30 and WDR33 (Figure 2.21c). 

Interestingly, these amino acid residues are also conserved in Yth1. Of note, U3 and A6 

form a non-canonical Hoogsteen base pair, and are sandwiched by π- π stacking 

between F153 and F43 of WDR33 (Figure 2.21d). Nonetheless, the residue F43 is not 

conserved in Pfs2, providing a potential explanation for why yeast-positioning elements 

differ from the human AAUAAA.   

 

In summary, the human structure bound to RNA provides insights into the molecular 

mechanism behind how AAUAAA is specifically recognized by the human polymerase 

module. Moreover, it also suggests how the yeast and human machinery, despite having 

a similar overall architecture, might have distinct structural features that are involved in 

RNA recognition.  
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Figure 2.21: Structure of the human polymerase module. (a) Overall structure of 

CPSF160 - WDR33- CPSF30 bound to an AAUAAA containing RNA (b) Structural 

alignment of the polymerase module subunits from humans and yeast (c) AAUAAA 

recognition by CPSF30 and WDR33 (d) U3 and A6 forms a Hoogsteen base pair and 

is sandwiched between F153 and F43 of WDR33. CPSF160 in smudge, WDR33 in 

wheat, CPSF30 in dirty violet, RNA in pink and zinc ions in grey.   
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2.4.7 A mechanism for disruption of mRNA 3' end processing by influenza 

protein NS1A  

 

It is known that the influenza viral protein NS1A binds to host CPSF30 and inhibits the 

production of antiviral mRNAs. Shutting down normal host 3' end processing is also 

beneficial to the viral life cycle. A crystal structure of the C-terminal domain of the 

NS1A protein bound to human CPSF30 reveals the molecular details of this interaction, 

including a conserved CPSF30 binding pocket in NSIA (Das et al. 2008). Although it is 

known that NS1A blocks RNA binding by CPSF30, the exact molecular mechanism 

behind this remains unclear. The high sequence and structural similarities between the 

human and yeast polymerase module subunits enabled us to hypothesize how NS1A 

hijacks the 3' end processing machinery. Superposing the crystal structure of CPSF30-

NS1A CTD on the Cft1-Pfs2-Yth1 cryo-EM structure revealed that NS1A may dislodge 

Yth1/CPSF30 from Pfs2/WDR33, as binding of Yth1/CPSF30 to NS1A is mutually 

exclusive with binding to Pfs2/WDR33. Furthermore, NS1A binding could obstruct the 

proposed composite RNA binding site on the polymerase module (Figure 2.22). 

Interestingly, the N-terminal RNA binding domain (NRD) is connected to the C-

terminal domain via a flexible linker. It is plausible that, upon binding the polymerase 

module, NRD of NS1A could sequester the host mRNA and hence result in inhibition 

of mRNA processing. 
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Figure 2.22: NS1A hijacks the 3'-end processing machinery. Docking the crystal 

structure of a complex of the influenza protein NS1A with the zinc fingers 2 and 3 of 

human CPSF30 into the polymerase module structure. The zinc finger 2 of CPSF30 and 

Yth1 superpose well on top of each other (yeast and human structures superimposed 

in magenta and orange, respectively). Yth1 (magenta), CPSF30 (orange), NS1A (light 

purple), Pfs2 (yellow), Cft1 (green), and zinc ions (dark grey) are depicted.    
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2.5 Pap1 is flexibly tethered to the polymerase module 
 

The cryo-EM structure of the Cft1-Pfs2-Yth1 complex reveals for the first time how the 

RNA binding subunits of the polymerase module are arranged in 3D space. However, 

we don't yet have a detailed understanding of how Pap1 associates with the polymerase 

module and how the interaction influences its function. In order to characterize the 

molecular topology of polymerase module and its interconnection with Pap, I used an 

integrative structural biology approach as described below.  
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2.5.1 Cryo-EM demonstrates the flexible association of Pap1 

 

In order to understand how Pap1 interacts with the polymerase module, I studied the 

“peak 1” fraction containing polymerase module (with Pap1) by cryo-EM (Section 

3.1.1). This fraction was predicted to have one stably-associated Pap1 subunit (Sections 

3.1.1 and 3.2.1). Cryo-EM micrograph of polymerase module containing Pap1 shows 

well-separated, homogeneous particles (Figure 2.23a). 2D classification revealed 

polymerase module class averages with high resolution-information; in particular, the 

central Cft1-Pfs2-Yth1 core of the polymerase module is clearly visible (Figure 2.23b). 

Interestingly, some 2D classes (red) contain an additional horseshoe shaped density, 

characteristic of the structure of Pap1. Such a characteristic density is seen in the 2D 

projection of the 3D crystal structure of Pap1 (blue) (Figure 2.23c). Interestingly, Pap1 

appears to be flexible with respect to the central Cft1-Pfs2-Yth1 density, as it is not 

found at a consistent location relative to the central core. Comparison of the 2D class 

averages of the polymerase module with and without Pap1 further supports the flexible 

nature of Pap1 (Figure 2.23d).  
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Figure 2.23: Cryo-EM analysis of the polymerase module containing Pap1. (a) 

Representative micrograph of the polymerase module containing Pap1. (b) Selected 

2D class averages showing high-resolution secondary structural details and a variety of 

views.  (c) A characteristic horseshoe shaped Pap1 density is seen near the 

polymerase module. The 2D classes reveal that Pap1 is flexibly tethered to the 

polymerase module (shown by blue arrow). (d) Comparing 2D classes with similar 

views of polymerase module without Pap1 and with Pap1. 

 

Unfortunately, only ~ 0.5 % of all particles contained additional density that 

corresponds to Pap1. It is possible that Pap1 is present in other particles but is obscured 

by the core of the polymerase module. Alternatively, the flexibility of Pap1 could mean 

that most particles containing Pap1 do not average together to yield a 2D class with 

clear Pap1 density. Another possible explanation could be that Pap1 interaction is 

disrupted by the sample preparation process. In order to overcome the problem of Pap1 

flexibility, I crosslinked the polymerase module containing two Pap1 subunits using 

BS3. The polymerase module containing two Pap1 subunits was used as the 

concentration of Pap1 would be higher in the sample, increasing the probability of 

obtaining Pap1-associated polymerase module. The cross-linked sample was further 

purified on a size exclusion column (Figure 2.24a) and eluted fractions were analyzed 

by tris-acetate PAGE (Figure 2.24b). The chromatogram revealed that the un-
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crosslinked and crosslinked samples were eluted at the same volume, suggesting that 

crosslinking did not result in the aggregation or formation of oligomers of the 

polymerase module.  

 

I studied the crosslinked sample by cryo-EM. Cryo-EM micrographs of the cross-linked 

polymerase module (with two Pap1s) showed significantly bigger particles (Figure 

2.24c). 2D classification of selected particles resulted in class averages containing high-

resolution information. Upon further analysis, the 2D class averages appear to consist of 

a dimer of the polymerase module (red arrows in Figure 2.24d). The 2D classes also 

contain density that was not well resolved  (blurred density) at different positions along 

the polymerase module (green arrows in Figure 2.24d). Similar to the un-crosslinked 

sample, it is possible that Fip1 and Pap1 are present at different positions with respect to 

the core of the polymerase module, resulting in their densities being averaged out 

during 2D classification. 
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Figure 2.24: Cryo-EM analysis of cross-linked polymerase module containing two 

Pap1s. (a) Size exclusion chromatography of the cross-linked polymerase module with 

two Pap1s.  The sample runs at similar elution volume compared to the un-crosslinked 

complex.  (b) Tris-acetate-PAGE of cross-linked polymerase module containing two 

Pap1s.  The high molecular band at ~ 330 kDa contains cross-linked polymerase 

module.  * represents a possible Cft1 degradation band. (c) Representative micrograph 

of a cross-linked sample of the polymerase module containing Pap1. (d) Selected 2D 

class averages showing high-resolution secondary structural details and a variety of 

views. Red arrow indicates possible polymerase module dimers. Green arrow indicates 

an extra region of fuzzy density. 

 

Thus, preliminary cryo-EM analysis suggests that Fip1 and Pap1 are flexible relative to 

the stable polymerase module core. Further biochemical optimization is likely required 

before further analysis of the Pap1-bound polymerase module by cryo-EM. 
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2.5.2 Cross-linking mass spectrometry reveals extensive inter-subunit interaction 

 

In order to interrogate the architecture of a Pap1-bound polymerase module, the 

complex (with and without Pap1) was crosslinked using BS3, which covalently links 

lysines, serines, threonines or tyrosines that are within 27 Å of each other. The observed 

inter- and intra-molecular crosslinks were in agreement with the atomic models for 

Cft1, Yth1 and Pfs2 (Figure 2.25a, appendix 8.7). The intra-molecular cross-links found 

within Pap1 are also consistent with the crystal structure of Pap1 (Bard et al. 2000) 

(Figure 2.25a).  

 

 

 
 

Figure 2.25: Cross-linking mass spectrometry of the polymerase module. (a) Lysine- 

lysine intra- (red) and inter- (blue) protein cross-links were mapped onto the cryo-EM 

structure of Cft1–Pfs2–Yth1 and the crystal structure of Pap1 (PDB:2Q66). The cross- 

link marked with an asterisk is 33 Å, but has a similar xQuest (Leitner, Walzthoeni, 

and Aebersold 2014) score to other validated cross-links and appears reasonable upon 

inspection of the structure. Lysine-lysine cross-links between Pap1 and polymerase 

module are shown in grey. (b) Linkage map showing all identified lysine-lysine 

crosslinks. Intermolecular cross-links are shown in blue; intramolecular in red and the 

cross-links that could not be mapped on any available 3D structures are shown by a 

dotted line. 
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Inspection of the crosslinking data revealed that Fip1 K219 crosslinks to Yth1 K182, 

K191 and K196 (Figure 2.25b), in agreement with previous work where Fip1 residues 

206–220 were shown to bind to the C-terminal half of Yth1 (Barabino, Ohnacker, and 

Keller 2000b; Helmling, Zhelkovsky, and Moore 2001; Tacahashi, Helmling, and 

Moore 2003). Fip1 also crosslinks with the polymerase domain of Pap1 (Figure 2.25b). 

A previous crystallographic study has identified the C-terminal domain of Pap1 as Fip1 

binding (Meinke et al. 2008). Interestingly, Pap1 crosslinked with all other polymerase 

module subunits, including Fip1, the C-terminal helical domain of Cft1, zinc finger 1 of 

Yth1, and the C-terminal region of Pfs2. This agrees with previous data suggesting a 

close association of Pap1 with Cft1 and Fip1 (Easter 2014), and with previous literature 

(Murthy and Manley 1992; Meinke et al. 2008). It is likely that the observed crosslinks 

of Pap1 with all subunits of polymerase module reflects the flexibility of Pap1 relative 

to the central core, and that chemical cross-linking captures the transient interactions of 

Pap1. Thus suggesting that the Pap1 interface with the complex is more extensive.  

 

Thus, the data obtained by crosslinking mass spectrometry support both our model of 

the polymerase module core, as well as previous models of how Fip1 and Pap1 are 

associated with the complex (Ezeokonkwo et al. 2011; Helmling, Zhelkovsky, and 

Moore 2001; Tacahashi, Helmling, and Moore 2003; Barabino, Ohnacker, and Keller 

2000a; Barabino et al. 1997). The promiscuous crosslinking of Pap1 also supports my 

observation that Pap1 appears to be flexible relative to the polymerase module core. 
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2.5.3 Pull downs reveal the molecular topology of  the polymerase module 

 

To clarify the nature of the interaction of Pap1 with the polymerase module core, and to 

dissect the contributions of Fip1 and Yth1 to this interaction, I carried out pull-downs of 

the polymerase module containing truncated versions of Fip1 and Yth1. The truncations 

include deletion of the C-terminal 91 residues in Yth1 (referred to as Yth1 ΔZnF45C), 

residues 145 - 170 in Fip1 (referred to as Fip1Δ145-170), and the potential Yth1 

binding region in Fip1 (referred to as Fip1 Δ180-220) (Figure 2.26a).  

 

 

 
 

Figure 2.26: Physical interactions linking Pap1 to the polymerase module. (a) A 

cartoon representation of the various mutants that were employed in the pull downs.  

The red region in Fip1 highlights the potential interaction interface with Yth1. (b) Pull 

down assay of polymerase module constructs harboring truncations in Fip1 and Yth1.  

The polymerase module pull downs were carried via the S-II tag on Pfs2 subunit using 

streptavidin resin and the elution was analyzed by SDS-PAGE.   

 

All polymerase module constructs were expressed in Sf9 insect cells using baculovirus-

mediated insect cell over-expression. Streptavidin pull downs were performed using the 

Strep-II tag in the Pfs2 subunit and the isolated complex from Sf9 cell lysate was 

analyzed on SDS-PAGE (Figure 2.26b). As expected, the elution fraction from the wild 

type complex contains all five polymerase subunits. However, deletion of the C-
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terminal 91 residues in Yth1 yields a polymerase module complex without any Fip1 or 

Pap1 (Figure 2.26b). Similarly, deletion of Fip1 residues 180-220 did not pull-down 

Fip1 or Pap1 (Figure 2.26b). Interestingly, deletion of Fip1 residues 145-170 did not 

affect association of Fip1 or Pap1 with the complex (Figure 2.26b). A recent study on 

the human polymerase complex also identified a conserved domain in FIP1 that 

associates with the polymerase module via its interaction with ZnF45 of CPSF30 

(Clerici et al. 2018). In agreement with this, the residues 180-220 of yeast Fip1 lie 

within this conserved domain in FIP1 whereas the residues 145-170 lie outside this 

domain. 

 

In summary, pull-down experiments have revealed the molecular requirements of Yth1, 

Fip1, and Pap1 association with the polymerase module core. Specifically, the C-

terminal 91 residues of Yth1 and a central region of Fip1 (180-220) appear to be 

necessary for the stable association of Fip1 and Pap1 to the polymerase module core. 
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2.5.4 Fip1 directly contacts Zinc finger 4 of Yth1  

 

Previous nanoESI-MS studies from the lab discovered that endogenous CPF purified 

from S. cerevisiae contains multiple copies of Pap1 (Casañal et al. 2017b). Similarly, 

the recombinantly expressed and purified polymerase module consisted of three variants 

containing two, one, or no copies of Pap1 (Figure 2.2b and Figure 2.5). While the Pap1 

binding site in Fip1 has been well characterized and lies within residues 90-105 

(Helmling, Zhelkovsky, and Moore 2001), it remains unknown where the additional 

copy of Pap1 binds in the complex containing two copies. Furthermore, nanoESI-MS 

data also revealed that CPF containing two copies of Pap1 always contained two copies 

of Fip1 (Casañal et al. 2017b). It is therefore plausible that Yth1 harbors two binding 

sites for Fip1. In order to investigate the molecular details of the Fip1-Yth1 interaction, 

I used NMR spectroscopy in collaboration with Conny Yu.   

 

 

 
 

Figure 2.27: Characterization of a minimal interaction surface between Yth1 and 

Fip1. (a) Schematic for the formation of a minimal Yth1-Fip1 complex.  A construct of 

Yth1 ZF45 with a N-terminal GST tag and a construct of the residues 180-220 of Fip1 

with an N-terminal GST tag are mixed, the GST tags are cleaved by the use of 

precission protease, and the mixture is subjected to size exclusion chromatography. 

(b) Size exclusion chromatogram (HiLoad 26/600 Superdex 200 pg) of a complex of  

ZF 4 and 5 of Yth1, with residues 180 - 220 of Fip1.  (c) SDS -PAGE of the peak 

fraction reveals a stoichiometric complex formation. 

 

Fip1 residues 180-220, which were shown to be important in tethering Fip1 to the 

polymerase module core (Section 3.5.3), were fused to an N-terminal GST tag. The 

ZnF45 of Yth1 were separately fused to an N-terminal GST tag. These two protein 
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constructs were overexpressed in E. coli and purified by affinity chromatography. 

Purified GST-Fip1 180-220 was then mixed with purified GST-Yth1 ZnF45, and the 

GST tags on the two proteins were cleaved (Figure 2.27a). The resulting sample was 

subjected to size-exclusion chromatography to resolve the cleaved GST and the 

remaining proteins (Figure 2.27b). Analysis of the three resulting peaks by SDS-PAGE 

revealed that the first peak contained GST alone, the second contained a complex of 

Fip1 180-220 and Yth1 ZnF45, and the third contains excess Yth1 ZnF45 (Figure 

2.27c). SEC-MALS analysis revealed that this was a 1:1 complex with one copy of 

Yth1 ZnF 45 bound to one copy of Fip1 180-220 (appendix 8.8).  

 

 

 
 

Figure 2.28: Yth1 ZnF 45C shows major chemical shift perturbation upon Fip1 

binding. (a) Overlay of 1H-15N 2D BEST-TROSY spectra of Yth1 (118-208) in its free 

from (blue) and upon adding Fip1 (180-220) addition. Fip1 was added in equal molar 

ratio (red) and in 2:1 excess (yellow). The labelled cross-peaks showed the backbone 

assignment of free Yth1. (b) Weighted chemical shift perturbation in (a) was mapped 

against residue number of Yth1. The identity of cross-peaks in Yth1/Fip1 spectrum was 

determined by mapping and partial assignment. Cross-peaks with line broadening upon 

Fip1 addition was indicated with a blue bar. (c) Sequence of Yth1 (118-170) and Yth1 

(118-208) and secondary structure of free Yth1 (118-208) calculated by TALOS (Shen 

et al. 2009) based on chemical shifts of Cα, Cβ and CO.   
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Crosslinking mass spectrometry of the polymerase module had identified crosslinks 

between Fip1 and the C-terminus of Yth1 (after ZnF45) (Figure 2.25.B, appendix 8.7). 

Thus, I hypothesized that the C-terminal ~50 residues after ZnF5 could also associate 

with Fip1, providing a second binding site. NMR spectroscopy was used to map the 

residues in Yth1 involved in Fip1 binding.  

 

Backbone assignment of Yth1 ZnF45C (residues 188-208) was carried out using a 13C, 
15N labeled sample at 278K to achieve a complete assignment. The assignment was then 

transferred to 298K for binding studies at this temperature. Major chemical shift 

perturbations were observed in Yth1 ZnF domain 4 (residues 122-160) upon the 

addition of equal molar Fip1 180 - 220, with weighted chemical shifts larger than 0.1 

ppm. The largest chemical shift differences occur in 124-131, which coincides a helical 

region identified from secondary structure calculations based on chemical shifts. It is 

speculated that upon Fip1 binding, there is a significant change in the chemical 

environment around Yth1 residues 124-131, highlighting that these residues may be 

essential for Yth1/Fip1 interactions.  

 

To address the stoichiometry of Yth1/Fip1 complex, excess Fip1 180 - 220 was titrated 

into Yth1 ZnF45C and no further perturbation of chemical shifts were observed. This 

concludes that there is no second binding site for Fip1 180 - 220 on Yth1 ZnF45C, and 

it agrees with SEC-MALS data that two proteins bind in 1:1 stoichiometry.  
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2.6 Discussion   
 

In order to biochemically and structurally characterize the polymerase module, I 

established protocols for the recombinant expression and purification for the protein 

complex. In vitro reconstitution of the polyadenylation reaction with pure components 

revealed that the polymerase module surprisingly had similar activity compared to the 

individual polymerase (Figure 2.6 and 3.7). Moreover, Pap1 appeared to add longer 

poly(A) tails compared to the polymerase module. As previously mentioned, this is in 

contrast to previous findings in humans where the polymerase module is efficient and 

specific in polyadenylation in comparison to PAP (Schönemann et al. 2014), likely due 

to an increased RNA binding affinity (~2 nM) for an AAUUAA-containing RNA 

(Clerici et al. 2018; Sun et al. 2018) relative to PAP. From the EMSAs performed in 

this chapter, the apparent affinity of the yeast polymerase module for CYC1 RNA is 

between 500 nM to 1 µM (Figure 2.8). Therefore, the relatively low affinity of the 

polymerase module for RNA provides an explanation for why its activity is not higher 

than that of Pap1 alone. Compared to an in vivo scenario, it is likely that the yeast 

complex is missing additional RNA binding surfaces from other CPF subunits or 

cleavage factors. The association of the polymerase module with additional RNA 

binding proteins may stimulate polyadenylation activity, in comparison with Pap1 

alone. Further experiments addressing this question are described in Chapter 3. 

Interestingly, the yeast polymerase module bound the adenovirus L3 RNA with lower 

affinity in EMSAs (Figure 2.8). Therefore, it is seen that the RNA binding subunits 

within the polymerase module can impart a degree of specificity to the complex. The 

recombinant production of high amounts of polymerase module described in this 

chapter will now allow us to perform biophysical experiments to characterize the 

kinetics of RNA binding and the implication on polyadenylation, relative to the isolated 

polymerase. Furthermore, other yeast RNAs with less idealized efficiency, positioning, 

and U-rich elements should be tested in polyadenylation and binding assays. This will 

allow us to observe whether the low affinity, distributive activity is conserved among 

other RNA species. 

 

The cryo-EM structure of Cft1-Pfs2-Yth1 subunits revealed, for the first time, the 

overall architecture of the polymerase module and the interactions between the three 

proteins. Cft1 and Pfs2 share an extensive interaction surface; most notably, an N-

terminal alpha helix of Pfs2 insets into a cavity formed between two beta propellers in 
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Cft1 (Figure 2.16). An N-terminal loop of Yth1 inserts into the cavity of one of the beta 

propellers of Cft1, anchored by several ionic as well as hydrophobic interactions (Figure 

2.17). The first two zinc fingers in Yth1 also associate at the interface of Cft1 and Pfs2. 

Furthermore, the structure validates previous biochemical and genetic data highlighting 

the importance of the amino acid regions, which we show to be important in inter-

protein interactions (Ohnacker et al. 2000; Barabino, Ohnacker, and Keller 2000b; 

Tacahashi, Helmling, and Moore 2003). The structure of the polymerase module has 

also revealed that the complex forms a structural platform for other polymerase module 

subunits, bringing together the flexibly tethered Fip1 and Pap1 as well as, potentially, 

RNA, via a composite binding surface formed by ZnF23 and the top of the Pfs2 beta 

propeller domain (Figure 2.29b). 

 

During the course of this study, the structure of the human CPSF160-WDR33-CPSF30 

was reported (Sun et al. 2018; Clerici et al. 2018, 2017). The yeast and the human 

complexes share a high degree of structural and sequence similarity (Figure 2.21). The 

structure of the human complex was determined in complex with RNA, thus providing 

molecular insight into how the mammalian poly(A) site AAUAAA is recognized by 

CPSF. The structure also provides a potential explanation for why the yeast RNA 

positioning element does not contain AAUAAA and is more degenerate compared to 

mammalian elements. The structure of the yeast polymerase module bound to RNA will 

provide further insights into RNA recognition and enable better understanding of the 

difference between the yeast and human RNA cis-elements. 

 

Intriguingly, the structure of Cft1-Pfs2 is highly similar to other nucleic acid binding 

complexes such as DDB1-DDB2 and SF3b. In particular, the mode of interaction by 

helix insertion into a cavity lined by beta propellers (seen in the Pfs2-Cft1 and DDB2-

DDB1 interactions) appears to be conserved. This suggests a shared evolutionary origin 

for these complexes.  

 

Cryo-EM of the polymerase module containing Pap1 provides evidence for the flexible 

tethering of Pap1 with the polymerase module (Figure 2.23). Furthermore, crosslinking 

mass spectrometry of the complex shows that Pap1 crosslinks with all subunits of 

polymerase module, highlighting the dynamic nature of Pap1 (Figure 2.25). Docking 

the crystal structure of Pap1 (PDB ID: 1FAO) onto the cryo-EM structure of Cft1 using 

HADDOCK (van Zundert et al. 2016; Cyril Dominguez, Rolf Boelens, and Bonvin 
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2003), and using cross-linking mass spectrometry data as restraints, shows that Pap1 

binds to the BP2 and BP3 of Cft1 (Figure 2.29a).  In the context of our cryo-EM and 

crosslinking mass spectrometry data, it is more likely that Pap1 does not interact 

strongly with Cft1, but rather lies adjacent to it in 3D space. 

 

 

 
 

Figure 2.29: A model for the architecture of the polymerase module. (a) A model 

of the crystal structure of Pap1 docked onto the cryo-EM structure of Cft1 using 

HADDOCK.  Data from cross-linking mass spectrometry experiment were given as 

primary interaction restraints while running HADDOCK. (b) A cartoon 

representation of the topology and architecture of the polymerase module showing 

the inter-protein interactions. The individual domains within the proteins that are 

involved in the interactions are highlighted. Fip1 (black), Pap1 (blue), Yth1 (magenta), 

Pfs2 (yellow), Cft1 (dark green), and zinc ions (dark grey) are depicted. The Yth1 

binding site in Fip1 is depicted in red, the Pap1 binding site in Fip1 is shown in green. 

The RNA is depicted in transparent neon. 

 

Pull-down experiments of the polymerase module using truncated constructs of Fip1 

and Yth1 reveal that Pap1 is anchored to the polymerase module via Fip1 (Figure 2.26). 

Disruption of the interaction between Fip1 and Yth1 causes Pap1 to disassociate from 

the complex. An earlier study showed that replacing the unstructured flexible linker in 

Fip1 with that of human replication protein A resulted in reduction in the efficiency of 
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polyadenylation in vitro (Ezeokonkwo et al. 2011), highlighting the importance of the 

flexible linker of Fip1 in Pap1 activity. It should be noted that this region is known to 

mediate interactions with other components of the 3' end-processing machinery, 

including CF IA (Helmling, Zhelkovsky, and Moore 2001; Ezeokonkwo et al. 2011). 

Therefore, it is imperative to study the effects of the flexible linker of Fip1 on 

polyadenylation in the context of the complete 3′-end processing machinery.  

 

Previous studies from our lab discovered the presence of multiple copies of the 

polymerase Pap1 in endogenously-purified CPF (Easter 2014). The molecular basis of 

the association of multiple polymerases to CPF, as well as the in vivo relevance of this 

complex, is unknown. Further analysis by mass spectrometry revealed that two copies 

of Pap1 are always accompanied by two copies of Fip1 in the complex (Easter 2014; 

Casañal et al. 2017b). Therefore, it is possible that there are two Fip1 binding sites in 

CPF. While Fip1 is anchored to the polymerase module via Yth1 (Figure 2.26), NMR 

experiments revealed that only ZnF4 of Yth1 binds Fip1 residues 180-220. Surprisingly, 

Fip1 binding did not cause any major chemical shift perturbation in the ZnF5 or the C-

terminal end of Yth1, therefore suggesting that there is no additional binding site for 

Fip1 (Figure 2.28). Nonetheless, it is plausible that Fip1 sequences downstream of 

residue 220 might have interactions with additional surfaces in Yth1. Further 

experiments with various truncations of Fip1 and Yth1 are needed to characterize this 

interaction.  

 

In this chapter, the structural architecture of the polymerase module was investigated 

using in vitro biochemistry, cryo-EM, mass spectrometry and NMR (Figure 2.29b). 

Given that WD40 domains are frequently found as protein-protein interaction hubs (van 

der Voorn and Ploegh 1992), it is plausible that other components of the 3' end-

processing machinery could interact with the beta-propellers of Pfs2/Cft1 or the 

unstructured regions in Fip1. The association of other CPF subunits or the cleavage 

factors with the polymerase module could also provide additional RNA binding 

surfaces, thereby increasing the binding affinity for RNA. The role of additional 

proteins in polyadenylation will be further discussed in Chapter 3. 
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3 CF IA stimulates polyadenylation by tethering CPF to 

RNA 
 

 

Isolated Pap1 can add a poly(A) tail to an mRNA substrate in vitro in a manner similar 

to the polymerase module. However, in cells, CPF functions together with the cleavage 

factors IA and IB for specific and efficient polyadenylation (Gross and Moore 2001). 

Both CF IA and CF IB are essential for specific cleavage in vitro (Kessler, Zhao, and 

Moore 1996). Specifically, it has been shown that CF IB is important for mRNA 

cleavage site selection (Minvielle-Sebastia et al. 1998; Kim Guisbert, Li, and Guthrie 

2006). It is thought that CF IB competes with CPF for RNA binding and hence restricts 

CPFs endonuclease activity to the poly(A) site (Dichtl and Keller 2001). NMR 

experiments have revealed that CF IB binds AU-rich efficiency elements, and the 

Rna15 subunit of CF IA binds to the neighbouring A-rich positioning elements (Leeper 

et al. 2010).  

 

On the other hand, CF IA alone is sufficient to activate cleavage, but the exact 

mechanism behind how it activates cleavage remains unknown (Dichtl and Keller 

2001). Specific RNA binding by the cleavage factors occurs as a result of multiple weak 

protein-RNA and protein-protein interactions (Noble et al. 2004; Leeper et al. 2010; 

Barnwal et al. 2012). Mutants defective in RNA binding of cleavage factors result in 

imprecise cleavage, and are lethal in vivo (Kessler et al. 1997; Gross and Moore 2001; 

Pérez-Cañadillas 2006). In mammals, both CstF (homologs of Rna14 and Rna15) and 

CF IIm (containing homologs of Pcf11 and Clp1) are interestingly required only for 

cleavage. In the absence of any cleavage factors, human CPSF is sufficient to 

reconstitute specific and efficient polyadenylation reaction in vitro.   

 

Previous studies using purified individual CF IA subunits have highlighted the 

importance of CF IA in polyadenylation (Gross and Moore 2001). Using fractionated 

yeast extracts and purified subunits of CF IA and CF IB; the study showed that all five-

cleavage factor subunits are required for reconstitution of in vitro polyadenylation 

activity.  However, characterizing the exact nature of this interaction and its 

significance on polyadenylation without highly pure preparation of CPF is challenging. 

To investigate the role of yeast CF IA in polyadenylation, I carried out in vitro assays in 

the presence of cleavage factor sub-complexes. Next, I identified a direct interaction 
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between CPF and CF IA, mediated by Rna14/Rna15 and polymerase module 

subunits.  Using a variety of techniques such as cross-linking mass spectrometry, 

hydrogen-deuterium exchange mass spectrometry, and cryo-EM, I characterize the 

dynamic interaction between Rna14/Rna15 and the polymerase module. Together, I 

propose a model for the stimulation of polyadenylation by CF IA and thus clarify the 

function of CF IA in mRNA polyadenylation.  
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3.1 Cleavage Factor CF IA Stimulates Polyadenylation by CPF 

 
In order to reconstitute polyadenylation in vitro using components of the 3′-end 

processing machinery, I purified CPF and CF IA from endogenous and recombinant 

sources respectively. Native CPF was purified from a yeast strain harboring a C-

terminal TAPS-tag (tandem-affinity purification using protein A and streptactin) 

 in the REF2 gene (Easter 2014). The TAPS tag consists of an N-terminal 3-C protease 

site followed by a Strep-II tag (SII), two TEV protease sites and two repeats of S. 

aureus protein A IgG-binding domain. The purification included two tandem-affinity 

steps. First, lysate was incubated with IgG beads to purify the complex by its protein A 

tag; the SII tag was then affinity purified using StrepTactin resin. Eluate from the 

StrepTactin pull-down was finally subjected to anion exchange chromatography to 

separate the APT complex from the fourteen-subunit CPF complex. The purification is 

described in detail in Ashley, 2014. The identities of the purified proteins were verified 

by tandem mass spectrometry. Cleavage factor IA subunits were recombinantly 

expressed in E.coli and purified using a protocol adapted from a previous study (Gordon 

et al. 2011) and described in section 6.4.3.  

 

An in vitro polyadenylation assay of substrate RNA 5'-FAM-CYC1-pc was carried out 

using purified CPF, in the presence and absence of CF IA (Figure 3.1b). The reaction 

products were analysed using denaturing urea-PAGE. CPF adds poly(A) tail to a pre-

cleaved RNA substrate in a distributive manner, similar to the assays performed using 

the polymerase module (Figure 3.1a and Figure 2.6a). Interestingly, the addition of 

recombinant CF IA to the reaction results in the stimulation of polyadenylation by CPF 

(Figure 2.6b). The stimulatory effect is particularly clear at earlier time points (t=2, 4, 8 

min), where the band corresponding to RNA rapidly increases in size. Densitometry 

analysis of the urea-polyacrylamide gels revealed that the final length of the poly(A) 

tails is longer in the presence of CF IA (Figure 3.1). The two observations suggest that 

CF IA stimulates polyadenylation activity of CPF, potentially via a direct protein-

protein interaction. Previous studies suggest that the WD-40 containing Pfs2 could 

interact with the HAT-domain containing Rna14 subunit of CF IA, linking the cleavage 

factors with CPF (Ohnacker et al. 2000). In vitro pull-downs have also shown a direct 

interaction between Fip1 and Cft1 of CPF, and Rna14 subunit of CF IA (Murthy and 

Manley 1992; Preker et al. 1995; Ezeokonkwo et al. 2011).  The assays performed 



 

 108 

above provide the first insight towards the functional relevance of the interactions 

between CF IA and CPF.  

 

 

 
 

Figure 3.1: Cleavage factor IA stimulates polyadenylation by CPF.  (a) SDS-PAGE of 

CPF and CF IA used in the assays (b) Polyadenylation assay of purified CPF analyzed 

by denaturing urea-PAGE.  A 5ʹ fluorescently labeled 42 mer CYC1 RNA that has been 

pre-cleaved is the substrate for polyadenylation. The assays were carried out with a 

final concentration of 400 nM substrate RNA, 50 nM purified CPF, 400 nM CF IA and 2 

mM ATP.  Densitometry analyses of the gels are plotted below; RNA length is marked 

based on an RNA ladder. 

 

Notably, three out of the five-polymerase module subunits i.e. Fip1, Pfs2 and Cft1 have 

been shown to bind to CF IA in the past. I hypothesized that CF IA would be able to 

stimulate polyadenylation activity in a minimal reconstituted system containing the 

five-subunit polymerase module. To test this, I carried out in vitro polyadenylation 

assays of 5'-FAM-CYC1-pc using the polymerase module in the presence and absence 

of CF IA (Figure 3.2a and Figure 3.2b). In agreement with the hypothesis, CF IA can 

stimulate the activity of the polymerase module (Figure 3.2b). Densitometry analysis 

revealed that the poly(A) tails are longer and were added faster in the presence of CF IA 

(Figure 3.2b). CF IA consists of four subunits – a heterotetramer of Rna14/Rna15 and a 
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heterodimer of Pcf11–Clp1 (Gordon et al. 2011); among these, the Rna14/Rna15 

heterotetramer mediates RNA binding by CF IA (Noble et al. 2004).  

 

 
 

Figure 3.2: Cleavage factor IA stimulates polyadenylation by the polymerase module.  

Polyadenylation assay of purified polymerase module analyzed by denaturing urea-

PAGE.  A 5ʹ fluorescently labeled 42 mer CYC1 RNA that has been pre-cleaved is the 

substrate for polyadenylation. (a) Assay carried out with only polymerase module and 

RNA. (b) Assay carried out with polymerase module and CF IA. (c) Assay carried out 

with polymerase module and Rna14/Rna15. The assays contained a final concentrations 

of 400 nM substrate RNA, 50 nM purified polymerase module, 400 nM CF IA or 

Rna14/Rna15 and 2 mM ATP. Densitometry analyses of the gels are plotted below; 

RNA length is marked based on an RNA ladder. 

 

To dissect the contribution of subcomplexes of CF IA to polyadenylation, I performed 

in vitro assays of 5'-FAM-CYC1-pc with the polymerase module in the presence of 

Rna14/Rna15. Surprisingly, Rna14/Rna15 is sufficient to stimulate the polyadenylation 

activity of polymerase module (Figure 3.2c). Moreover, the polyadenylation activity of 

the polymerase module in reactions containing CF IA or Rna14/Rna15 is highly similar 

(Figure 3.2b-c), suggesting that Rna14/Rna15 can account for the full stimulatory 

activity of CPF by CF IA.   
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Furthermore, CF IA (and Rna14/Rna15) can stimulate the polyadenylation activity of a 

polymerase module containing two copies of Pap1 (Figure 3.3), demonstrating that the 

stimulatory effect is independent of Pap1 stoichiometry.   

 

 
 

Figure 3.3: Cleavage factor IA stimulates polyadenylation by polymerase module 

with two copies of Pap1.  Polyadenylation assay of purified polymerase module 

analyzed by denaturing urea-PAGE.  A 5ʹ fluorescently labeled 42 mer CYC1 RNA that 

has been pre-cleaved is the substrate for polyadenylation. (a) Assay carried out with 

only polymerase module and RNA. (b) Assay carried out with polymerase module and 

CF IA. (c) Assay carried out with polymerase module and Rna14/Rna15. The assays 

contained a final concentrations of 400 nM substrate RNA, 50 nM purified polymerase 

module, 400 nM CF IA or Rna14/Rna15 and 2 mM ATP. 

 

In addition to CF IA, CF IB also harbours an RNA-binding RRM domain and can bind 

tightly to the AU rich efficiency elements (Pérez-Cañadillas 2006). To probe the role of 

CF IB in polyadenylation, I performed in vitro polyadenylation assays of 5'-FAM-

CYC1-pc using polymerase module in the presence and absence of CF IB. The addition 

of CF IB does not stimulate the activity of the polymerase module as the rate of 

polyadenylation is similar whether or not CF IB is present (Figure 3.4). Therefore, CF 

IB does not affect polyadenylation and likely does not interact with the polymerase 

module.  
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Figure 3.4: CF IB does not stimulate polyadenylation.  Polyadenylation assay by 

purified polymerase module analyzed by denaturing urea-PAGE.  A 5ʹ fluorescently 

labeled 42 mer CYC1 RNA that has been pre-cleaved is the substrate for 

polyadenylation. (a) Assay carried out with only polymerase module. (b) Assay 

carried out with polymerase module and CF IB. The assays contained a final 

concentrations of 400 nM substrate RNA, 50 nM purified polymerase module, 400 nM 

CF IB and 2 mM ATP. 

 

In agreement with an earlier study (Gordon et al. 2011), my experiments using a 

minimal reconstituted system suggest that the Rna14/Rna15 subunits of CF IA are 

sufficient to stimulate polyadenylation by the five-subunit polymerase module and CPF. 

I sought to further investigate the individual subunit contributions and the unexplored 

mechanistic basis of the observed stimulatory effect.  
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3.2 CF IA does not affect polyadenylation by Pap1 
 
 

Earlier experiments demonstrated that the in vitro polyadenylation activity of isolated 

Pap1 enzyme is similar to that of a five-subunit polymerase module (Figure 2.6). This is 

surprisingly different from the human homolog. In humans, the isolated PAP enzyme is 

distributive, but its incorporation within CPSF makes the polyadenylation reaction 

processive due to the additional RNA binding surfaces provided by CPSF (Schönemann 

et al. 2014; Chan, Huppertz, Yao, Weng, Moresco, Yates Iii, et al. 2014). The 

biochemical studies performed so far do not explain the presence of accessory yeast 

polymerase module subunits, and whether these non-catalytic subunits affect the in vitro 

polyadenylation activity of the polymerase module.  

 

In order to better understand the contribution of the polymerase module subunits, I 

performed in vitro assays of 5'-FAM-CYC1-pc using the isolated Pap1 enzyme, in the 

presence and absence of CF IA. CF IA does not stimulate the polyadenylation activity 

of Pap1 (Figure 3.4). In fact, Pap1 activity is slightly reduced in the presence of CF IA 

(compare early time points, e.g. t = 4, 8, 16 min in Figure 3.5.a and Figure 3.5b).  It is 

possible that, in the absence of CF IA, Pap1 can freely access substrate RNA to add 

poly(A) tails in a distributive manner as described earlier. However, the presence of CF 

IA could obstruct Pap1 from accessing the substrate RNA, reducing Pap1 activity 

(Figure 3.4.b). The results here show that CF IA cannot stimulate the activity of isolated 

Pap1 and that additional polymerase module subunits are required for this simulation 

(Figure 3.2). Such an observation underscores the functional importance of other 

polymerase module subunits in the full polyadenylation activity of CPF and the 

polymerase module in the presence of CF IA. 
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Figure 3.5: Activity of isolated Pap1 is not stimulated by CF IA.  Polyadenylation 

assay by purified Pap1 analyzed by denaturing urea-PAGE.  A 5ʹ fluorescently labeled 

42 mer CYC1 RNA that has been pre-cleaved is the substrate for polyadenylation. (a) 

Assay carried out with only Pap1. (b) Assay carried out with Pap1 and CF IA. The 

assays contained a final concentrations of 400 nM substrate RNA, 50 nM purified Pap1, 

400 nM CF IA and 2 mM ATP. 
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3.3 CF IA interacts with the polymerase module of CPF   
 
 

The observation that CF IA (Rna14/Rna15) stimulates the polyadenylation activity of 

CPF and the polymerase module led me to hypothesize that stimulation occurs via a 

direct protein-protein interaction between CF IA and CPF subunits. To investigate the 

interactions between CF IA and CPF subunits, I carried out in vitro pull-down 

experiments on immobilized CPF subunits.   
 

3.3.1 In vitro pull-downs 
 

To study if CPF directly interacts with CF IA, I carried out pull-downs using SII-tagged 

CPF sub-complexes as the bait proteins, and CF IA and CF IB proteins as the prey.  

 

The following CPF sub-complexes were used as bait: a recently described eight-subunit 

core-CPF (Core-CPF), the polymerase module with Cft2 (Polymerase + Cft2), the five-

subunit polymerase module (Polymerase); the polymerase module without Pap1 

(Polymerase – Pap1); Cft2; isolated Pap1; and a hetero-dimer of Ysh1/Mpe1 (Figure 

3.6a). Core-CPF consists of all five polymerase module subunits and three nuclease 

module subunits and has been shown to be sufficient for reconstituting pre-mRNA 

cleavage (Hill et al. 2019). Control reactions for the pull downs were performed with 

Strep beads that did not contain any bait proteins.  

 

Pull-down reactions were first carried out using the full CF IA complex as the prey 

protein complex. Elution fractions from the pull-downs were analysed by SDS-PAGE 

(Figure 3.6b-c). CF IA binds to core-CPF and polymerase module (both with and 

without Pap1), as demonstrated by the presence of bands corresponding to CF IA 

subunits in the pull-down (Figure 3.6b). On the other hand, no interaction was observed 

between CF IA and Cft2, Pap1 or Ysh1/Mpe1 (Figure 3.6b). These results show that the 

core four polymerase module subunits (i.e. Cft1, Pfs2, Yth1 and Fip1) mediate the 

interaction between CPF and CF IA. This provides a potential explanation for why the 

activity of isolated Pap1 is not stimulated by the addition of CF IA, as Pap1 alone 

cannot interact with CF IA, whereas the polymerase module binds to the cleavage 

factor.  
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Next, to understand which subunits of CF IA contact CPF; pull-downs were carried out 

with the Rna14/Rna15 dimer of dimers (Figure 3.6c) or the Pcf11/Clp1 subcomplex 

(Figure 3.6d) as prey. Rna14/Rna15 can interact with core-CPF and polymerase module 

(both with and without Pap1). This is consistent with previous polyadenylation assays 

where Rna14/Rna15 stimulates polyadenylation to a similar degree compared to CF IA 

(Section 4.1, Figures 4.2b-c). In contrast, Pcf11/Clp1 did not stably interact with CPF. 

Interestingly, CF IB does not interact strongly with CPF sub-complexes (Figure 3.6e), 

supporting earlier observations where addition of CF IB to in vitro assays did not have 

any stimulatory effect on polyadenylation (Section 4.1, Figure 3.4b).  
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Figure 3.6: CF IA is recruited to CPF via direct interactions between Rna14/Rna15 

and the polymerase module. (a) Schematic of the protein complexes used in the pull-

downs. CPF proteins and sub-complexes were immobilized on StrepTactin resin (bait). 

(b) Untagged CF IA, (c) Rna14–Rna15, (d) Pcf11–Clp1 and (e) Hrp1 (CF IB) were 

used as prey.  Coomassie-stained SDS-PAGE of pull-down experiments. The input lane 

contains the purified prey proteins that were added.  As a negative control, prey 

proteins alone were added to StrepTactin resin. 
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To further characterize the interaction between CPF and CF IA, a minimal complex 

containing the polymerase module (without Pap1) and the Rna14/Rna15 subunits, 

present in three-fold molar excess, were mixed in vitro and separated using a size 

exclusion column (Figure 3.7a). Polymerase module alone elutes at a volume of ~1.4 ml 

(in pink), Rna14/Rna15 complex elutes at ~1.65 ml (in green) and the complex of 

polymerase module with Rna14/Rna15 elutes at ~1.25 ml (in yellow) (Figure 3.7a).  

The earlier elution of the Rna14/Rna15-polymerase module complex relative to each 

individual complex suggests that the apparent molecular weight is increased. SDS-

PAGE analysis of the eluted fractions reveals the presence of all CF IA and polymerase 

module subunits (Figure 3.7b). Thus, Rna14/Rna15 and the polymerase module 

associate stably and the resulting complex can be separated by size exclusion 

chromatography. Therefore, a protocol to produce a complex containing polymerase 

module and Rna14/Rna15 subunits has been established. This allows further 

characterization of the protein-protein interactions using biophysical techniques. 

 
 

 
 

Figure 3.7: Rna14/Rna15 co-elutes with the polymerase module on a size exclusion 

column.  (a) Purified polymerase module and Rna14/Rna15 complexes were mixed 

together in 1:3 molar ratio, subjected to size exclusion chromatography on a Superose 

6 Increase 3.2/300 column (in yellow).  As a control, samples containing polymerase 

module alone (in pink) and Rna14/Rna15 (in green) alone were run on the same 

column. (b) SDS-PAGE analysis of fractions from the size exclusion column. 
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3.3.2 Hydrogen Deuterium Exchange of Polymerase Module-Rna14-Rna15  

 

Hydrogen deuterium exchange coupled with mass spectrometry (HDX) is a powerful 

biophysical technique that is used to study protein-protein and protein-ligand 

interactions (Shukla et al. 2014; Seckler, Barkley, and Wintrode 2011; Masson, Jenkins, 

and Burke 2017). Furthermore, it is also widely employed to study protein 

conformational dynamics (Wales and Engen 2006). Hydrogen atoms bound to the 

backbone amide group in proteins readily exchanges with protons in the aqueous 

solution. In HDX, deuterated water (D2O) replaces the aqueous environment 

surrounding the protein of interest. Thus, solvent-exposed amide hydrogens will be 

exchanged for deuterium. On the other hand, amide hydrogens that are not exposed to 

solvent will exchange much less readily. The hydrogen deuterium exchange process can 

be monitored in a mass spectrometer owing to the difference in mass between the two 

elements. By comparing different conditions, information on protein-protein 

interactions or conformational changes can be obtained, as long as they affect the extent 

to which amide hydrogens are shielded or exposed to the deuterated solvent, as well as 

the timescale of hydrogen-deuterium exchange.  
 

HDX experiments were performed for the following three samples: five-subunit 

polymerase module with Pap1, four-subunit polymerase module without Pap1, and 

four-subunit polymerase module in complex with Rna14/Rna15. The interaction of 

Pap1 with the polymerase module subunits has been well characterized (Section 3.5). 

Thus, comparison of HDX data from the polymerase module (with and without Pap1) 

should enable us to validate the previously identified Pap1 interaction surface on Fip1.  

 

Cft1 had ~66% coverage across its sequence, Pfs2 ~80%, Yth1 ~68%, and Fip1 ~80%. 

Overall, no difference in deuterium exchange rates were observed in Cft1, Pfs2 and 

Yth1 across the three samples analyzed. Thus, the interaction of Pap1 or Rna14/Rna15 

with the polymerase module did not significantly induce any conformational change in 

Cft1, Pfs2, or Yth1. However, residues 86-101 of Fip1 were protected from deuterium 

exchange in the presence of Pap1 (Figure 3.8a). Thus, this normally solvent-exposed 

region of Fip1 likely becomes buried upon the interaction of Pap1. Interestingly, this 

region of Fip1 contains the peptide sequence (residues 85 - 105) that had been 

previously shown to interact with Pap1, and a crystal structure describing the interaction 
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is available (Meinke et al. 2008), thereby validating HDX as a bona fide technique to 

study protein-protein interactions for CPF and associated complexes.  

 
 

 
 

Figure 3.8: Rna14/Rna15 interacts with residues 147 to 166 of Fip1.  Hydrogen-

deuterium exchange mass spectrometry difference plot showing peptides of Fip1 that 

are exposed (positive) or protected (negative) by (a) Pap1 and (b) Rna14/Rna15.  

Triplicate data from four time points 0.3 sec (orange), 3 sec (red), 30 sec (green) and 

300 sec (blue) are show. Dotted line in grey represents the significance threshold. 

Grey shading represents the standard deviation of all charged states and replicates per 

peptide. 

 

Moreover, amino acids 147-166 of Fip1 was protected from deuterium exchange in the 

presence of Rna14/Rna15 (Figure 3.8.B).  This region of Fip1 lies within the 

“conserved domain” or “CD” of Fip1 (Clerici et al. 2017). Thus, it is likely that 

Rna14/Rna15 interacts with Fip1 via its CD. In addition, previous in vitro pull-downs 

have identified the N-terminal region of human Fip1 (containing the conserved domain) 

as an interaction partner of Cstf-77 (Kaufmann et al. 2004). Therefore, it is likely that 
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this interaction between Fip1 and Rna14/Rna15 is conserved across different species, 

underscoring its functional importance.  

 

3.3.3 Rna14/Rna15 can stimulate the activity of polymerase module with a Fip1 

truncation 

 

The role of Fip1 in tethering Pap1 to the polymerase module is well established (Section 

3.5). Previous studies have highlighted the importance of this flexible conserved 

domain of Fip1 in polyadenylation (Ezeokonkwo et al. 2011). Therefore, in addition to 

its role in linking Pap1 to the remainder of the polymerase complex, Fip1 may also be 

involved in the allosteric regulation of activity of the polymerase module. I 

hypothesized that Rna14/Rna15 could interact with this flexible region of Fip1 and 

allosterically induce a conformational change that results in stimulation of the 

enzymatic activity of Pap1 within the polymerase module.  

 

In order to validate the findings from HDX that region 147-166 of Fip1 interacts with 

Rna14/Rna15, and to test the aforementioned hypothesis, I made truncations within the 

CD of Fip1. I cloned a five-subunit polymerase module containing Fip1 where the 

amino acids 145 to 170 were deleted (Fip1Δ145-170). The truncated polymerase 

module containing Fip1Δ145-170 was purified using a similar protocol to that of the 

wild type polymerase module (Section 6.4.1). The purified complex was analysed by 

SDS-PAGE alongside wild type polymerase module (Figure 3.9a). The truncated 

polymerase module was functionally active and added poly(A) tails to a substrate RNA 

5'-FAM-CYC1-pc in a manner very similar to the wild type polymerase module (Figure 

3.9b). Interestingly, Rna14/Rna15 can still stimulate the activity of this truncated 

polymerase module containing Fip1 Δ145-170 (Figure 3.9b). Thus, the deletion of 

Rna14/Rna15 interaction surface on Fip1 does not affect the ability of Rna14/Rna15 to 

influence polyadenylation activity.  
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Figure 3.9: Deletion of the RNA14/Rna15 interaction surface in Fip1 does not affect 

polyadenylation stimulation. (a) SDS-PAGE analysis of the purified polymerase module. 

The deletion of residues 145 to 170 in Fip1 does not affect the assembly and 

purification of intact polymerase module. (b) Polyadenylation assays analyzed by 

denaturing urea-PAGE.  A 5ʹ fluorescently labeled 42 mer CYC1 RNA that has been 

pre-cleaved is the substrate for polyadenylation. Rna14/Rna15 stimulated the 

polyadenylation activity of both the wild type and Fip1 Δ145-170 containing 

polymerase module. The assays were carried out with a final concentration of 400 nM 

substrate RNA, 50 nM purified polymerase module (WT or Fip1 Δ145-170), 400 nM 

Rna14/Rna15 and 2 mM ATP. 
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3.4 Rna14 HAT domains interact with the polymerase module 
 

As Rna14/Rna15 can stimulate the activity of the polymerase module containing 

Fip1Δ145-170, it is likely that the CF IA sub-complex can interact with other subunits 

of the polymerase module. A limitation of the HDX experiment is its modest sequence 

coverage of polymerase module proteins, and thus the interaction surface between Fip1 

and polymerase module subunits could lie outside the covered sequences. For example, 

the beta-propellers in Pfs2 or Cft1 can act as a protein-protein interaction hub for the 

structurally rigid HAT domains in Rna14 (Ohnacker et al. 2000). Similarly, in the 

structure of the human SF3b core complex, the HEAT repeats containing SF3155 is 

found to interact with the beta-propellers of SF3b130 (Cretu et al. 2016).  
 

Thus, to fully elucidate the mechanistic basis of CF IA interaction with the polymerase 

module, there was the need to use orthogonal biochemical or biophysical methods. I 

chose to further investigate the interaction using cross-linking mass spectrometry and 

cryo-EM. 
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3.4.1 Cross-linking mass spectrometry of polymerase module - Rna14/Rna15 

complex 
 

 

The complex containing polymerase module and Rna14/Rna15 subunits was cross-

linked with BuUrBu (Disuccinimidyl Dibutyric Urea) (Müller et al. 2010). Similar to 

BS3, BuUrBu contains N-hydroxysuccinimide (NHS) ester functional groups and can 

covalently link two lysine, serine, threonine or tyrosine molecules that are within 27 Å 

of each other.  

 

A total of 82 inter- and intra-subunit crosslinks were found. Several of the crosslinks 

within the polymerase module subunits were consistent with the BS3 crosslinking data 

described earlier (Section 3.5.2). Residues K47, K44 and S38 in the N-terminal region 

of Fip1 cross-linked to the C-terminal HAT domain of Rna14, consistent with previous 

in vitro pull downs where the N-terminus of Fip1 was found to interact with Rna14 

(Kaufmann et al. 2004) (Figure 3.10). In addition to the previously characterized Fip1-

Rna14 interaction, K60 in the N-terminus of Yth1 also crosslinked with residues K170, 

K219 and K28 in the N-terminal HAT domain of Rna14. This region of Rna14 also 

cross-linked with the C-terminus of Pfs2. These results hint at the possibility that the 

HAT domain of Rna14 lies in close proximity to Yth1 ZnF2 and the WD40 of Pfs2 as 

these domains are structurally proximal (Section 3.15). Moreover, the HAT domain of 

Rna14 crosslinked with other polymerase module subunits, including various regions of 

Cft1 (Figure 3.10), which is consistent with a previous study, demonstrating a close 

association between CPSF160 and CstF-77 (Murthy and Manley 1992). It is thus 

possible that Rna14 harbours multiple interaction sites on the polymerase module. 

Interestingly, no crosslinks were found between Rna15 and polymerase module 

subunits. One explanation could be that the region of interaction between Rna15 and the 

polymerase module subunits do not contain any lysines, serines or tyrosines. 

Alternatively, there may not be any direct or proximal contacts between Rna15 and the 

polymerase module.  
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Figure 3.10: Cross-linking mass spectrometry of the polymerase module - 

Rna14/Rna15 complex. Linkage map showing all identified lysine-lysine, lysine-serine 

and lysine-tyrosine crosslinks. Cross-links between the polymerase module and 

Rna14/Rna15 are shown in pink dotted lines. 
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3.4.2 Cryo-EM of polymerase module - Rna14/Rna15 complex 
 

To better understand how Rna14/Rna15 interacts with the polymerase module subunits, 

and to gain insights into how the two complexes bind the substrate RNA, a ternary 

complex consisting of the four-subunit polymerase module, Rna14/Rna15 subunits and 

CYC1-pc RNA was assembled on a size exclusion column (Figure 3.11a). The peak 

fraction containing the entire complex eluted from the column at ~1.25 ml elution 

volume, similar to the previous complex lacking RNA (Section 4.3.1). Comparison of 

the absorbance at 260 nm to that at 280 nm confirmed the presence of nucleic acid in 

the peak fractions (Figure 3.11a). SDS-PAGE analysis of the peak fractions revealed the 

presence of all six-protein subunits in the preparation (Figure 3.11b). Cryo-EM 

micrographs of the ternary complex revealed ~15 nm individual particles that were 

(Figure 3.11c). Further inspection revealed mono-disperse but heterogeneous particles. 

2-D class averages of selected aligned particles show the characteristic polymerase 

module 2-D classes (shown by green arrowhead in Figure 3.11d, and Figure 2.10b). 

Also seen were 2-D classes containing a ~15 nm boomerang shaped density. This 

density resembles projections of the crystal structure of the Rna14 HAT domain from 

Kluyveromyces lactis, which revealed a ~15 nm elongated dimer of the HAT domains 

(Paulson and Tong 2012). Similar boomerang shaped 2-D classes were obtained in a 

previous electron microscopy study of S. cerevisiae Rna14-Rna15 (Noble et al. 2004). 

Thus, the ~15 nm elongated, kinked density (shown by cream arrowhead in Figure 

3.11d) likely corresponds to the dimer of HAT domains formed by Rna14. It is 

interesting to note that in 2-D classes highlighted in red boxes, the HAT domain appears 

to associate with the bottom region of the polymerase module (BP2). In agreement with 

this observation, crosslinks were found between Y914 and T915 of Cft1 and K551 in 

the HAT domain of Rna14.  
 

Overall, the 2-D classes shown here highlight the heterogeneity of the sample under 

investigation. In some of the representative 2-D classes, the particles are aligned on the 

Rna14 HAT domain density, resulting in a blurred density corresponding to the 

polymerase module (highlighted by grey arrows in Figure 3.11d). Conversely, certain 2-

D classes were aligned on the polymerase module, and contain additional blurry 

boomerang-like density surrounding the central module (classes 2, 6). This reflects a 

scenario where Rna14/Rna15 interacts with polymerase module at many sites. As a 

result, the particles of the complex are unable to align as one fixed conformation.  
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Figure 3.11: Cryo-EM analysis of the polymerase module - Rna14/Rna15 - CYC1 

RNA complex. (a) Size exclusion chromatography of the ternary complex (b) SDS-

PAGE of the peak showing all the polymerase module subunits and Rna14/Rna15. (c) 

Representative cryo-EM micrograph of polymerase module - Rna14/Rna15-CYC1 

complex taken at 59k X magnification. (d) Selected 2D class averages of aligned 

particles reveals sample heterogeneity. The HAT-domain of Rna14 is highlighted by 

cream arrowhead. The isolated polymerase module is highlighted by green arrowhead. 

Grey arrowhead shows the fuzzy density found near the HAT-domain in many of the 

classes. Classes highlighted by red squares show the HAT-domains of Rna14 

positioned below the beta-propeller of Cft1. 

 

Further stabilization of the sample is therefore likely required to proceed with cryo-EM 

analysis. One possible remedy is to use a mild cross-linker to fix the complex in one 

particular conformation. 
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Despite the presence of RNA in the sample, no density for RNA could be observed in 

the 2-D classes. A likely explanation is that the RNA used in the study (42 nucleotides 

long) is too small to be observed in 2-D classes at the current magnifications used in 

imaging. A high-resolution 3D reconstruction would be necessary to validate the 

presence of RNA.  

 

In summary, cryo-EM studies have shown that the HAT domain of Rna14 subunit 

interacts with the polymerase module. It is likely that Rna14 interacts with polymerase 

module at many sites. This is further supported by cross-linking data where the HAT 

domain cross-links across all the subunits of polymerase module. It is possible that the 

conformation where Rna14-Rna15 is bound to BP2 is preferred, as they constituted 2-D 

classes, which were best resolved in preliminary cryo-EM analysis. These data also 

suggest that Rna14 harbours the main binding site of CF IA to the polymerase module. 

However, in the absence of any cross-linking and cryo-EM data on the Rna15 subunit, 

one cannot rule out the possibility that Rna15 could harbour a polymerase module 

interaction surface.  
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3.5 An RNA binding mutant of Rna14/Rna15 fails to stimulate 

polyadenylation 
 

 

While CF IA stimulates the polyadenylation activity of CPF and CPF interacts with CF 

IA via Rna14/Rna15 and polymerase module subunits, the exact mechanism underlying 

the stimulation remains unknown. There are at least two possible mechanisms of 

stimulation. Firstly, because HDX experiments found an Rna14/Rna15 interaction 

surface in the conserved flexible domain of Fip1, it was hypothesized that the 

Rna14/Rna15 creates a conformational change in this region of Fip1, thereby 

modulating Pap1 activity. On the other hand, in vitro assays showed that the activity of 

the polymerase module could be stimulated by Rna14/Rna15 even in the absence of this 

central region of Fip1. Thus, another possible mechanism by which Rna14/Rna15 

stimulates polyadenylation is by providing additional RNA binding surface for the 

polymerase module. Together with the surface-exposed positively charged residues on 

top of Pfs2 and the ZnF2/3 of Yth1, the RRM domain of Rna15 can form a composite 

RNA binding surface. Such a cooperative binding would increase the overall affinity for 

RNA and result in stimulation of polyadenylation.  
 

In order to test this hypothesis, I generated an RNA binding mutant of Rna14/Rna15 

(Figure 3.12a). It is thought that Rna14/Rna15 binds RNA mainly through the RRM 

domain of Rna15, whose structure has been determined in complex with a GU 

dinucleotide (Pancevac et al. 2010). In the structure, guanine is stacked against the 

aromatic ring of Y21 (Figure 3.12a). Furthermore, heteronuclear NMR experiments 

suggests that the aromatic rings of Y61 and F63 could be a part of a nucleobase binding 

site (Pancevac et al. 2010). I cloned, expressed and purified a mutant Rna14/Rna15 that 

carried a Y21A, Y61A, F63A triple mutant in the RRM domain of Rna15 (Section 

6.4.5). EMSA experiments show that the mutant Rna14/Rna15 has a significant 

reduction in its ability to bind RNA (Figure 3.12b). In contrast with the wild-type 

Rna14/Rna15, in vitro assays show that the mutant Rna14/Rna15 does not stimulate the 

polyadenylation activity of polymerase module (Figure 3.12c). Interestingly, the 

polymerase module has reduced activity in the presence of the mutant Rna14/Rna15 in 

comparison to an assay performed without any Rna14/Rna15 (Figure 3.12c).  The RNA 

binding mutant of Rna14/Rna15 can likely still interact with polymerase module and 
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therefore sequesters the polymerase module from binding RNA. This may explain why 

there is a reduced polyadenylation activity in the presence of mutant Rna14/Rna15.  
 

 

 
Figure 3.12: Rna14/Rna15 stimulates polyadenylation by tethering the polymerase 

module to the RNA. (a) X-ray crystal structure of the RRM domain of Rna15 bound 

to GU (PDB ID: 2X1F) showing residues involved in base recognition. (b) An RRM 

domain triple mutant Y21A, Y61A, F63A in Rna15 loses its ability to bind RNA as 

shown by the EMSA experiment. (c) A mutant of Rna14/Rna15 that does not bind 

RNA, no longer stimulates polyadenylation of the polymerase module. 

 

The inability of the mutant Rna14/Rna15 to stimulate polyadenylation suggests that CF 

IA (and Rna14/Rna15) enhances the activity of CPF (and polymerase module) by 

providing additional RNA binding surfaces. However the allosteric model for 

polyadenylation stimulation cannot be completely ruled out in the absence of complete 

structural information about the CF IA - polymerase module interaction.  

(c) Rna14/Rna15 RRM mutant does not stimulate polyadenylation

(b) Rna14/Rna15 RRM mutant does not bind CYC1 (a) Structure of Rna15 RRM with bound RNA  
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3.6 Model for stimulation of polyadenylation by CF IA 
 

Taken together, these results enable us to hypothesize a model of polyadenylation by 

the polymerase module. In the absence of any CF IA (and Rna14/Rna15), the 

polymerase interacts with RNA at ~ 500 nM affinity (figure 2.8). In this scenario, the 

polymerase module is weakly processive and only adds ~10 to 15 As before the 

polymerase module falls off the product RNA (Figure 3.2a). The polymerase module is 

then competent to bind a new substrate RNA to further continue addition of poly(A) 

tails. This model of polyadenylation is illustrated in Figure 3.13a.  

 

On the other hand, the presence of CF IA provides the polymerase module with 

additional RNA binding surfaces via the RRM domain of Rna15 subunit. In this 

scenario, the complex of polymerase module and CF IA (or Rna14/Rna15) binds more 

tightly to RNA and the resulting complex has a longer half-life. The polymerase module 

then adds poly(A) tail to the substrate RNA without the complex falling off the RNA. 

This tethering of the polymerase module to the substrate RNA by CF IA results in the 

longer poly(A) tails being rapidly added. This agrees with a previous study showing that 

physical tethering of Pap1 to RNA results in an increase in its polyadenylation activity 

(Ezeokonkwo et al. 2011). Such a model of processive polyadenylation is illustrated in 

Figure 3.13b. 
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Figure 3.13: A model for polyadenylation stimulation by cleavage factor IA. Model 

obtained by combining data from cryo-EM, cross-linking–mass spectrometry, 

biochemical assays and in vitro pull-downs. (a) In the absence of the cleavage factor 

IA, polymerase module binds the substrate RNA, adds ~ 10 - 15 As and falls off the 

product RNA. Then the free polymerase module binds another substrate or product 

RNA, continues adding poly(A) tails in this manner. (b) In the presence of CF IA, the 

polymerase module remains tethered to the substrate RNA. Rna14/Rna15 interacts 

with the polymerase module, and provides additional RNA binding surface. This results 

in stimulation of polyadenylation. 
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4 Progress Towards Understanding Poly(A) Tail Length 

Control  
 

As pre-mRNA emerges from Pol II, specific cis-acting elements within its 3′ UTR are 

bound by CPF and CF I. This results in the assembly of the entire 3' end processing 

complex poised to carry out an endonucleolytic cleavage at the poly(A) site, followed 

by the addition of a poly(A) tail to the free 3' hydroxyl of the terminal nucleotide. 

  

In mammals, the poly(A) tails of mRNAs are synthesized to ~ 200 As. In vitro 

biochemical studies have highlighted the role of the nuclear poly(A) binding protein 

PABN1 in poly(A) tail length control (Wahle 1995). PABN1 bound to a short poly(A) 

tail promotes the interaction between CPSF and PAP. This interaction results in the 

cooperative stimulation of poly(A) tail addition by PAP. PAP then adds ~ 200 to 250 

As in a single processive synthesis step (Kühn et al. 2009). PABN1 can measure the 

length of the poly(A) tail and terminates the processive polyadenylation by disrupting 

the interaction between CPSF and PAP. 

     

In S. cerevisiae, on the other hand, the poly(A) tail length of newly made pre-mRNAs 

is ~ 60 A’s (Mclaughlin et al. 1973; Groner, Hynes, and Phillips 1974). Despite the 

absence of a functionally similar protein for PABN1 in S. cerevisiae, previous studies 

have highlighted the role of Pab1 and Nab2 in the regulation of mRNA poly(A) tail 

length control (Amrani, Minet, Le Gouar, et al. 1997; Minvielle-Sebastia et al. 1997; 

Schmid et al. 2012, 2015). It has been shown in yeast that the cytoplasmic poly(A) 

binding protein Pab1 physically associates with CF IA and is involved in the control 

of poly(A) tail length in vitro (Amrani, Minet, Le Gouar, et al. 1997; Minvielle-

Sebastia et al. 1997). It was hypothesized that poly(A)-associated Pab1 could recruit 

the deadenylase complex Pan2/Pan3, which in turn trims the hyperadenylated tails to 

appropriate lengths. However, a later study revealed that in vitro poly(A) tail lengths 

were regulated in the absence of Pab1 dependent poly(A) nuclease activity, thus 

suggesting that poly(A) tail lengths were controlled via a different mechanism not 

involving Pan2/Pan3 (Dheur et al. 2005). The nuclear poly(A) binding protein Nab2 

has also been implicated in control of poly(A) tail length both in vivo and in vitro 

(Hector et al. 2002).  Nab2 binds poly(A) RNA with high affinity  (Kd = 30 nM) and 

this interaction is mediated by the tandem CCCH family of zinc finger repeats in its C-
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terminal end (Kelly et al. 2007; Aibara et al. 2017). Cells expressing a mutant allele of 

Nab2 that can no longer strongly bind poly(A) RNA, results in defects in poly(A) 

lengths (Kelly et al. 2010).  

 

Previous biochemical studies have clarified the role of Nab2 in poly(A) tail length 

control and have provided valuable clues towards a mechanism for the same (Hector et 

al. 2002; Viphakone, Voisinet-Hakil, and Minvielle-Sebastia 2008). In the current 

model for poly(A) tail length control, Nab2 interacts with CPF components or likely 

alters the poly(A) conformation resulting in restriction of polyadenylation by Pap1. 

This leads to poly(A) tails of proper lengths being sythesized. However, several 

questions including why the poly(A) tail addition stops exactly after ~ 60As and what 

are the molecular players that trigger the termination of polyadenylation after ~ 60As 

remain unanswered. The lack of a pure and homogenous preparation of the 3' end 

processing complexes has hindered the systematic dissection of length control 

mechanism in vitro. Furthermore, we do not yet understand the contributions of CPF 

towards poly(A) tail length control, and how does Nab2 influence this. To address this 

major obstacle in the field, I describe the construction, recombinant expression and 

purification of the fourteen-subunit CPF complex. Moreover, I describe a robust and 

reproducible protocol for the in vitro reconstitution of cleavage and polyadenylation of 

a substrate mRNA 3' UTR using CPF from recombinant or endogenous expression. 

The experiments were designed taking into consideration the exact molarity of the 

reaction components. Remarkably, the experiments presented herein reveal the 

intrinsic capacity of CPF to restrict poly(A) tail length in the absence of Nab2. 

Further, establishing a recombinant system to produce CPF has now provided a means 

to make mutant complexes that was hitherto impractical. This will act as a future tool 

for dissecting the molecular mechanism of poly(A) tail length control by CPF.  
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4.1 CPF restricts poly(A) tail length  
 

4.1.1 CPF purified from S. cerevisiae has intrinsic poly(A) tail length control 

 

Native CPF was purified as described in section 3.1. A flow chart describing the 

purification protocol is illustrated in Figure 4.1a. The identities of the purified proteins 

were assessed by tandem mass spectrometry.  

 

 

 
 

Figure 4.1: Purification of native CPF from Saccharomyces cerevisiae (a) Flow chart 

describing the different steps involved in the purification of native CPF. (b) The peak 

from the MonoQ anion exchange chromatography was analyzed using SDS-PAGE.  

The preparation contains all fourteen-subunits of CPF from S. cerevisiae. 

 

Previous work from our lab has shown that addition of Nab2 to an in vitro 

polyadenylation assay results in RNAs with a poly(A) tail length mimicking in vivo 

lengths of  ~ 60 As.  In vitro cleavage and polyadenylation assays carried out in the 

absence of a poly(A) binding protein, only led to hyper-polyadenylation of the 

substrate RNA (Easter 2014). 

 

I performed coupled cleavage and polyadenylation assays of an in vitro transcribed 3′ 

UTR of the CYC1 mRNA. The assays consisted of CPF purified from yeast (Figure 

4.1a) as well as CF IA and CFI B purified from E. coli (section 6.4.3, 6.4.4). The 
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reactions contained 100 nM substrate RNA, 50 nM CPF, and the cleavage factors were 

added in threefold excess (300 nM). It is found that polyadenylation of the cleaved 

RNA was surprisingly stalled after addition of around ~150 As (Figure 4.2a). 

Quantification of the reaction products by densitometry show a distribution of poly(A) 

tail lengths ranging from ~80 As to ~200 As (Figure 4.2b). It is to be noted that the 

length of the observed poly(A) tails is longer than what is observed in vivo in the 

presence of Nab2. Furthermore, not all the cleaved RNA 5′ fragments are 

polyadenylated. A band corresponding to the cleaved RNA (5'-CYC1-pc) remains 

throughout the time-scale of the experiment (Figure 4.2a). This observation is in 

contrast with previous assays (Casañal et al. 2017a).  

 

The main difference between the current assay and the one performed previously lies 

in the concentrations of RNA and protein factors. In the earlier study, 87.5 nM RNA, 

18 nM CPF and 48 nM CF IA/CF IB were used (Easter 2014). In the current study, 

100 nM RNA, 50 nM CPF and 300 nM CF IA/CF IB are used (hereafter referred to as 

length control conditions). Under the current conditions, the cleavage factors are 

present in threefold excess over the substrate RNA. This could result in the occupancy 

of cleavage factors on RNAs being higher for a given RNA concentration. 

Furthermore, it has been shown earlier that CPF directly interacts with CF IA via the 

polymerase module (Figure 3.6). Therefore, CPF, CFs and the product RNA could 

form a stable ternary complex after addition of ~ 80 to ~ 200As, explaining why a 

fraction of the cleaved RNA (5'-CYC1-pc) remains unprocessed without a poly(A) tail. 

To test this hypothesis, assays carried out with increasing amounts of the CPF or CFs 

or reducing the RNA concentration should result in the disappearance of the 5'-CYC1-

pc band. Alternatively, it is also plausible that the newly added poly(A) tail is bound 

by the excess cleavage factors in the absence of any poly(A) binding proteins.  

 

 



 

 137 

 
 

Figure 4.2: CPF has intrinsic capacity to restrict the poly(A) tail length to ~ 150As. 

(a) Schematic of cleavage and polyadenylation of a substrate RNA 3ʹ UTR (in left).  

The 5ʹ cleavage product shown in orange gets polyadenylated after cleavage. Coupled 

cleavage and polyadenylation assay of purified CPF analyzed by denaturing urea-PAGE 

(in right). CYC1 is the substrate RNA. Cleavage products are 5ʹ-CYC1 (in orange) and 

CYC1-3ʹ (in pink). (b) Quantification of the band intensities of the cleavage and 

polyadenylation assay to estimate the length distribution of the poly(A) tails. 

Highlighted in a grey box are the band intensities corresponding to polyadenylated 

RNAs. Arrows point the peaks of the poly(A) tail intensities. (c) Denaturing urea-

PAGE of the assay performed for band quantification.  The gel is run longer compared 

to the gel in (a), resulting in disappearance of the downstream cleavage product from 

the view. 
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When assays were performed with lower amounts of cleavage factors (150 nM each), 

it is seen that the 5'-CYC1-pc disappears eventually (Compare time points 96 and 128 

in Figure 4.3a and 4.3b). Furthermore, under such conditions, CPF no longer restricts 

the length of the poly(A) tails at longer time points. This observation supports my 

hypothesis that, at concentrations lower than the possible Kd for RNA binding, CFs 

(and in turn CPF) disassociates from the poly(A) containing product RNA. The tight 

binding between CPF/CF and the product RNA with poly(A) tail is reduced. The CFs 

are now available for acting on the 5'-CYC1-pc.  

 

 

 
 

Figure 4.3: Influence of the concentration of the cleavage factors on poly(A) tail 

length control. Coupled cleavage and polyadenylation assay of purified CPF analyzed 

by denaturing urea-PAGE. CYC1 is the substrate RNA. Cleavage products are 5ʹ-CYC1 

(in orange) and CYC1-3ʹ (in pink).  (a) Regulated poly(A) tail addition by CPF is 

observed when CF IA and CF IB are present at 300 nM.  (b) Unregulated poly(A) tail 

addition by CPF when cleavage factors are present at 150 nM. (Compare the 96 and 

128 min time points). 

 

Thus, it has been found that CPF and cleavage factors have an intrinsic capacity to 

restrict the length of the poly(A) tails. 
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4.1.2 Intrinsic length control is not salt dependent 

 

It has been observed that CF IA has a tendency to precipitate in buffers containing 

salts lesser than ~ 100 mM in concentration. The aforementioned intrinsic length 

control assays are carried out in a well-defined polyadenylation buffer that contains 

75mM potassium acetate (section 6.6.1.1), raising the possibility that the observed 

length control exhibited by CPF could be an artifact caused by precipitating proteins. 

To test whether the observed intrinsic poly(A) tail length control  of CPF is sensitive 

to salt concentrations, I performed cleavage and polyadenylation assays in buffers 

containing 150 mM and 225 mM potassium acetate. The results show that the intrinsic 

ability of CPF to restrict poly(A) tail length is not dependent on the salt concentration. 

Under both the salt conditions, a distribution of poly(A) tails from ~80 to 200 As were 

observed (Figure 4.4). However, at later time points in the assay carried our at 225 

mM salt, the distribution of poly(A) containing RNAs is wider. Interestingly, the rate 

of cleavage at 225 mM salt was slower than when compared to that at 150 mM salt 

(Figure 4.4b). Such changes in cleavage and polyadenylation at higher salt conditions 

is likely due to a reduction in protein-RNA binding, suggesting that the interactions 

are possibly ionic in nature. 
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Figure 4.4: The intrinsic capacity of CPF to restrict the poly(A) tail length to ~150As 

is not disrupted at higher salt concentration. Coupled cleavage and polyadenylation 

assay of purified CPF analyzed by denaturing urea-PAGE. CYC1 is the substrate RNA. 

Cleavage products are 5ʹ-CYC1(in orange) and CYC1-3ʹ (in pink).  CPF has intrinsic 

capacity to restrict the poly(A) tail length to ~ 150 As.  (a) The reaction carried out in 

a buffer containing 150 mM salt (b) The reaction carried out in buffer containing 225 

mM salt.  The rate of cleavage is reduced at higher salt conditions likely reflecting the 

disruption of ionic interactions between protein-RNA. 
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4.1.3 Cleavage is not coupled to intrinsic poly(A) tail length control 

 

Previous work has shown that cleavage and polyadenylation operate as independent 

reactions (Claire L Moore and Sharp 1985). Furthermore, there is no significant 

difference in the rates of cleavage or polyadenylation when the reactions were 

performed either in a coupled or uncoupled manner (Casañal et al. 2017a). However, 

the functional connection between cleavage and the newly observed intrinsic poly(A) 

tail length control by CPF is not known. To test this potential coupling, 

polyadenylation only assays were carried out using a pre-cleaved CYC1 RNA (5'-

CYC1-pc) and under length control conditions (100 nM RNA, 50 nM CPF and 300 nM 

CF IA, 300 nM CF IB). The data show that cleavage activity of CPF is not coupled to 

its intrinsic poly(A) tail length restriction property (Figure 4.5). CPF has the intrinsic 

capacity to restrict the poly(A) tail length of a pre-cleaved RNA to ~ 80 - ~ 200 As 

independent of the initial cleavage step.  

 

   

 
 

Figure 4.5: Cleavage activity of CPF is not coupled to it's intrinsic poly(A) tail 

length restriction property. Polyadenylation assay of purified CPF analyzed by 

denaturing urea-PAGE. CYC1-pc is the substrate RNA. CPF has intrinsic capacity to 

restrict the poly(A) tail length of a pre-cleaved RNA to ~ 150 As .  

 

 

 

 

Size 
(nt)

100

200

300

400
500
700

5ʹ-CYC1-pc

5ʹ-CYC1-pc- poly(A)AAAN

0 2 4 8 16 32 96 

Polyadenylation only assay on a pre-cleaved CYC1 RNA

}



 

 142 

4.1.4 The entire 3' end processing machinery is required for length control  

 

In order to dissect the contributions of the individual components of the 3' end 

processing machinery towards poly(A) tail length control, I carried out dropout 

experiments (Figure 6). CPF could restrict the lengths of newly added poly(A) tails 

only when the assay contained both CF IA and CF IB (Figure 4.6). In the absence of 

CF IA, the cleavage activity of CPF was highly impaired and only non-specific 

polyadenylation of the un-cleaved CYC1 RNA was observed (Figure 4.6b). In 

contrast, in the absence of CF IB, cleavage could still occur (Figure 4.6c). However, 

polyadenylation by CPF was not restricted as the polyadenylated RNAs were seen as a 

smear in the gel and have a wide length distribution.  Interestingly, unlike the 

reactions that contained both CF IA and CF IB, the 5'-CYC1-pc product disappeared in 

this assay. The absence of CF IB might disrupt the hypothesized co-operative binding 

of CPF and CF IA to RNA, allowing the protein complexes to act on any remaining 

substrate RNAs. Taken together CF IA and CF IB are required and have unique roles 

in imparting intrinsic length control on the growing polyA tail by CPF.  
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Figure 4.6: Cleavage factors are required for regulated poly(A) tail by CPF.  Coupled 

cleavage and polyadenylation assay of purified CPF analyzed by denaturing urea-PAGE. 

CYC1 is the substrate RNA. Cleavage products are 5ʹ-CYC1 (in orange) and CYC1-3ʹ (in 

pink).  (a) Reactions carried out using CPF, CF IA and CF IB under length control 

conditions. (b) Reactions carried out in the absence of CF IA did not result in efficient 

cleavage and led to longer poly(A) tails.  (c) In the reactions carried out in the absence 

of CF IB, all the 5ʹ-CYC1cleaved product are consumed. However regulated poly(A) 

tail addition is not observed. 
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4.1.4.1 The absence of CF IA or CF IB results in hyper-polyadenylation 

 

In cleavage and polyadenylation assays of CYC1 RNA carried out in the absence of 

CF IA, cleavage was highly impaired (Figure 4.6b). Hence, the role of CF IA in 

regulated poly(A) tail addition could not be examined. To clarify CF IA function, 

polyadenylation only assays of a pre-cleaved CYC1 RNA were carried out in the 

presence and absence of CF IA/CF IB. As mentioned in section 4.1.4, the newly made 

poly(A) RNAs had a tail length of ~ 80 to ~ 200 As in reactions with CPF, CF IA and 

CF IB (Figure 4.7a). Removing either CF IA or CF IB from the reaction results in 

RNAs with longer poly(A) tails (Figure 4.7b and 4.7c). This hyper polyadenylation is 

also observed in polyadenylation assays carried out with only CPF and substrate RNA 

(Figure 4.7d).   
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Figure 4.7: Cleavage factors are required for regulated poly(A) tail addition by CPF. 

Polyadenylation assay of purified CPF analyzed by denaturing urea-PAGE. CYC1-pc is 

the substrate RNA. (a) CPF has intrinsic capacity to restrict the poly(A) tail length of 

a pre-cleaved RNA to ~ 150 As. Reactions carried out in the absence of (b) CF IB  

or (c) CF IA or (d) both led to hyperadenylation.  Marked in asterisk (*) are 

contaminant RNA bands.  

 

In summary, in the absence of any poly(A) binding proteins, CPF functions together 

with CF IA and CF IB in order to restrict the poly(A) tail length of the substrate RNA 

to ~80 A’s - ~200 A’s. From our preliminary observations, I speculate that CPF and 

the cleavage factors form a stable complex with the polyadenylated RNA, eventually 

resulting in the stalling or slowdown of polyadenylation. When either CF IA or CF IB 

is dropped out from the assays, CPF no longer forms a stable complex with the 

polyadenylated RNA. Free CPF is available to add poly(A) tails to the remaining 

substrate RNA, eventually leading to hyper-polyadenylation. 
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4.1.4.2 Core-CPF does not have intrinsic poly(A) tail length control 

 

A minimal 8-subunit core-CPF is sufficient for cleavage and polyadenylation of a 

substrate RNA in vitro (Hill et al. 2019). To understand whether this minimal CPF 

would be sufficient to restrict the poly(A) tails of a substrate RNA, cleavage and 

polyadenylation assays of CYC1 RNA was carried out with core-CPF and the cleavage 

factors under length control conditions. Surprisingly, core-CPF does not have the 

intrinsic ability to restrict the lengths of poly(A) tails in the assays (Figure 4.8). Thus, 

the phosphatase module of CPF is important in poly(A) tail length restriction. This 

result further supports the requirement of the entire 3' end processing machinery in 

regulated poly(A) tail addition.  

 

 
 

Figure 4.8: Core-CPF does not have an intrinsic capacity to restrict the poly(A) tail 

length. Coupled cleavage and polyadenylation assay of purified core-CPF analyzed by 

denaturing urea-PAGE. CYC1 is the substrate RNA. Cleavage products are 5ʹ-CYC1 

(in orange) and CYC1-3ʹ (in pink). The cleaved 5ʹ-CYC1 gets hyper-polyadenylated. 

 

The above three sections highlight the contributions from the protein components of 

the 3' end processing machinery to restrict poly(A) tail length. However, contributions 

from cis-elements in the substrate RNA remain to be explored.  
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4.1.5 Cleaved RNA remains bound to CPF and Cleavage factors 

 

In my current model, under non-length control conditions CPF adds an initial ~ 80 to ~ 

200 As in the initial burst of polyadenylation and then falls off the substrate RNA. It 

can then re-bind and repositions itself on the polyadenylated RNA to continue adding 

more As. In the assays carried under length control conditions, CPF and the CFs 

remain bound to the polyadenylated RNA product. Under these conditions, CPF does 

not dissociate from the poly(A) RNA product to reposition itself for further 

polyadenylation. Such a tight binding between the 3' end processing complex and the 

polyadenylated RNA could prevent CPF from extending poly(A) tails beyond ~ 200 

As. 

 

In order to test this hypothesis, I carried out in vitro pull down experiments of CPF 

from the cleavage reaction mixture (Figure 4.9a). I started by performing cleavage 

only experiments to optimize wash conditions for the pull-downs. Once conditions for 

the pull-downs are established, I intend to carry out the pull-down experiments for 

cleavage coupled with polyadenylation assays.  CPF was first immobilized onto 

StrepTavidin beads that were pre-equilibrated with the poly(A) reaction buffer. Excess 

unbound CPF was washed off. A cleavage reaction master mix containing CF IA, CF 

IB and the substrate RNA CYC1 is then added to the CPF loaded Streptavidin beads. 

On beads cleavage assay was carried out for 30 minutes. The slurry was gently 

centrifuged to separate the beads from the solution. The beads were then washed three 

times with wash buffer containing 0.01% Tween-20. CPF was then eluted from the 

beads using a denaturing buffer. The elution fraction was then analyzed by denaturing 

urea-PAGE (Figure 4.9b). In parallel, a control reaction was carried out using a similar 

protocol but without any CPF on the Streptavidin beads. This would inform us 

whether the RNA binds to the Streptavidin beads in a nonspecific manner. Lane 1 

shows the un-cleaved substrate RNA used in the reaction (Figure 4.9b). Lane 2 shows 

the cleavage reaction products from slurry containing CPF, CF IA and CF IB (Figure 

49B). Lane 3 shows the cleavage reaction products in the slurry without any CPF 

(Figure 4.9b). There is no cleavage reaction in the absence of CPF. Lanes 4 and 5 

show the unbound excess RNA that is separated from the Streptavidin beads (Figure 

4.9b). Lane 6 shows the cleaved RNA products that were eluted from the Streptavidin 

beads containing CPF and the cleavage factors (Figure 4.9b). It can be seen that CPF 

and the cleavage factors remain bound to both the upstream and downstream RNA 



 

 148 

products after cleavage. Lane 7 shows the elution fraction from the assay carried out in 

the absence of any CPF (Figure 4.9b). Compared to lane 6, only a trace amount of 

non-specific RNA binding can be seen in lane 7 (Figure 4.9b). These results show that 

CPF and the cleavage factors remain bound to both the fragments of the cleaved RNA 

products.  

 

 
 

Figure 4.9: The cleaved RNA remains bound to CPF. (a) Schematic of the pull-

down carried out on cleavage assay of CPF.  CPF was immobilized on to StrepTactin 

(ST) beads, which was then incubated with a cleavage factor-RNA mixture.  The on-

bead cleavage reaction was performed for 30 minutes. The complex bound to ST 

beads were washed three times with buffer containing 0.01% Tween-20. Samples 

were taken for analysis (as indicated in red in the schematic). (b) The ST beads pull 

downs of cleavage assays with CPF analyzed by denaturing urea-PAGE. CYC1 is the 

substrate RNA. Cleavage products are 5ʹ-CYC1 (in orange) and CYC1-3ʹ (in pink). IP = 

Input protein-RNA mix, FT = Flow through or unbound protein-RNA mix, Elu = 

Elution of the bound complex. 

It remains to be tested whether CPF and the cleavage factors also remain bound to 

polyadenylated RNA products. Repeating the aforementioned pull-downs in the 

presence of ATP would clarify this. Furthermore, it would be interesting to repeat the 

same pull down experiment under different protein concentration conditions to 

observe whether complex formation would be disrupted.  
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4.2 Length control: Molecular Ruler or Kinetic Effect?  
 

Despite our investigations, the exact molecular mechanism behind how CPF restricts 

poly(A) tail synthesis is unknown. More specifically, it is unknown if CPF possesses a 

molecular ruler that can “measure” the number of As being added, or if the observed 

poly(A) tail length restriction results from kinetic effects associated with cleavage 

factor and RNA binding. In order to address the aforementioned hypotheses, I 

produced a cleaved CYC1 RNA containing ~30 As at the 3′ end. The molecular ruler 

hypothesis would suggest that polyadenylation is terminated when the poly(A) tail 

reaches  ~ 200 As. On the other hand, a kinetic effect hypothesis would result in RNA 

products with poly(A) tails longer than ~ 200As.  

 

4.2.1 Purification of mature polyadenylated RNA 

 

A pre-cleaved CYC1 3' UTR (5'-CYC1-pc) harbouring 30 As at the 3′ end was 

synthesized as follows. In brief, the RNA was generated by PCR of a CYC1 RNA 3′ 

UTR, with a forward primer containing the T7 polymerase start site and a reverse 

primer ending in poly (T)30. The PCR product was used as a template for in vitro 

transcription. The resulting RNA was analyzed by denaturing PAGE. The desired 

band from the gel was excised and purified by electro-elution. A detailed protocol is 

described in sections 6.5 and 6.2.10. 

 

4.2.2 CPF cleaves a mature polyadenylated RNA  

 

A cleavage and polyadenylation assay was carried out using the CYC1-A30 RNA as a 

substrate. Surprisingly, rather than continuing adding poly(A) tails to the mature RNA, 

CPF cleaved the 30 As and added adenosines to the 182 nt 5'-CYC1-pc product 

(Figure 4.10). This is surprising, as the RNA contains only adenosines downstream of 

the cleavage site. It is well known that a U-rich downstream element after the pre-

mRNA cleavage sites in UTRs plays an important role in enhancing the efficiency of 

cleavage (Dichtl and Keller 2001).  
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Figure 4.10: CPF cleaves a polyadenylated CYC1 RNA. Polyadenylation assay of 

purified CPF analyzed by denaturing urea-PAGE.  A polyadenylated CYC1-pc with 30 As 

is used as the substrate. CPF cleaves the 30As and polyadenylates the cleaved CYC1-pc 

product. 

 

A similar observation has been previously reported (Viphakone, Voisinet-Hakil, and 

Minvielle-Sebastia 2008), showing that CPF could cleave a mature polyadenylated 

RNA in the absence of Nab2 or Pab1, and that poly(A) binding proteins protect the 

mature RNAs from being re-cleaved. The assays carried out here do not contain any 

poly(A) binding proteins. Nonetheless, previous work from our lab has shown that the 

cleavage factors CFI A and CFI B do not bind to poly(A) stretches, whereas the 8-

subunit core-CPF can weakly bind poly(A) RNA (Hill et al. 2019). This suggests that 

CPF could putatively bind the downstream As in a manner similar to its binding to 

downstream Us, thereby providing this unexpected cleavage. This also poses the 

question of whether CPF doesn’t re-cleave a poly(A) tail in vivo.  It is likely that the 

poly(A) tail is immediately bound by poly(A) binding proteins that protects it from 

being re-cleaved.  
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4.2.3 The eight subunit core-CPF does not re-cleave a polyadenylated RNA  

 

To assess if core-CPF can recapitulate the cleavage of CYC1-A30 by CPF, I repeated 

cleavage and polyadenylation assays of CYC1-A30 with core-CPF and the cleavage 

factors (Figure 4.11). Surprisingly, core-CPF did not cleave a mature polyadenylated 

RNA. Instead, it continued to add poly(A) tails to the mature transcript. Consistent 

with our previous observations, assays with core-CPF resulted in hyper-

polyadenylated transcripts (Figure 4.8, Figure 4.11).  As the only difference between 

core-CPF and CPF is the phosphatase module, it is conceivable that the phosphatase 

module is involved in re-cleavage and poly(A) tail length restriction, either by 

providing additional RNA binding surfaces or by providing an allosteric effect in 

cleavage and polyadenylation activity. The above result could act as a starting point 

towards further research aimed at understanding how phosphatase module of CPF 

contributes to cleavage. 

 

 

 
 

Figure 4.11: Core-CPF does not cleave a polyadenylated CYC1 RNA. 

Polyadenylation assay of purified core-CPF analyzed by denaturing urea-PAGE.  A 

mature polyadenylated CYC1-pc with 30 As is the substrate RNA. Core-CPF continues 

to polyadenylate the mature RNA substrate. There is not poly(A) tail length control.  

  

 

 

 

Size 
(nt)

100

200

300
400
500
700

Core-CPF does not cleave a polyadenylated CYC1 RNA

5ʹ-CYC1-pc- poly(A)AAAN}
5ʹ-CYC1-pc- A30A30

0 2 4 8 16 32 96 Time (min)



 

 152 

The findings described so far reveal for the first time that CPF/CFs have intrinsic 

length control of polyadenylation and that this property is dependent on the ternary 

CPF-CF I assembly on a substrate RNA. Despite these findings, it remains unclear 

how CPF is able to restrict poly(A) tails to certain lengths. The observed re-cleavage 

of previously polyadenylated RNAs hinders experiments to test the hypotheses of 

poly(A) tail length control mechanism. There are two ways by which the re-cleavage 

of RNA could be circumvented. Firstly, the length control polyadenylation assays 

could be carried out in the presence of a small molecule cleavage inhibitor, preventing 

re-cleavage. Nonetheless, there is no known inhibitor of S. cerevisiae Ysh1, 

complicating this approach. The alternative would involve establishing a recombinant 

system to produce fourteen-subunit CPF. Establishing a recombinant system to 

produce CPF will provide a means to make mutant complexes that was not previously 

possible. For example, creating a Ysh1 catalytic mutant within CPF will allow us to 

carry out polyadenylation assay of CYC1-A30, enabling us to understand the 

molecular mechanism of poly(A) tail length control by CPF.  
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4.3 Production and Characterization of a 14-subunit recombinant CPF  
 

The full fourteen-subunit CPF has been traditionally purified in the lab using a TAPS-

tag on the Ref2 subunit (Nedea et al. 2003; Schreieck et al. 2014). Although the 

preparation yields a pure protein complex (Figure 4.1b), the yield of the purification is 

very low. Starting from ~1 kg of S. cerevisiae cells typically yields ~1 mg of CPF. 

This process thus requires the impractical use of a fermenter to obtain sufficient CPF 

to carry out extensive biochemical assays. Furthermore, the entire purification process 

involves multiple carefully controlled steps and is difficult to reproduce consistently. 

The process is also laborious and time consuming. Finally, purification from 

endogenous sources often results in CPF, which is contaminated by trace amounts of 

other yeast proteins. Moving to a fully recombinant system for CPF production would 

lead to sufficient yields from only a few liters of insect cells. Furthermore, the larger 

amount of protein will enable more stringent purification of the CPF complex. Here I 

describe my efforts towards producing a fully recombinant fourteen-subunit CPF.   
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4.3.1 Producing a fully recombinant CPF (rCPF) 

 

There are several ways to recombinantly assemble a protein complex. A cost effective 

method would involve using a bacterial overexpression system consisting of a 

bacteriophage T7 promoter (Studier and Moffatt 1986). A straightforward approach to 

reconstitute multi-protein complexes is to purify the individual proteins separately 

using such a system, mix the individual components, and carry out size exclusion 

chromatography to purify the larger complex. Simpler complexes such as the cleavage 

factor I A sub-complexes Rna14/Rna15 and Pcf11-Clp1 can be recombinantly 

expressed using pETDuet and pRSFDuet vectors respectively (Noble et al. 2004; 

Gordon et al. 2011). In the aforementioned vector systems, individual genes are cloned 

into different open reading frames (ORFs), and both the genes are simultaneously 

expressed in bacterial cells. However, eukaryotic protein machineries including CPF 

often require co-translational assembly in order to form a properly folded complex. In 

addition, eukaryotic proteins also often carry post-translational modifications (PTMs) 

that are unique. Using a bacterial expression system to express yeast or mammalian 

proteins could lead to lack of PTM patterns. The requirement for complex PTMs can 

be met by using mammalian expression systems such as HeLa or HEK-293 cells 

(Bandaranayake and Almo 2014). However, scaling up of mammalian protein 

production platforms for higher yields of proteins remains difficult. The usage of 

baculovirus-mediated insect cell over-expression allows both high yield and 

preservation of most PTMs.  

 

The baculovirus-mediated insect cell over-expression system uses a late polyhedron 

promoter that includes a tetra nucleotide TAAG transcription start site (O’Reilly, 

Miller, and Luckow 1994). The baculovirus rod-shaped capsid usually encloses a 

circular, double stranded and supercoiled DNA of ~ 80 to 180 kbp (Harrap 1972; 

Chambers et al. 2018). The capsid dimensions can be expanded to make space for 

bigger genomes, making it suitable for use in recombinant protein production. Current 

protocols use a Tn7 transposition system in bacterial cells in order to generate 

bacmids. Bacmids are shuttle vectors containing the genes of interest (GOI) and can 

be propagated in both bacterial and insect cells. Bacmids are transfected into adherent 

insect cells to produce the initial virus. The initial virus is subjected to further rounds 

of amplification to increase the titer before being used to infect large scale insect cell 

cultures.  
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Some of the commonly used baculovirus systems include MultiBac and OmniBac 

systems (Bieniossek et al. 2012; Thimiri Govinda Raj, Vijayachandran, and Berger 

2014). These systems enable the expression of multiple subunits from a single 

baculoviral DNA, which is advantageous because only one DNA construct is 

transfected into the insect cells in order to produce the protein complex, reducing 

heterogeneity. One of the drawbacks of the MultiBac or OmniBac systems is the time 

required to generate large DNA constructs by restriction enzyme based cloning. In 

addition, the Cre-loxP based recombination method of the MultiBac system makes it 

challenging to control the number of genes that can be incorporated into the final 

vector to be used in protein expression.  

 

The use of a Gibson assembly reaction for the generation of baculoviral expression 

vectors has now enabled the user to have precise control over the number of gene 

copies that are introduced into the final vector (Weissmann et al. 2016). The usage of 

Gibson assembly as opposed to traditional techniques has enabled rapid and efficient 

generation of many expression vectors in parallel (Gibson et al. 2009; Weissmann et 

al. 2016). This new modified system is referred to as biGBac. In this system, the 

efficiency of the Gibson assembly is greatly enhanced due to computationally 

identified "optimal" linker overhang sequences, characterized by melting 

temperatures, propensity to form higher order structures and minimal probability to 

result in incorrect assembly. The first step of cloning in biGBac includes assembling 

the GOIs, each containing their own promoter and terminator, into the pBig1 family of 

vectors, each of which can be used to assemble up to five gene of interest. Multi-gene 

fragments from the pBig1 family of vectors can be integrated into the linearized pBig2 

family of vectors in a hierarchical fashion by unique linker sequences from the pBig1 

plasmids flanking the multi-gene insert. In this manner, a final pBig2 vector that can 

contain up to twenty-five GOI can be assembled. This method was adopted for the 

production of recombinant CPF. More details about the biGBac system can be found 

in methods sections 6.2.2 and 6.2.9.  
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4.3.1.1 Cloning a full 14-subunit complex into a single vector  

 

In order to produce the entire CPF recombinantly, I cloned all fourteen subunits of 

CPF, including a C-terminally tagged Ref2 subunit similar to endogenous 

purifications, into a single vector using the biGBac system. The polymerase module 

subunits (Cft1, Pfs2, Yth1, Fip1 and Pap1) were assembled into pBIG1a, the nuclease 

module subunits (Cft2, Ysh1 and Mpe1) into pBIG1b, five of the phosphatase module 

subunits (Ssu72, Pti1, Glc7, Ref2-SII and Swd2) into pBIG1c and the sixth 

phosphatase subunit (Pta1) into pBIG1d (Figure 4.12 a). The genes of interest 

contained a Swa1 restriction site at both ends, whereby Swa1 digestion can be used to 

confirm the incorporation of the individual CPF genes into the pBIG1 family of 

vectors. Following incorporation into the pBIG2 plasmid, PacI restriction sites either 

side of the multigene fragments enable confirmation of the incorporation of fragments 

into pBIG2 (Figure 4.12b). 
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Figure 4.12: Cloning strategy to make recombinant CPF. (a) The individual genes of 

CPF are first cloned into pBIG1 family of vectors by means of Gibson assembly.  The 

presence of individual genes within pBIG1 is verified by digesting with SwaI. Each one 

of the genes contain a SwaI digestion site both upstream and downstream as shown by 

a red arrow head.  The gene fragments from each one of the pBIG1 series of vectors 

are isolated by digesting with PmeI enzyme. (b) The gene assemblies isolated by PmeI 

are assembled in a hierarchical order into a pBIG2 vector that has also been digested 

with PmeI.  The incorporation of the gene assemblies into the pBIG2abcd is verified by 

digestion with PacI enzyme. The gene cassettes are flanked by PacI sites as shown by a 

grey arrowhead.   

  

The incorporation of such gene fragments into pBIG2abcd was verified by using 

diagnostic restriction digestion tests and PCR using gene specific primers (Figure 

4.13a, 4.13b). Digesting pBIG2abcd with Pac1 would release all the gene expression 

cassettes and would result in a pattern with five bands. Four of those bands would 

correspond to each one of the expression cassettes and one band for the backbone of 

pBIG2abcd (Figure 4.13a). After screening more than ~60 colonies, two colonies 
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referred to as CPF1 and CPF2 were found to have Pac1 digestion pattern that could 

likely correspond to the correct clone. The presence of all the fourteen genes within 

CPF1 and CPF2 clones was further confirmed by carrying out PCRs with gene-

specific primers (Figure 4.13b).  

 

 

 
 

Figure 4.13: Verification of the cloning of recombinant CPF and testing the protein 

expression. (a) The enzyme Pac I cleaves the pBIG2 series of vectors at the cloning 

site. Digestion pattern would reveal the size of the gene fragments inserted into 

pBIG2. In case of CPF cloning, the expected size of the gene fragments are A ~12000, 

C ~8100, B ~8900,  D ~3200 and pBIG2 ~3000 nucleotides. (b) The construct CPF 1 

and CPF 2 are further verified for the presence of all the fourteen subunits by 

performing PCR using gene specific primers. The products were analyzed on a 1% 

agarose-TAE gel (c) Time course expression test of a virus carrying all fourteen CPF 

subunit genes. Protein complexes were pulled down with Streptavidin beads. Ref2 

subunit contains two strep tags.  The isolated proteins were analyzed by SDS-PAGE. 
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4.3.1.2 Attempts at over-expressing the 14-subunit bacmid  

 

Once the gene composition of CPF1 and CPF2 was verified by PCR, the ~44 kb 

plasmids were transformed into EMBACYTM E. coli cells. Bacmids were generated 

from the cells using the protocol described in section 6.3.3.1. The isolated bacmids 

were transfected into Sf9 cells to produce a primary virus that is further amplified to 

yield higher titer viruses. The resulting virus was used to infect 50 ml cultures of Sf9 

cells to carry out protein expression tests. The pull-downs revealed that a full fourteen-

subunit CPF was not produced using neither CPF1 nor CPF2 viruses (Figure 4.13c). 

CPF1-infected Sf9 cells yielded no protein, likely because all CPF genes were 

removed from the viral genetic material. The size of the gene cassette that contains all 

fourteen CPF subunits is ~ 44 kb, approximately 50% of the viral genome. Under 

selection pressure, it is often the case that inserted gene constructs are eliminated from 

the genome. On the other hand, CPF2-infected Sf9 cells yielded a sub-complex of CPF 

containing Ref2, Pti1 (or Fip1), Swd2 (or Glc7) and Ssu72 subunits. However, the full 

stoichiometric CPF complex was not pulled down. It is plausible that the nuclease and 

polymerase module subunits (core-CPF) were not expressed in the cells because their 

genes were similarly ejected out from the virus. An alternative explanation is that the 

genes corresponding to core-CPF were in fact expressed, but do not get pulled down 

via the Strep-II tag on the phosphatase module subunit Ref2. Thus, the strategy of 

simultaneously expressing all fourteen subunits of CPF from a single vector did not 

yield full CPF and an alternative strategy was required to generate recombinantly 

expressed full CPF.  
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Figure 4.14: Revised strategy to make rCPF. Schematic representation of the 

strategy used to produce recombinant CPF.  (a) The nuclease and polymerase module 

was cloned into a single vector pBIG2ab. (b) The six-subunit phosphatase module was 

cloned into a separate pBIG2ab (c) The constructs core and phos are verified for the 

presence of all core-CPF and phosphatase module subunits respectively. Swa1 

digestion of the corresponding pBIG2ab vectors were analyzed on a 1% -agarose TAE 

gel (d) Time course expression test of co-infecting a virus carrying all the core-CPF 

genes with a virus with all the phosphatase subunits. The infections were performed in 

different ratios of the core and phos viruses. Protein complexes were pulled down 

with Streptavidin beads. Ref2 subunit contains two strep tags.  The isolated proteins 

were analyzed by SDS-PAGE. 
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4.3.1.3 Co-infection of core-CPF and phosphatase module viruses results in 

production of recombinant full CPF  

 

Previous work from our lab had shown that mixing Sf9 cell pellets overexpressing 

core-CPF and the phosphatase module during lysis and subsequent purification from 

the mixture of cells did not result in the assembly of the full CPF. This highlights the 

importance of in vivo assembly in the formation of CPF, despite the modules being 

functionally separate.  

I therefore adopted an approach where core-CPF and the phosphatase module would 

be co-expressed from separate vectors (viruses) in the same cells. I cloned an eight-

subunit core-CPF into the pBIG2ab vector without any affinity tags and a six-subunit 

phosphatase module into a separate pBIG2ab vector with a Strep-II tag on the Ref2 

subunit (Figure 4.14a and Figure 4.14b).  

 

The clones (named "Core" and "Phos") were verified by performing restriction 

digestion using Swa1. This released individual gene fragments contained within the 

pBIG2ab vector (Figure 4.14c). The verified clones were then transformed separately 

into EMBACYTM cells to generate bacmids and viruses of each multigene cassette 

were produced separately. High-titer viruses containing Core and Phos were produced 

and mixed together in different ratios for infections. I tested three different ratios 

(Core:Phos of 1:3, 1:1, and 3:1 by volume) for co-infection of Sf9 cells. Pull-downs 

were carried out from Sf9 cell lysate (Figure 4.14d). All virus ratios resulted in the 

production of a full fourteen-subunit CPF as analyzed by SDS-PAGE (Figure 4.15a). 

Interestingly, the amount of complex obtained from Sf9 cells was higher when Core 

and Phos viruses were mixed in equal volume amounts (1:1 ratio) or when Phos was 

present in excess (1:3). This is likely because the affinity tag is on the phosphatase 

module subunit Ref2. Thus, when the phosphatase module is present in excess, the 

total amount of CPF being pulled down is maximized. The identities of the fourteen 

different proteins were further examined using tandem mass spectrometry to ensure 

that the preparation contained all bona-fide S. cerevisiae CPF proteins and that there 

were no contaminants or homologues from Sf9 cells incorporated into CPF. Figure 15b 

lists the fourteen identified CPF subunits and describes the total number of spectra 

uniquely assigned to the individual proteins identified.  

 

Here I show a reliable and robust protocol for the over-expression of full CPF.  
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Figure 4.15: Tandem mass spectrometry confirms the subunit identities of 

recombinant CPF (rCPF) (a) SDS-PAGE of recombinant CPF isolated from Sf9 cells 

using Strep pull down (b) Tandem mass spectrometry confirms the presence of all 

fourteen CPF subunits in the recombinant preparation from Sf9 cells. The total 

number of spectra uniquely assigned to a protein is represented as exclusive spectrum 

count. 
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4.3.2 Purifying and characterizing recombinant CPF 

 

4.3.2.1 Overall purification strategy 

 

The higher yields of recombinantly expressed CPF allow more stringent purification to 

be carried out. I developed a purification protocol for recombinant CPF (hereafter 

referred to as rCPF) resulting in a highly pure and homogenous preparation.  

 

The various steps in the purification of rCPF are illustrated in figure 4.16a. The first 

step involves pulling down the Ref2 subunit of CPF via its C-terminal Strep-II tag. 

SDS-PAGE of the protein complexes isolated after Streptavidin pull downs reveal a ~ 

200 kDa contaminant along with the other CPF bands (shown by * in figure 4.16b). 

Furthermore, the eluted fractions did not contain stoichiometric amounts of the CPF 

subunits. The phosphatase and nuclease module subunits are present in higher 

amounts relative to the polymerase module subunits (Figure 4.16b). To remove the 

additional contaminating proteins and to clarify the subunit heterogeneity present 

within CPF, the eluted fractions from Strep pull downs were subjected to anion-

exchange chromatography. The bound proteins were separated by a shallow gradient 

elution starting from 150 mM KCl to 1 M KCl containing buffer (Figure 4.16c).  

 

The chromatogram of the anion-exchange step shows two protein peaks (peak 1 and 

peak 2) and two nucleic acid rich peaks (peak 3 and peak). SDS-PAGE analysis of 

peak 1 revealed a nine-subunit nuclease-phosphatase complex (Figure 4.16d). The 

existence of such a complex has not been previously described before. During the 

purification of native CPF, we usually isolate a seven-subunit APT complex along 

with full CPF (Lidschreiber et al. 2018). APT is a seven-subunit complex made up of 

all the six phosphatase module subunits along with the protein Syc1 (Nedea et al. 

2003; Lidschreiber et al. 2018). In the recombinant system, however, Syc1 is not 

present. I hypothesize that the Syc1-interacting region in the phosphatase module 

interacts with Ysh1 instead as the C-termini of Ysh1 and Syc1 are homologous. In this 

complex, it is possible that Ysh1 can be further associated with Mpe1 and Cft2, 

resulting in the novel nuclease-phosphatase module. Interestingly, later experiments 

revealed that the nuclease-phosphatase complex is unable to cleave a substrate CYC1 

RNA (appendix 8.9), highlighting the importance of the polymerase module subunits 

in the nuclease activity of CPF.  Peak 2 contains full CPF as revealed by SDS-PAGE 
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(Figure 4.16d). It is interesting to note that the stoichiometry of Pap1 seems to vary 

across the peak (highlighted by a pink box). This is reminiscent of the shallow 

gradient anion-exchange purification of native CPF carried out previously in the lab, 

where CPF associated with two, one, or no copies of Pap1 was observed (Easter 

2014). Purification of the recombinant polymerase module described in section 2.1.1 

also revealed a similar polymerase complex that contains two, one, or no copies of 

Pap1. The CPF with differential Pap1 stoichiometry can partially explain the non-

Gaussian nature of the profile. This can be further explained by the lack of the  ~200 

kDa Sf9 contaminant at higher salt elution. The fractions without this contaminant 

(and containing one copy of Pap1) were used in further purification, as highlighted by 

curly brackets in Figure 4.16d. 
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Figure 4.16: Purification of recombinant CPF (rCPF). (a) Flow chart describing the 

different steps involved in the purification of rCPF. (b) Streptavidin pull down of the 

Sf9 cell lysate was analyzed by SDS-PAGE. (c) Anion exchange chromatography using a 

Resource Q column. (d) The four different peaks observed in the anion exchange step 

were analyzed using SDS-PAGE. Peak 1 was found to contain the nuclease-phosphatase 

module. Peak 2 contains the full recombinant CPF.  It can be seen that across peak 2, 

the stoichiometry of Pap1 polymerase is varying (highlighted by a red box). Peak 2 

fractions highlighted by pink curly bracket were pooled together for further 

purification by size exclusion chromatography.    
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CPF fractions from anion exchange chromatography were further purified by size 

exclusion chromatography (Figure 4.17a). CPF eluted from the Superose 6 Increase 

3.2/300 column at 1.25 ml. SDS-PAGE of this peak revealed a highly pure CPF 

preparation with stoichiometric amounts of each subunit (Figure 4.17b). The CPF 

sample was concentrated, flash frozen in liquid nitrogen, and stored at -80 °C for 

future biochemical experiments. The frozen sample was later thawed and run on a size 

exclusion column to assess its integrity. It was found that the frozen CPF did not show 

significant aggregation or differences in behavior on a size exclusion column 

(appendix 8.10).  

 

 
 

Figure 4.17: Negative stain electron microscopy of rCPF (a) Chromatogram of rCPF 

run on a Superose 6 Increase 3.2/300 column in SEC buffer. (b) The peak fractions 

were analyzed using SDS-PAGE. (c) Negative stain electron microscopy analysis of 

rCPF.  A representative micrograph at 21K x magnification and -1.7 µM defocus.  A 

red circle highlights a single particle of CPF. (d) Selected 2-D class averages of aligned 

particles highlighting sample heterogeneity. Red arrow points to the density likely to be 

Ysh1, blue arrow to Cft2 and green arrow to phosphatase subunits.   
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4.3.2.2 Negative stain electron microscopy of rCPF 

 

To further assess sample homogeneity, I carried out negative stain electron 

microscopy of un-crosslinked rCPF immediately following size exclusion 

chromatography. The micrographs revealed well-distributed individual particles that 

were roughly ~20 nm in their maximum dimension (highlighted by a red circle in 

figure 4.17c). However, aggregates and smaller particles were also visible. Selected 2-

D class averages of aligned CPF particles reveal distinct ~20 nm particles (Figure 

4.17d). The best-aligned density looks very similar to the Cft1-Pfs2-Yth1 subunits of 

the polymerase module (Figure 2.9a). The scaffold seems to anchor several other 

modules that appear as globular densities. The globular density appears to be very 

dynamic with respect to the central scaffold, likely reflecting the inherent flexibility of 

CPF. The identities of the densities cannot be ascertained. However, the density shown 

using blue arrows in Figure 4.17d could correspond to Cft2 (Hill et al. 2019), the beta 

propeller containing protein known to closely associate with the polymerase module. 

The density shown using red arrow in Figure 4.17d could correspond to the 

endonuclease Ysh1 that is flexibly tethered to CPF via Mpe1 (Hill et al. 2019). The 

densities resembling three circular dots (highlighted using green arrows) in figure 

4.17d could be the phosphatase module subunits.  

 

In summary, the 2-D class averages show that the sample contains ~20 nm particles 

and that subunits within CPF are flexibly tethered to the polymerase module, which 

acts as the central scaffold.  
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4.3.3 Biochemistry of rCPF 

 

Having established a protocol for the production of highly pure milligram quantities of 

recombinant CPF from practical volumes of insect cells, I then tested the biochemical 

activity of the complex. In vitro assays reveal that rCPF can cleave and polyadenylate 

a substrate CYC1 RNA (appendix 8.11).  

 

4.3.3.1 rCPF does not have inherent length control 

 

As rCPF showed similar biochemical activity compared to endogenously purified 

CPF, I sought to test if rCPF could restrict the length of poly(A) tails in a similar 

manner. Coupled cleavage and polyadenylation assays of an in vitro transcribed CYC1 

RNA were performed using recombinant S. cerevisiae CPF purified from Sf9 cells, as 

well as CF IA and CF IB recombinantly purified from E.coli. Surprisingly, despite the 

apparent identical subunit composition and reaction conditions, rCPF does not restrict 

the length of the poly(A) tails in assays (Figure 4.18b), unlike native CPF (Figure 

4.2a). Urea-PAGE analysis of the reaction shows the polyadenylated products as a 

widely distributed smear ranging from ~ 100 A's to 600 A's. 

 

 
 

Figure 4.18: rCPF does not have the intrinsic capacity to restrict the length of 

poly(A) tails (a) SDS-PAGE showing purified rCPF after size exclusion 

chromatography that was used in the assay. (b) Coupled cleavage and polyadenylation 

assay of purified rCPF analyzed by denaturing urea-PAGE. CYC1 is the substrate RNA. 

Cleavage products are 5ʹ-CYC1(in orange) and CYC1-3ʹ (in pink).   
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The intrinsic length control property of CPF is sensitive to the relative concentrations 

of CPF and the cleavage factors to that of the substrate RNA. In endogenous 

preparations of CPF, the final concentration is in the range of 0.5 mg/ml, whereas for 

rCPF, this is around 2 mg/ml. Significant error in the estimated concentrations could 

potentially explain the lack of poly(A) tail length control by rCPF. To clarify this 

hypothesis, more accurate estimates of protein concentration may be required, and 

length control assays should be carried out while titrating the amount of rCPF.  An 

alternative explanation could be that the native CPF preparation contains trace 

amounts of impurities or other co-factors that could influence its biochemical 

property, due to the less stringent protein purification process, whereas the preparation 

of rCPF is sufficiently stringent and contains no such impurities or co-factors. 

 

It has been shown that phosphorylation of Pap1 affects its ability to add a poly(A) tail 

(Mizrahi and Moore 2000). It is not uncommon to find different levels of 

posttranslational modifications in proteins from higher eukaryotes when compared to 

the yeasts or bacterial counterparts. Therefore, a third possible explanation to why 

rCPF does not have an intrinsic ability to restrict the poly(A) tail length could stem 

from different PTMs in native and recombinant preparations.  
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4.3.3.2 rCPF and native CPF has different post-translational modifications 

 

To understand whether recombinant expression of CPF influences the pattern of its 

posttranslational modifications, tandem mass spectrometry was used.  Samples from a 

Streptavidin pull-down of rCPF from Sf9 cell lysate and were analyzed by SDS-PAGE 

and compared to endogenously purified CPF from S. cerevisiae cells. The bands 

corresponding to each of the individual CPF subunits were excised from the gel and 

subjected to tandem mass spectrometry (detailed protocol in methods 6.8.2). rCPF and 

native CPF harbour very different phosphorylation patterns (Figure 19). Only the 

phosphatase subunits Pta1 and Ssu72 contain similar phosphorylation mark in both the 

yeast and insect cell preparations. In light of lack of any structural data on full CPF, it 

is unclear how these phosphorylation marks might influence the structure and function 

of CPF. 

 

 
 

Figure 4.19: Recombinant and native CPF preparations contain different 

phosphorylation patterns. Tandem mass spectrometry reveals different 

phosphorylation marks in the two CPF preparations. The total number of spectra 

uniquely assigned to a protein is represented as exclusive spectrum count.  
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4.4 Discussion 
 

Previous assays performed in the absence of Nab2 resulted in hyper-polyadenylation 

of the substrate RNAs. It is thought that Nab2 can bind to the elongating poly(A) tail 

and restrict the lengths of the poly(A) tails to ~ 60 As. Surprisingly, the nuclear 

poly(A) binding protein Nab2 is not essential for in vitro poly(A) tail length control, as 

demonstrated in this chapter. I have demonstrated that CPF and cleavage factors have 

the intrinsic ability to restrict the lengths of newly added poly(A) tails to ~80-200 A’s. 

Interestingly, poly(A) tail lengths observed here are longer than the in vivo poly(A) 

tail length i.e. ~ 60As.   Nonetheless, the mechanism by which CPF and the cleavage 

factors impart poly(A) tail length control without Nab2 remains unknown.  

 

By dissecting the requirements of different protein factors for poly(A) tail length 

restriction, I have found that cleavage factors CF IA and CF IB are essential for 

intrinsic poly(A) tail length control. When the RNA is at a concentration of 100 nM, 

CPF at 50 or 100 nM, and the cleavage factors are present in threefold excess, poly(A) 

tail length control by CPF is observed. It is hypothesized that CFs are present 

presumably in excess of their Kd for RNA binding, resulting in the formation of a 

stable complex with the product RNA. In order to clarify this, the exact affinities of 

CF IA and CF IB towards binding substrate (and product) RNA have to be 

determined. One candidate for RNA binding is the Rna15 subunit of CF IA, which 

contains RRM domains that are known to contact U and G/U rich sequences. The 

affinity of the RRM domain of Rna15 to binding a poly(U) RNA has been estimated to 

be 10 µM (Pancevac et al. 2010). Nonetheless, there are no reported studies of the 

exact RNA binding affinities of highly pure cleavage factors. However, estimation of 

affinities from EMSA experiments reveal a Kd of ~ 250 nM for CF IA - RNA binding 

(Hill et al. 2019). Understanding the RNA-binding affinities of cleavage factors could 

allow the estimation of binding saturation under reaction conditions, potentially 

providing an explanation for the stoichiometry of cleavage factors required for 

poly(A) tail length restriction to be observed. These experiments should be 

accompanied by further polyadenylation assays where the cleavage factors are titrated 

to observe the minimum concentrations (and stoichiometry) required to observe 

poly(A) tail length control, and to observe if a larger proportion of the un-

polyadenylated 5′ CYC1-pc becomes polyadenylated. 
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In general, enzymes do not remain tightly bound to their substrates or products, in 

order to allow efficient catalysis. I hypothesized that CPF, along with the cleavage 

factors, remain tightly bound to the polyadenylated RNA (figure 4.20). This likely 

results in termination of poly(A) tail addition after ~ 80 to ~ 200 As. To this end, I 

have shown via in vitro pull down experiments that the cleaved RNA products remain 

bound to CPF and the cleavage factors. This pull-down has also enabled us to 

understand the experimental conditions at which such pull-downs can be 

unambiguously performed. The next step would be to carry out pull-downs of 

cleavage coupled with polyadenylation reactions. This will provide insight into 

whether the polyadenylated RNA product remains bound to CPF (and the cleavage 

factors). Further single molecule fluorescence experiments on CPF/CF I bound RNA 

will be required to confirm this hypothesis.  
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Figure 4.20: A model for poly(A) tail length control by CPF, CF IA and CF IB.  
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The in vivo poly(A) tail length of a model RNA in the absence of Nab2 is longer than 

~ 60As (Schmid et al. 2015). The assays described here could recapitulate a situation 

in the cell, when Nab2 is unavailable to act on the newly made poly(A) containing 

mRNAs. This may happen during a rapid increase in transcription rate or in case of 

mRNA export defects when all the available Nab2 would be sequestered by poly(A) 

containing RNAs in the nucleus. The intrinsic poly(A) tail length control property of 

CPF described here would ensure that the mRNAs are not massively hyper–adenylated 

and that nuclear ATP is not rapidly depleted by polyadenylation. These newly made 

RNAs with poly(A) tail lengths of ~200 A’s could either be subjected to exosome 

mediated decay or later be bound by Nab2, and exported into the cytoplasm. Thus, the 

intrinsic poly(A) tail length control of CPF discussed in this chapter could be a quality 

control pathway that prevents abnormal long polyadenylation of transcripts. It will be 

interesting to know how Nab2 can regulate polyadenylation alongside CPF's intrinsic 

capacity to control poly(A) tail lengths. Perhaps Nab2 can bind and sequester polyA 

RNAs from the CPF/CFI complex, and shuttle such sequestered poly(A) containing 

RNAs for export to the cytoplasm. This scenario can be tested using the in vitro pull 

down described in 4.1.5, as the addition of Nab2 to the pull-downs of cleavage and 

polyadenylation assays may sequester the polyadenylated RNA product from CPF and 

the cleavage factors. Furthermore, addition of Nab2 to polyadenylation assays may 

release the tightly bound CPF so that it can act on cleaved but non-polyadenylated 

transcript. Such experiments could clarify the role of Nab2 in termination of 

polyadenylation.  

 

A method to recombinantly produce a fourteen-subunit rCPF has been described. The 

purity and homogeneity of the purified proteins were assessed by size exclusion 

chromatography, SDS-PAGE, and negative stain electron microscopy. rCPF could 

cleave a substrate RNA and add a poly(A) tail and showed comparable activity to 

endogenously purified CPF. Surprisingly, rCPF differed from the natively purified 

CPF in its ability to intrinsically impart poly(A) tail length control. At this point, the 

reason behind such a difference remains unclear. However, tandem mass spectrometry 

revealed different phosphorylation patterns in the subunits of native and 

recombinantly produced CPF. It will be interesting to de-phosphorylate both native 

and recombinant CPF using a generic phosphatase, and repeating polyadenylation 

assays under length control conditions. Such an experiment could elucidate the 

importance of post-translational modifications in the intrinsic ability of CPF to restrict 
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poly(A) tail lengths. Alternatively, treatment of the CPF preparations with kinases 

from yeast such as Ctk1 could write the missing marks and prime CPF for intrinsic 

poly(A) tail length control.   

 

The lack of protocols to efficiently purify large quantities of highly pure CPF has thus 

far hindered our progress towards understanding the structure and function of CPF. For 

the first time, the recombinant system allows us to generate high amounts of sample, 

allowing us to perform the necessary experiments (i.e. cross-linking mass spectrometry, 

hydrogen–deuterium exchange coupled with mass spectrometry, fluorescence 

polarization studies) to thoroughly biophysically characterize CPF. These studies open 

new experimental possibilities to study the protein-protein interaction network within 

CPF, affinity measurements for substrate binding, etc.  Establishing a recombinant 

system to produce CPF has also provided a means to make mutant complexes that was 

hitherto impractical. Thus, I have generated a new tool that facilitates progress towards 

our understanding the mechanism of cleavage and polyadenylation by CPF. 
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5 Conclusion and Future Directions 
 

In this dissertation, I have studied the mRNA 3' end polyadenylation reaction by using a 

biochemical and structural approach. The main questions under investigation were as 

follows:  

 

1. Why does Pap1 exist in the context of a complex and what is the functional 

significance of this? 

2. What are the roles of the non-enzymatic subunits in CPF? 

3. How are the CPF subunits arranged in 3D space? 

4. How do accessory factors influence the function of CPF? 

5. What are the mechanisms governing how poly(A) tail lengths are regulated?   

 

In the next few sections, I summarize the important findings of this dissertation and 

provide future perspectives.  
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5.1 Structural Architecture of the Polymerase Module 
 

By using baculovirus mediated insect cell over-expression, I expressed and purified a 

five-subunit polymerase module of CPF. Biochemical assays revealed that isolated 

Pap1 and the polymerase module add poly(A) tail to a substrate RNA in a similar 

manner. Cryo-EM analysis of a four-subunit polymerase module (without Pap1) 

resulted in a 3.5 Å resolution map. An atomic model of almost all of the Cft1, Pfs2 and 

Yth1 subunits were built into the map, revealing an architecture that was highly similar 

to other nucleic acid processing complexes involved in DNA damage repair and 

splicing. Around the same time, the structures of the human CPSF160-WDR33-CPSF30 

in complex with an AAUAAA containing RNA were published (Sun et al. 2018; Clerici 

et al. 2018), revealing a high degree of similarity between the human and yeast 

complexes. The structures also provide insights into understanding how the yeast and 

human complexes might employ slightly different mechanisms to recognize substrate 

RNA. This is further reflected in the differences in the yeast and human cis-RNA 

elements.  

 

In the future, a 3D structure of the yeast polymerase module in complex with a substrate 

RNA will enable better appreciation of the differences. Specifically, the structure will 

elucidate the determinants of RNA binding specificity. Furthermore, cryo-EM and 

cross-linking mass spectrometry have revealed that Pap1 is flexibly associated with the 

polymerase module. An RNA-bound polymerase module sample might aid in 

stabilizing Fip1 and Pap1 that are currently not visible in the cryo-EM map.  

 

A previous study had shown that a terminal deoxyadenosine residue at the 3' end of a 

pre-cleaved RNA enables a stable protein -RNA complex formation (Zarkower and 

Wickens 1987). Performing an in vitro polyadenylation assay (as described in section 

2.2) in the presence of cordycepin (abscence of ATP) may allow in stabilizing Pap1 and 

polymerase module on RNA. This may result in an improved sample for structural 

studies by cryo-EM. The key to the aforementioned future direction would be in 

identifying the right substrate RNA, as yeast mRNA sequences do not contain a 

conserved consensus recognition sequence, unlike AAUAAA in human mRNAs. For 

example, two of the most well studied substrates for cleavage and polyadenylation i.e 

CYC1 and GAL7 share a considerable amount of differences in RNA elements (Zhao et 

al. 1999; Dichtl and Keller 2001). One possible method to overcome this challenge 
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would be to characterize the RNA sequence (and structure) specificity of polymerase 

module. RNA Bind-n-Seq is a recently published method that allows the determination 

of high-affinity binding motifs (Lambert et al. 2014).  
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5.2 Effects of Cleavage Factors 
 

In chapter 3 of this dissertation, I have shown that the accessory cleavage factor CF IA 

(but not CF IB) can stimulate poly(A) tail addition of CPF. By using a minimal in vitro 

reconstituted system, I further show that Rna14/Rna15 subunits of CF IA are sufficient 

to stimulate poly(A) tail addition by polymerase module. Interesting, CF IA (or 

Rna14/Rna15) has no effect on polyadenylation activity of Pap1. Thus, the non-

enzymatic subunits in polymerase module (and hence CPF) are required for its 

stimulation by CF IA.  In vitro pull downs reveal that CF IA directly contacts CPF 

through an interaction between Rna14/Rna15 and the non-enzymatic polymerase 

module subunits. By using a mutant Rna14/Rna15 that can no longer strongly bind 

RNA, I show that RNA binding of Rna14/Rna15 is important for its polyadenylation 

stimulation property. I present a model where CF IA provides accessory RNA binding 

surfaces for polymerase module to bind RNA, tethering polymerase module to the 

substrate RNA and resulting in processive polyadenylation.  

 

This model of polyadenylation can be compared to the model for human poly(A) tail 

addition. In both cases, the polymerase enzyme appears to be distributive in nature. 

However, in humans, the incorporation of PAP within CPSF makes the polyadenylation 

reaction processive by providing additional RNA binding surfaces (Schönemann et al. 

2014; Chan, Huppertz, Yao, Weng, Moresco, Yates, et al. 2014). In contrast, in yeast, 

Pap1 incorporation into the polymerase module does not markedly increase 

polyadenylation activity. Instead, processive polyadenylation is only achieved when 

Rna14/Rna15 or CF IA is present, whereby the affinity for RNA of the whole 3'-end 

processing complex is increased. Unlike the yeast machinery, the human complex 

achieves such high substrate affinities without the need for any cleavage factor subunits. 

Such a difference between the yeast and human machinery could stem from the subtle 

differences in sequences and sequence preferences for cis-RNA elements.  

 

A method to assemble a complex between polymerase module and Rna14/Rna15 in 

vitro has been presented. This now allows us to study not only the RNA binding 

affinities of the individual components but also perform detailed kinetic analysis. I 

speculate that the koff for RNA binding by the polymerase module will be lower when it 

binds RNA cooperatively with CF IA (or Rna14/Rna15), explaining the differences in 

activity in the presence or absence of CF IA.  
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Furthermore, it is imperative to test the effects of CF IA on polyadenylation using a 

different substrate RNAs. This will inform us whether this mechanism is conserved 

across different cis-RNA elements. 

 

It is known that cleavage precedes polyadenylation in vivo and that CF IA activates 

cleavage by CPF. However, the exact mechanism by which CF IA activates cleavage is 

unknown. A recent study from our lab has shown that Rna14/Rna15 alone cannot 

activate cleavage by CPF and that Pcf11/Clp1 are required for its activation (Hill et al. 

2019). This raises the possibility that activation of cleavage by CF IA could not simply 

be an effect of RNA binding. A future experiment would be to test the effect of the 

RNA binding mutant of CF IA (similar to the one described here) on activation of 

cleavage. The observed effect will raise new questions about the activation mechanism 

of CF IA. It will be interesting to know whether CF IA activates CPF endonuclease and 

polymerase activities via two different mechanisms.  

 

 By using a combination of biophysical techniques including HDX, cross-linking mass 

spectrometry and cryo-EM, I have characterized the interaction between Rna14/Rna15 

and polymerase module. Although HDX experiments revealed that the Fip1 subunit of 

polymerase module potentially interacts with Rna14/Rna15, biochemical assays suggest 

that there might be multiple interaction surfaces between the two complexes. Cryo-EM 

analysis showed that the HAT-domain of Rna14 likely associates with the Cft1 subunit 

of polymerase module. In agreement with this, several cross-links were found between 

them. In the absence of a high-resolution structure of the complex, molecular details of 

these interactions remain unknown, impeding our understanding of the possible 

allosteric effects of cleavage factors on the function of polymerase module. However, 

the preliminary cryo-EM analysis presented in this dissertation revealed the inherent 

heterogeneity (or flexibility with respect to each other) of the polymerase module - 

Rna14/Rna15 sample.  Mild cross-linking using a water-soluble cross-linker like BS3 

might aid in fixing the complex in one conformation, possibly reducing the flexibility.  

 

In the cell, CPF functions alongside with CF IA and CF IB. Therefore the model 

presented here on the role of CF IA in polyadenylation may reflect a scenario happening 

in vivo. Similarly, there are many other protein-nucleic acid complexes in the cell that 

could potentially influence the function of CPF. A previous in vitro study using human 
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proteins has show that U1A snRNP complex stimulates polyadenylation by interacting 

with CPSF-160 (Lutz and Alwine 1994). Further research is needed to understand the 

effects of other complexes on cleavage and polyadenylation, which might clarify the 

roles of the other non-enzymatic subunits of CPF subunits.   
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5.3 Polyadenylation mechanism 
 

Using highly pure protein components, I have investigated the polyadenylation 

activity of a fourteen-subunit CPF in an in vitro biochemical system. Surprisingly, the 

assays revealed that CPF has an intrinsic ability to stall polyadenylation after adding ~ 

80 - 200 As without the need for the nuclear poly(A) binding protein Nab2. Drop out 

experiments then revealed that the cleavage factors CF IA and IB and the phosphatase 

module of CPF were indispensible for this observed poly(A) tail length control.  

 

While investigating the mechanism of intrinsic length control, I serendipitously 

discovered that CPF can cleave the poly(A) tail of a CYC1-A30 in vitro. It has been 

shown that the presence of the nuclear poly(A) binding protein Nab2 can prevent such 

re-cleavage events in cells (Viphakone, Voisinet-Hakil, and Minvielle-Sebastia 2008). 

This raises several interesting questions. Firstly, it is not known if CPF can re-cleave 

it's own product RNA with poly(A) tail in an in vitro assay in the absence of Nab2. 

Secondly, under length control conditions, significant amounts of the cleaved 5'-

CYC1-pc RNA remains without a poly(A) tail. It is not known if these non-

polyadenylated RNA products are the result of CPF re-cleavage. Thirdly, I 

demonstrated that a minimal eight-subunit core-CPF cannot re-cleave the poly(A) tail 

of CYC1-A30 RNA, highlighting the contribution of the phosphatase module towards 

the cleavage activity of CPF. We know that CF IA and CF IB do not tightly bind 

poly(A) RNAs, and that core-CPF can only weakly bind to poly(A) stretches (Hill et 

al. 2019). Nonetheless, it is unknown whether the presence of the phosphatase module 

in CPF enables CPF to bind tightly to poly(A) stretches and result in re-cleavage 

activity. Alternatively, phosphatase module subunits could impart an allosteric 

influence on the cleavage activity of CPF. Investigations of the role of phosphatase 

module in influencing the cleavage of CPF would clarify the significance of the 

presence of all CPF subunits in recapitulating the in vivo behaviour of CPF. 

 

So far, all assays demonstrating intrinsic length control have been carried out using 

either a 259 nt CYC1 full or a 182 nt pre-cleaved CYC1 as a model substrate. It 

remains to be tested whether the 3' end processing machinery will have intrinsic 

poly(A) tail length control on a shorter CYC1 such as the well characterized pre-

cleaved CYC1 42-mer. Such an experiment will enable us to understand the 

contributions from the cis-elements of CYC1 such as the efficiency or positioning 
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element, to the observed intrinsic length control. Additionally, in order to understand 

whether this could be conserved across a variety of CPF substrates, it is important to 

test different RNA substrates. The other most commonly studied model RNA is GAL7. 

However, in vitro assays of a full-length GAL7 using purified CPF and cleavage 

factors resulted in no detectable RNA cleavage of the RNA (appendix 8.12). A similar 

observation was reported earlier where a wild-type GAL7 RNA could not be cleaved 

by CPF (Dichtl and Keller 2001). I have thus identified and produced the 3' UTR of 

two new RNAs: GCN4 and MFA2 (appendix 8.13). GCN4 consists of a complex 

polyadenylation signal that differs greatly from the most commonly studied CYC1 

RNA (Egli, Springer, and Braus 1995). MFA2 is a very small mRNA where a long-

range interaction between the 5' and 3' UTR has been shown in vivo (Doktycz et al. 

1998). The choice of such RNAs (with very different properties compared to CYC1) 

would enable us to elucidate whether the observed intrinsic length control 

phenomenon is conserved across diverse RNA elements. Additionally, it will serve as 

a platform to investigate the effects of various cis-acting elements towards cleavage 

and polyadenylation.  
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5.4 Final conclusions 
 

The field of mRNA 3'-end processing has greatly advanced since the discovery of 

poly(A) polymerase in 1960. The tremendous progress made can be attributed to the 

advancements made in modern molecular biology including recombinant DNA 

technology, sequencing and protein engineering. Although the identities of the 

individual components of the mRNA 3'-end processing machinery were known, there 

remained a lack of understanding of how the components were structurally organised 

into one whole complex and how this affects the function. Taking advantage of the 

recent progress in the fields of recombinant protein production and cryo-EM, I was 

able to visualise the intricate and extensive contacts between different protein subunits 

that constitute a major part of CPF. Together with various biophysical techniques and 

in vitro assays described in this dissertation, I provide new insights into how CPF adds 

poly(A) tails and how it restricts the length of poly(A) tails. Moreover, I have also 

described a method to recombinantly produce a full fourteen-subunit CPF. This will 

have a long lasting impact on our ability to probe the function and structure of CPF. 

We are only beginning to understand the workings of this poorly studied yet essential 

step in the central dogma of molecular biology.  
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6 Materials and Methods 
 

6.1 Common reagents and methods 
 

6.1.1 Generic buffers 

 

The following are the description of some of the commonly used buffers: 

 

• Elution Buffer (EB): 10 mM Tris pH 8.0. 

• Tris Borate EDTA (TBE): 10 mM Tris-borate pH 8.0, 1 mM EDTA pH 8.0. 

• Tris EDTA (TE): 10 mM Tris pH 8.0, 1 mM EDTA pH 8.0. 

• Competent cell buffer 1 (CCB1): 10 mM MES, 100 mM RbCl2, 50 mM MnCl2, 

10 mM CaCl2, pH 5.8 with acetic acid. 

• Competent cell buffer 2 (CCB2): 10 mM MOPS, 100 mM CaCl2, 10 mM RbCl2, 

15% glycerol v/v, pH 6.5 with NaOH. 

• Phosphate buffered saline (PBS): 137 mM NaCl, 10 mM Phosphate, 2.7 mM 

KCl, pH 7.4. 

 

The buffers used in protein purifications are described in later sections.  

6.1.2 Media 

 

6.1.2.1 Bacterial overexpression 

 

6.1.2.1.1 Liquid media 

 

• 2xTY: 10 g yeast extract, 16 g tryptone, 5 g NaCl, ~ 2.5 ml 1 M NaOH (to pH 

7.4), adjust to 1 L with milliQ H20 (MQ), autoclave. 

 

• LB: 5 g yeast extract, 10 g tryptone, 10 g NaCl, 900 ml MQ, ~2.5 ml 1 M 

NaOH(to pH 7.0), adjust to 1 L with MQ, autoclave. 
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• SOC: 5 g yeast extract, 20 g tryptone, 0.6 g NaCl, 0.2 g KCl, 900 ml MQ, 3.5 ml 

1M NaOH (to pH 7.2), adjust to 1 L with MQ, autoclave, add: 10 ml 1 M 

MgCl2, 10 ml 1 M MgSO4, add 10 ml 20% w/v glucose immediately before use. 

 

6.1.2.1.2 Plates 

 

• TYE: 5 g yeast extract, 10 g tryotone, 8 g NaCl, 15 g agar, ~2.5 ml 1 M NaOH 

(to pH 7.0), adjust to 1 L with MQ, autoclave. 

 

• LB: 15 g agar, 5 g yeast extract, 10 g tryptone, 10 g NaCl, 900 mL MQ, ~2.5 

mL 1M NaOH (to pH 7.5), adjust to 1 L with MQ, autoclave. 

 

6.1.2.2 Insect cells over expression 

 

• Sf9 Media: Insect-XPRESS™ protein-free insect cell medium with L-glutamine 

from Lonza. 

 

6.1.2.3 E.coli minimal media for isotope labelling 

 

• K-MOPS: 10x stock: 1.0 M MOPS, 0.1 M Tricine mix, pH to 8.0 with KOH 

(800 ml);10 mM FeCl2 (10 ml); 1 mM CaCl2 (10 ml); 1 mM MgCl2 (10 ml), 20 

mM H3BO3, 5 mM CoCl2, 2 mM CuCl2, 10 mM MnCl2, 2 mM ZnCl2, 2 mM 

NaMoO4 mix (10 ml); 4.0 M NaCl (10 ml); dilute 10x stock to 1x with MQ and 

autoclave; add directly before use 20 mM NH4Cl, 4 mM KPi, 1% w/v glucose, 

10 mg thiamine, 2 mg D-biotin, 2 mg choline chloride, 2 mg folic acid, 2 mg 

niacinamide, 2 mg D-phantothenic acid, 2 mg pyridoxal, 2 mg riboflavin. K-

MOPS minimal medium containing 15NH4Cl was used for 2-D NMR 

experiments. For 3D experiments, media also contained [13C] glucose. 

 

6.1.2.4 Antibiotics  

 

Antibiotics were made at the following stock concentrations in autoclaved MQ H2O: 

kanamycin 50 mg/ml in MQ H2O, chloramphenicol 35 mg/ml in 100% EtOH and 
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gentamycin 10 mg/ml in MQ H2O. The final concentrations of the antibiotics are also 

mentioned as follows: kanamycin 50 µg/ml, chloramphenicol 35 µg/ml and gentamycin 

10 µg/ml in liquid media or 7 µg/ml in bacmid plates.  

 

6.1.3 Cells and strains 

 

Strain Genotype 

TOP10 F-mcrAΔ(mrr-hsdRMS-mcrBC) 

Φ80lacZΔM15 ΔlacX74 recA1 

araD139 Δ(araleu)7697 galU 

galK rpsL (StrR) endA1 nupG 

BL21 Star (DE3) F-ompT hsdSB(rB–,mB–) gal 

dcm rne131 (DE3) 

DH10EmBacY  F-mcrA Δ(mrr-hsdRMS -

mcrBC) Φ80lacZΔM15 ΔlacX74 

recA1 endA1 araD139 Δ(ara, 

leu)7697 galU galK λ-rpsL nupG 

(bEmBacY, pTn7helper) 

 

Table 6.1: E.coli strains used in this dissertation 

 

 

6.1.4 Making competent cells 

 

Terence Tang and James Stowell prepared the competent cells. Four colonies of a 

desired E.coli strain from a freshly streaked plate is grown in 5 mL of LB media at 200 

rpm (37 °C) for 2 h until an OD550 of 0.3. 2 mL of this pre-culture is used as a starter 

culture to inoculate 40 mL of pre-warmed LB and grown at 200 rpm (37 °C) to an 

OD550 of 0.45.  

 

The next few steps were all carried out on ice. The cells grown to OD550 of 0.45 were 

decanted into 50 mL falcon tubes, incubated on ice for 15 min, pelleted at 1300 rcf (4 

°C) for 15 min, and suspended in 2 mL of CCB1 by swirling the tube gently. The total 
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volume was brought to 16 mL with CCB1, and the suspension was incubated on ice for 

15 min. Cells were gently harvested at 1300 rcf (4 °C) for 15 min. The pellet was 

resuspended in 1.6 mL CCB2 and the suspension was incubated on ice for 15 min. The 

suspension was aliquoted either as 50 or 100 µL volume into 1.5 mL tubes, slowly 

frozen, and stored at -80 °C. 

 

6.1.5 Plasmid transformation 

 

~ 10 ng of plasmid DNA was gently mixed with 50 µl of chemically competent E. coli 

in a 1.5 mL tube and incubated for 30 min on ice. The tube was swiftly transferred into 

a water bath at 42 ºC for 45 sec, and subsequently transferred on to ice for 2 minutes. 

400 µl of SOC medium were added to the tubes and the cells were recovered at 200 rpm 

(37 ºC) for 1 hr.  

 

For transformations of intact plasmids, 50 µl cell suspension were plated on 

TYE/antibiotic plates. For transformations of ligation reactions, cells were pelleted at 

500 rcf for 1.5 min, the supernatant decanted, resuspended in 50 µl SOC medium and 

plated on TYE/antibiotic plates.  

   

6.1.6 Bacmid transformation 

 

For transformations of pBIG1/2 family of plasmids into EmBacY cells to generate 

bacmids, the transposition / recovery step was performed for three to four hours. 

Following such a long recovery, 500 µl of cell suspension were plated on 

TYE/antibiotic plates. Plates were incubated overnight at 37 ºC. 

 

6.1.7 Plasmid isolation 

 

A single colony of a desired E.coli strain from a freshly streaked plate is grown in 5 mL 

of LB media (with the appropriate antibiotic) at 200 rpm (37 °C) overnight.  

The cells were pelleted at 3200 rcf, 10 min, 4 ºC and the supernatant discarded. 

Plasmids were isolated using the QIAprep Spin Miniprep kit(Qiagen), following the 

standard protocol. 
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6.1.8 Nucleic acids quantification 

 

The absorbance at 260 nm on a NanoDrop ND-1000 spectrophotometer (Thermo 

Scientific) was measured. The extinction co-efficients reported in table 6.24 were used 

to calculate the nucleic acid concentration. 

 

6.1.9 DNA Sanger sequencing 

 

5 µL of the following samples per reaction was provided to Source Bioscience 

(Cambridge, UK) for Sanger sequencing: 100 ng/µL of plasmid DNA and 3.2 µM 

primer DNA. The samples were diluted from their stocks in milliQ water. The 

sequencing data was analysed by MacVector (MacVector, Inc.). 

 

6.1.10 Nucleic acid electrophoresis 

 

6.1.10.1 DNA agarose gel 

 

1 g of agarose (BioGene) was dissolved in 100 mL 1x TAE by microwaving the 

mixture on high (900 W). After cooling to ~50 ºC, SybrSafe (Life Technologies) was 

added, and the mixture was poured into a running apparatus. The gel sets in ~ 45 min 

after which the combs were removed. The samples are loaded after TAE buffer 

completely covers the gel and the electrodes. Gels were run at constant 100 V until the 

bands were separated as required. Gels were visualized on a Gel Doc XR+(BioRad). 

 

The following is the 6x concentration of a DNA loading dye: 30% w/v glycerol, 0.25% 

w/v bromphenol blue, 0.25% w/v xylene cyanol FF. 

 

6.1.10.2 RNA polyacrylamide gel  

 

RNA acrylamide gels were casted using the MINI-Protean electrophoresis system 

(Biorad). Gel recipes for 6%TBE-urea and 15% TBE-urea gels are given below (Table 

6.2). In the case of a preparative gel, the solution was poured between two 20 x 18.5 cm 

glass plates with 2 mm spacers and was sealed with polypropylene-based sellotapes. 
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Once the gesl were set, the tapes were removed and the gels were pre-run in 1 x TBE 

buffer at 30 W for 15 min using a PowerPac HV power supply (BioRad). Then 

appropriate amounts of sample was loaded and the gel was run for ~ 10 to 20 min 

depending on the size of the RNA sample. Preparative gels were run for ~ 2 hours until 

the loading dye runs off the gel.  

 

 

6% Urea acrylamide 15% Urea acrylamide 

220 g Urea 189 g Urea 

50 ml 10x TBE 45 ml 10x TBE 

75 ml 40% Acrylamide/Bis 

Solution, 19:1 

169 ml 40% Acrylamide/Bis 

Solution, 19:1 

up to 500 ml Nuclease free H20 up to 450 ml Nuclease free H20 

 

Table 6.2: Composition of the Urea-acrylamide solutions used to cast the gels 

 

 The following is the recipe for making a 6% - urea acrylamide mix: Dissolve the urea 

in ~ 300 ml of milliQ water on a stirrer. Set the temperature to 90 °C while dissolving 

the urea. As it is dissolving, add the required amounts of 19:1 bis acrylamide and 10x 

TBE to this mixture. After all the urea has dissolved, make up to 500 ml or 450 ml with 

MQ and cool down the mixture.  

 

For analytical gels, 10 ml of the urea-acrylamide mixture was mixed with 10 µl of 

TEMED (Sigma) and 100 µl of Ammonium persulphate solution. For preparative gels, 

the above mixture was scaled up five times.  

 

2x RNA loading dye contained the following: 960 µl of Formamide (Thermofisher), 10 

µl of 0.08 % w/v bromophenol blue, 0.08 % w/v 10 µl of xylene cyanol and 20 µl 0.5 M 

EDTA.  

 

6.1.11 SDS-PAGE  

 

4 µl OF 4x LDS (106mM Tris HCl, 141mM Tris base, 2% LDS, 10% glycerol, 0.51mM 

EDTA, 0.22mM SERVA Blue G250, 0.175mM Phenol Red, pH 8.5) (Thermo Fisher) 
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sample buffer was added to 12 µl of protein samples up to ~ 500 nm in concentration. 

For higher concentrations of proteins, 2 µl OF 4x LDS was mixed with 6 µl of proteins. 

Samples were run on a pre-cast 15 well 4-12% Bis-Tris gradient (Thermofisher) gel at 

180 volts for 60 minutes. MOPS based running buffer was used for the electrophoresis. 

For the analysis of cross-linked protein samples, 3-8% tris-acetate gels (Thermofisher) 

were used and were run at 140 volts for > 2 hours. This was to allow the cross-linked 

protein complexes to run into the wells. In case of the Yth1 and Fip1 constructs for 

NMR, 20% tris-tricine gels were used. The gels were then stained with a coomassie 

based InstantBlue™ (Expedion) for several hours. The stain was then removed and 

replaced with MQ water for de-staining. The de-stained gels were visualized by imaging 

on a Gel Doc™ (Biorad).  
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6.2 Cloning 

6.2.1 Restriction based cloning 

 

Using 'traditional cloning', a plasmid was digested with either one or two restriction 

enzymes. The gene of interest to be cloned into the plasmid is produced by PCR and the 

PCR product is digested with the same set of enzymes that were used to cut open the 

plasmid. The digested gene of interest is then ligated into the plasmid that is cut open.  

6.2.1.1 PCR 

 

To amplify genes from plasmid DNA, PCR reactions using High Fidelity Phusion DNA 

polymerase (NEB) were performed. PCR primers were obtained at the 100-nmol scale 

from Sigma Aldrich and suspended to a final concentration of 100 µM in milliQ. A 

standard 50 µL PCR reaction mixture is described in Table 6.3 and the reaction 

conditions are given in Table 6.4. The reactions were performed in a Veriti 96-well 

Thermal Cycler (Applied Biosystems). 

 

 

Component name Final concentration 

Nuclease free water (DEPC) N/A 

5X Phusion HF buffer (NEB) 1X 

dNTPs 200 µM 

Forward primer 0.5 µM 

Reverse primer 0.5 µM 

Template DNA ~10 ng 

DMSO ~2 to 3 % 

Phusion HF enzyme (NEB) 1 unit per 50 µl reaction 

 

Table 6.3: Setting up a cloning PCR 

 

The annealing temperature (Tm) for the PCR reaction was calculated for a set of 

primers by using the NEB Tm Calculator v1.10.1. The extension time in the annealing 

step was calculated based on the size of the gene being clones. For example, for Cft1 

gene which is ~ 4.6 kb in size, an extension time of ~ 70 sec was used 
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Number of 

cycles 

Step Temperature Time 

1 Initial denaturation 98 °C 30 sec 

30  Annealing 98 °C 

Tm °C 

72 °C 

10 sec 

30 sec 

15 sec per kb 

1 Extension 72 °C 10 min 

1 Hold 4 °C Until further use 

 

Table 6.4: PCR conditions 

.  

6.2.1.2 PCR purification and gel extraction 

 

50 µl of the PCR reaction product is mixed with 10 µl of 6x DNA loading dye and is 

run on a 1 % agarose TAE gel. The desired bands are then excised and purified using 

the QIAquick Gel Extraction kit (Qiagen), following the standard protocol and eluted in 

30 - 50 µl EB. 

 

6.2.1.3 Restriction digestion 

 

The purified PCR products and the host vector, into which the gene of interest is about 

to be cloned, are digested with the same set of enzymes.  

 

Component name Final concentration 

Nuclease free water (DEPC) N/A 

10x buffer 1X 

PCR product or plasmid ~1 µg 

Enzyme 1 10 units 

Enzyme 2 10 units 

 

Table 6.5: Setting up a restriction digestion for cloning 
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The choice of the 10x buffer is dictated by the combination of the enzymes used in the 

cloning.  This can be decided by analyzing the list of available enzyme and their activity 

in the respective buffers using the tool NEBcloner v1.3.9.  

 

6.2.1.4 Ligation 

 

The products of the restriction digestion are analysed by running them in a 1% agarose 

TAE gel. The desired bands are then excised and purified using the QIAquick Gel 

Extraction kit (Qiagen), following the standard protocol and eluted in 10 µl EB. The EB 

is pre-warmed at 70 °C before usage. The following protocol was used to ligate the gene 

of interest (PCR product) into the host vector. 

 

Component name Final concentration 

Nuclease free water (DEPC) N/A 

T4 DNA Ligase Buffer (10x) 1X 

Vector 0.02 pmol 

Insert 0.06 pmol 

T4 DNA Ligase 1 µl per 10 µl reaction  

 

Table 6.6: Setting up a sticky end DNA ligation 

 

NEBioCalculator v1.9.0 is used to calculate the mass of insert required to set up ligation 

reactions at different ratios of vector:insert. The assembled reaction is incubated at 16 

°C for 20 minutes. All of the reaction is transformed into TOP10 competent cells and 

plated on TYE plates with appropriate antibiotics depending on the vector being used.  

 

6.2.1.5 Verification of clones  

 

Plasmids from a few different colonies (usually I screened four colonies per new 

construct) were extracted based on Section 6.1.7 and their sequences verified based on 

Section 6.1.9.  
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6.2.2 biGBac cloning 

 

The biGBac system allows for the cloning of up to twenty-five individual genes into 

one single vector. This method involves the usage of computationally optimal DNA 

linker sequences, which allows efficient assembly of DNA fragments by Gibson cloning 

in order to produce such large synthetic genomes (Weissmann et al. 2016). The DNA 

linker sequences for Gibson assembly were selected in such a manner that the 

propensity to form incorrectly assembled products is minimized.  

 

The first step in this system is to clone the gene of interest (GoI) using Gibson assembly 

or restriction digestion based cloning techniques into a vector containing an expression 

cassette with a polyhedrin (polh) promoter and a SV40 late terminator (SV40). In our 

lab, GoIs were first cloned either into pACEBac1, pIDC or pIDS.  

 

Then, gene expression cassettes are amplified by PCR using primers that contain the 

alpha, beta, gamma, delta, epsilon or omega Gibson linker overhangs (Weissmann et al. 

2016).  

 

 

Primer overhangs Sequence 

Alpha AACGCTCTATGGTCTAAAG 

Beta AAACGTGCAATAGTATCCAGTT 

Gamma AAACATCAGGCATCATTAGGTTT 

Delta AAACTAAGCTATGTGAACCGTT 

Epsilon AAACCAAGTCAATGTCAGTGTTT 

Omega AACCCCGATTGAGATATAGATT 

 

Table 6.7: Sequences of optimized linker DNA involved in Gibson assembly 

 

The first level of multi-gene assembly involves carrying a Gibson assembly reaction 

with up to five genes (PCR products from the earlier step) and one of the five pBIG1 

series of vectors (pBIG1a - pBIG1e). A modified version of the biGBac system 

(Weissmann et al. 2016) was used in our lab. An equivalent version of the vectors 

pBIG1a,b,c,d,e were created by cloning the necessary Gibson overhangs, spacers and 
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Swa1 sites into pACEBac1. The resulting pBIG1 series vectors were selectable using 

gentamycin rather than ampicillin and spectinomycin.  

It is important to note that the first GoI that will occupy the 5' end of pBIG1 vector 

needs to have the alpha linker sequence in the 5' end. Similarly, the final GoI occupying 

the 3' end of pBIG1 vector needs to carry the omega linker sequence in the 3' end. For 

example, the first GoI will have alpha sequence in its 5' end and beta sequence in the 3' 

end. The second GoI will have beta sequence in its 5' end and gamma sequence in its 3' 

end. If one wishes to clone only two GoIs into pBIG1 vector, then the second GoI needs 

to carry omega sequence in its 3' end.  

 

The above step leads to the generation of a polygene cassette (PGC) in circular pBIG1 

vector. The pBIG1 series of vectors can be propagated in E.coli cells. In order to verify 

whether all the desired GoIs have been successfully incorporated into pBIG1 vectors, I 

made use of the Swa1 restriction sites that flanks all the GoIs. So upon Swa1 digestion 

of the pBIG1 vectors containing the GoIs and analysing the resulting digestion pattern 

by running a TAE agarose gel, one can confirm the incorporation of all the GoIs into 

pBIG1 series of vector. Furthermore, PmeI sites flank the PGCs in the pBIG1 vectors. 

So an alternative approach to confirm the incorporation of all the GoIs is to perform a 

diagnostic restriction digestion with PmeI.  

 

The digestion of pBIG1 vectors with PmeI also results in generation of a PGC that is 

flanked by optimized Gibson linker sequences at their ends. These linker sequences can 

then be used in a second of Gibson assembly to assemble up to five PGCs from the five 

different pBIG1 series of vectors, into one of the four pBIG2 series of vectors. An 

equivalent version of the vectors pBIG2ab,abc,abcd,abcde from the original biGBac 

system were created by cloning the necessary Gibson overhangs, spacers and Swa1 sites 

into pACEBac1. In order to differentiate the selection between pBIG1 and pBIG2 series 

of vectors, an additional chloramphenicol resistance gene was added to the pBIG2 

equivalents. Mathias Girbig from the Carter lab created the pBIG equivalent versions.  

 

The vector pBIG2ab can accommodate the PGCs from pBIG1a and 1b. Similarly 

pBIG2abc can accommodate PGCs from pBIG1a, 1b and 1c. And so on. By doing so, a 

final vector pBIG2abcde containing five PGCs and a total of twenty-five genes can be 

assembled.  
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6.2.2.1 PCR for making gene expression cassettes 

 

The PCR protocol is same as section 6.2.1.1. The only difference is the choice of 

primers. The primers used for carrying out the PCR are listed as follows:  

 

 

Name Sequence  

pB_pIDC_Cas

I_F 

AACGCTCTATGGTCTAAAGATTTAAATCGACCTACTCCGGA

ATATTAATAGATC 

pB_pIDC_Cas

I_R 

AAACGTGCAATAGTATCCAGTTTATTTAAATGGTTATGATA

GTTATTGCTCAGCG 

pB_pIDC_Cas

II_F 

AAACTGGATACTATTGCACGTTTAAATCGACCTACTCCGGA

ATATTAATAGATC 

pB_pIDC_Cas

II_R 

AAACATCAGGCATCATTAGGTTTATTTAAATGGTTATGATA

GTTATTGCTCAGCG 

pB_pIDC_Cas

III_F 

AAACCTAATGATGCCTGATGTTTAAATCGACCTACTCCGGA

ATATTAATAGATC 

pB_pIDC_Cas

III_R 

AAACTAAGCTATGTGAACCGTTTATTTAAATGGTTATGATA

GTTATTGCTCAGCG 

pB_pIDC_Cas

IV_F 

AAACGGTTCACATAGCTTAGTTTAAATCGACCTACTCCGGA

ATATTAATAGATC 

pB_pIDC_Cas

IV_R 

AAACCAAGTCAATGTCAGTGTTTATTTAAATGGTTATGATA

GTTATTGCTCAGCG 

pB_pIDC_Cas

V_F 

AAACACTGACATTGACTTGGTTTAAATCGACCTACTCCGGA

ATATTAATAGATC 

pB_pIDC_Cas

w_R 

AACCCCGATTGAGATATAGATTTATTTAAATGGTTATGATA

GTTATTGCTCAGCG 

pIDS_CasI_F 

AACGCTCTATGGTCTAAAGATTTAAATGGCACCTAGGTATC

GATACTAGTATAC 

pIDS_CasI_R 

AAACGTGCAATAGTATCCAGTTTATTTAAATGTACCCGTAG

TGGCTATGGCAGGG 

pIDS_CasII_F 

AAACTGGATACTATTGCACGTTTAAATGGCACCTAGGTATC

GATACTAGTATAC 
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pIDS_CasII_R 

AAACATCAGGCATCATTAGGTTTATTTAAATGTACCCGTAG

TGGCTATGGCAGGG 

pIDS_CasIII_F 

AAACCTAATGATGCCTGATGTTTAAATGGCACCTAGGTATC

GATACTAGTATAC 

pIDS_CasIII_

R 

AAACTAAGCTATGTGAACCGTTTATTTAAATGTACCCGTAG

TGGCTATGGCAGGG 

pIDS_CasIV_

F 

AAACGGTTCACATAGCTTAGTTTAAATGGCACCTAGGTATC

GATACTAGTATAC 

pIDS_CasIV_

R 

AAACCAAGTCAATGTCAGTGTTTATTTAAATGTACCCGTAG

TGGCTATGGCAGGG 

pIDS_CasV_F 

AAACACTGACATTGACTTGGTTTAAATGGCACCTAGGTATC

GATACTAGTATAC 

pIDS_Casw_

R 

AACCCCGATTGAGATATAGATTTATTTAAATGTACCCGTAG

TGGCTATGGCAGGG 

 

Table 6.8: Sequences of cloning primers used in the PCR for making gene expression 

cassettes 

 

The abovementioned primers do not contain any gene specific sequences. Before 

assembling the multi-gene complex, the individual subunit genes are cloned into 

pACEBAC1 or pIDC or pIDS. The choice of the cloning primer depends on the vector 

within which the GoI lies. The GoI is PCRed out of pACEBac1 or pIDC or pIDS. 1 µl 

Dpn1 (NEB) is added to the 50 uL PCR reaction mixture, incubated for 1 h at 37 °C. 

The product is purified according to protocol described in section 6.2.1.2. 

 

6.2.2.2 Gibson assembly 

 

Before assembling the GoI PCR products or gene expression cassettes into pBIG1 

vector, it is necessary to linearize the vector.  ~ 1 µg of pBIG1 vector is digested using 

Swa1 enzyme in a 10 µl reaction containing NEB 3.1 buffer (Table 6.12). The digestion 

is carried overnight at 25 °C. The linearized pBIG1 series of vectors are then purified 

according to protocol described in section 6.2.1.2. 
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Component name Concentration (pmol) 

Swa1 digested pBIG1  ~ 0.02 

Gene expression cassette 1  ~ 0.06 to 0.1 

Gene expression cassette 2 ~ 0.06 to 0.1 

Gene expression cassette 3 ~ 0.06 to 0.1 

Gene expression cassette 4 ~ 0.06 to 0.1 

Gene expression cassette 5 ~ 0.06 to 0.1 

Nuclease free water  up to 5 µl 

 

Table 6.9: Making the DNA mix to be used in the Gibson assembly 

 

The DNA mixture is prepared as described above. The Gene expression cassettes are 

added in three or five fold molar excess compared to the pBIG1 vectors. The final DNA 

mixture volume should not exceed 5 µl. The DNA mix is then added to 15 µl of the 

Gibson mix 1 (KGB 1), mixed well and incubated in a thermo cycler at 50 °C for 60 

minutes.  

 

Component name Amount  

1M Tris-HCl pH 7.4 3000 µl 

1M MgCl2 300 µl 

10 mM dNTPs 600 µl 

1 mM DTT 300 µl 

PEG-8000 1.5 g 

50 mM NAD 600 µl 

Nuclease free water up to 6000 µl 

 

Table 6.10: Preparation of 5X Isothermal assembly buffer (IAB) 
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Component name Volume (µl) 

Taq DNA Ligase  (NEB) 160 

T5 exonuclease (NEB) 1.5 

Phusion HF DNA (NEB) 20 

1X IAB 320 

Nuclease free water 700 

 

Table 6.11: Preparation of KGB 1 

 

After 60 min, transform all 20 µl of the Gibson reaction mix into chemically competent 

TOP10 cells. Plate the cells on TYE plates containing Gentamycin.  

 

6.2.2.3 Verifying clones by Swa1 digestion 

 

From the TYE Gentamycin plates, pick a few colonies and isolate plasmid DNA from 

them according to section 6.1.7. Swa1 digestion is used to verify the incorporation of 

the gene expression cassettes into pBIG1 series of vectors.  

 

 

Component name Final concentration 

Nuclease free water (DEPC) up to 10 µl 

10x NEB 3.1 buffer (NEB) 1 µl 

Plasmid ~1 µg 

Swa1 (NEB) 1 unit 

 

Table 6.12: Preparing Swa1 digestion reaction 

 

The reaction is carried out for 4 hours at 25 °C. 10 µl of the reaction mixture is analysed 

by gel electrophoresis as described in section 6.1.10.1. The pBIG1 constructs showing 

the correct or expected Swa1 digestion pattern are sequenced as described in section 

6.1.9. 
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6.2.2.4 Cloning into pBIG2 series of vectors 

 

Once the identities of the pBIG1 series of vectors were verified and it was confirmed 

that they carry all the necessary gene expression cassettes, they were digested with 

Pme1 to be cloned into pBIG2 series of vectors. pBIG2 series of vectors are linearized 

by digestion with Pme1 using a protocol similar to table 6.12. The reaction is carried 

out for 2 hours at 37 °C. The linearized pBIG2 series of vectors are then purified 

according to protocol described in section 6.2.1.2. 

The second Gibson assembly reaction is set up as follows: 

 

Component name Concentration (pmol) 

Pme1 digested pBIG2abcd  ~ 0.02 

pBIG1a  ~ 0.06 to 0.1 

pBIG1b ~ 0.06 to 0.1 

pBIG1c ~ 0.06 to 0.1 

pBIG1d ~ 0.06 to 0.1 

pBIG1e ~ 0.06 to 0.1 

5X IRB 4 µl 

Nuclease free water  up to 12.5 µl 

Pme1 1 µl 

 

Table 6.13: Making the DNA mix to be used in the second step of Gibson assembly 

 

The DNA mix is incubated at 37 °C for 2 hours. Then 2.5 µl of Gibson mix 2 (KGB 2) 

is added to the reaction and is incubated at 50 °C for 60 min. Transform all 20 µl of the 

Gibson reaction mix into chemically competent TOP10 cells. Plate the cells on TYE 

plates containing chloramphenicol.  
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Component name Volume (µl) 

Taq DNA Ligase  (NEB) 24 

T5 exonuclease (NEB) 

[Diluted 1:30 in 1X IAB] 

3 

Phusion HF DNA (NEB) 3 

 

Table 6.14: Preparation of KGB 2 

 

6.2.2.5 Verifying clones by Pac1 digestion 

 

From the TYE chloramphenicol plates, pick a few colonies and isolate plasmid DNA 

from them according to section 6.1.6. Pac1 digestion is used to verify the incorporation 

of the polygene cassettes into pBIG2 series of vectors.  

 

 

Component name Final concentration 

Nuclease free water (DEPC) up to 10 µl 

10x CutSmart Buffer (NEB) 1 µl 

Plasmid ~1 µg 

Pac1 (NEB) 1 unit 

 

Table 6.15: Preparing Pac1 digestion reaction 

 

The reaction is carried out for 1 hour at 37 °C. 10 µl of the reaction mixture is analysed 

by gel electrophoresis as described in section 6.1.10.1. The pBIG2 constructs showing 

the correct or expected Pac1 digestion pattern are sequenced. 35 µl of the plasmid DNA 

( at ~ 40 to 65 ng/µl) are submitted for complete plasmid sequencing at MGH CCIB 

DNA Core, Massachusetts General Hospital.  

 

The subsequent steps involved in biGBac cloning leading to protein expression are 

described in section 6.3.3. The following sections 6.2.3 until 6.2.9 provide details about 

the specific protein or protein complexes that were cloned for study in this dissertation.  
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6.2.3 Pap1 

 

The PAP1 gene was cloned into a pET-28a(+) vector, fusing it to an N-terminal Histag. 

The gene was cloned from an already existing plasmid pMK-RQ containing the PAP1 

gene. The following were the primers used for cloning: 

 

Forward primer (FP): 5′-GGAATTC CATATG ATGAGCAGCCAGAAAGTT-3′ 

 

Reverse primer (RP): 5′- CCCA AAGCTT TTAATTAACATCAACTGCTG -3′ 

 

The PCR product and the circular pET-28a(+) vector was digested with NdeI and 

HindIII. The PAP1 gene expression cassette was ligated into linear pET-28(+) 

according to section 6.2.1.3 and 6.2.1.4. 

 

6.2.4 Polymerase module  

 

The polymerase module constructs were made by Gillian Dornan using the 

MultiBacTurbo Expression System (EMBL) and the individual subunit genes were 

synthesised by GeneArt. Cft1, 8His-3C-Yth1 and Pfs2-3C-SII were cloned into 

pACEBac1, and Pap1 and Fip1 were cloned into pIDC. All the cloning was done using 

BamHI/XbaI sites. The polymerase module construct was assembled using cre-lox 

recombination (Bieniossek et al. 2012).  

 

6.2.4.1 Polymerase module truncations 

 

The biGBac system was used for cloning for the polymerase module variants described 

in section 3.5.3. Splicing by overlap extension was used to generate truncations in the 

Fip1 gene (Higuchi, Krummel, and Saiki 1988). Fip1 gene in pIDC was used as the 

template for the splicing PCR. The final gene cassettes were digested with BamhI and 

XbaI before introducing them into pACEBac1.  
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• The primers used in making Fip1 Δ190-220 are as follows:  

 

5′-GGAATTC GGATCCCTCGAG ATGAGCAGCAGCGAAGATG-3′ 

 

5′-ACGCGGATTGTAATCCTGCTGCGGTTTTTCTTTCAGAACTTC-3′ 

 

5′-GAAGTTCTGAAAGAAAAACCGCAGCAGGATTACAATCCGCGT-3′ 

 

5′-GCCCCATCTAGAGGTACCTCATTATTATTTGCTATTCTGGTTCTGATTCTG-

3′ 

 

• The primers used in making Fip1 Δ145-170 are as follows: 

 

5′-GGAATTC GGATCCCTCGAG ATGAGCAGCAGCGAAGATG-3′ 

 

5′-GATGCCCACGCTATCAAAAATTGCGGTAACACCCTGATTTG-3′ 

 

5′-CAAATCAGGGTGTTACCGCAATTTTTGATAGCGTGGGCATC-3′ 

 

5′-GCCCCATCTAGAGGTACCTCATTATTATTTGCTATTCTGGTTCTGATTCTG-

3′ 

 

• Yth1 ΔZnF45C was created using pACEBac1-Yth1 as the template and the 

following primers were used: 

 

5′- GGAATTC GGATCCCTCGAG ATGAGCCTGATTCATCC-3′ 

 

5′- GCCCCA TCTAGA GGTACC TCA TTA CGGATCAATATGCAGATATTG -3′ 

 

The PCR product was digested with BamHI and XbaI before introducing them into 

pACEBac1. The pACEBac1 plasmids containing the truncated versions of Fip1 or Yth1 

were isolated, their sequences verified as described in section 6.1.9. A polymerase 

module vector containing all the five-subunit genes including the truncated Fip1 or 

Yth1 was generated as described in section 6.2.2.1 and 6.2.2.2. Pfs2 contained a C-

terminal twin strep tag.  
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6.2.5 CF IA/CF IB  

 

CF IB or HRP1 gene was cloned into a pOPINB vector (Oxford Protein Production 

Facility) and verified by sequencing, yielding an N-terminally His-tagged Hrp1.  

The plasmids used in the over-expression of CF IA were provided by Andrew Bohm 

(Tufts School of Medicine, Boston). The genes coding for RNA14 and RNA15 were 

cloned into a pETDuet vector to enable co-expression of the proteins. Rna15 harboured 

an N-terminal 6xHis tag. Pcf11 and Clp1 were cloned into a pRSFDuet vector. Pcf11 

harboured an N-terminal 6xHis tag.  

6.2.5.1 Rna14/Rna15 RRM mutants 

 

A QuikChange Lightning kit (Agilent) was used to generate a triple point mutant in 

Rna15. The residues Y21, Y61 and F63 were mutated into alanine. His tagged RNA15 

gene in pACEBac1 was used as a template for the QuikChange PCR.  First, a double 

mutant Y61A, F63A was generated in pACEBac1-His-Rna15 using the following 

protocol.  

 

Component name Amount 

Nuclease free water (DEPC) 39 µl 

10x QC buffer (Agilent) 5 µl 

dNTPs (10 mM) 1 µl 

Forward primer (10 µM) 1 µl 

Reverse primer (10 µM) 1 µl 

Template DNA (200 ng/µl) 0.5 µl 

Quik solution (Agilent) 1.5 µl 

QuikChange Lightning (Agilent) 1 µl  

 

Table 6.16: Setting up a QuikChange Lightning PCR 

 

The primers to make the point mutants were generated using QuikChange Primer 

Design program (Agilent).  
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Number of 

cycles 

Step Temperature Time 

1 Initial denaturation 95 °C 2 min 

18  Annealing 95 °C 

60 °C 

68 °C 

20 sec 

10 sec 

2 min 

1 Extension 68 °C 5 min 

1 Hold 4 °C Until further use 

 

Table 6.17: PCR setup 

 

The PCR products were treated with 1 µl DpnI at 37 °C for 1 hour. 2 µl of the reaction 

mixture was transformed into XL10 Gold ultra competent cells (Agilent) according to 

section 6.1.5. Plasmid was isolated from several colonies and the sequence verified by 

sequencing (Section 6.1.7 and 6.1.9).  The generated double mutant of Rna15 was then 

used as a template to perform a second QuikChange PCR where Y21A mutation was 

introduced. The final pACEBac1 plasmid contained 6xHis tagged RNA15 gene with 

Y21A, Y61A and F63A mutations. A pBIG1a containing both RNA14 and RNA15 

genes were created as described in section 6.2.2.1 and 6.2.2.2. 

 

6.2.6 Yth1 and Fip1 constructs for NMR 

 

Fip1 residues 180-220, Yth1 residues 118-170 (ZnF 4 and 5) and Yth1 residues 118-208 

(ZnF 4, 5 and the C-terminal end) were cloned into pGEX-6P-2 (Addgene) using the 

BamHI and EcoRI sites as described in section 6.2.1. pIDC-Fip1 and pACEBAC1-Yth1 

were used as the template plasmid for the cloning PCR.  

 

The following primers were used in the cloning: 

 

• Fip1 residues 180-220 

 

5′- ATTAA GGATCC ATG ATTGATCCGGAAGTTCTG-3′ 

 

5′- ATAAT GAATTC TTATTA CAGTTTTTCTTGACGGTGC-3′ 
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• Yth1 residues 118-170 (ZnF 4 and 5) 

 

5′- ATTAA GGATCC ATG GCAAGCAAAATTCCGAAA-3′ 

 

5′- ATAAT GAATTC TTATTA AAACTGCGGATGTTCCATATCA-3′ 

 

• Yth1 residues 118-208 (ZnF 4, 5 and the C-terminal end) 

 

5′- ATTAA GGATCC ATG GCAAGCAAAATTCCGAAA -3′ 

 

5′- ATAAT GAATTC TTATTA TTAAACTTCACCGTTAATAATGGCG -3′ 

 

6.2.7 Phosphatase module 

 

All the six individual subunit genes were synthesised by GeneArt. All the genes were 

first cloned into pACEBac1 from pMK vector using BamHI and XbaI sites as described 

in section 6.2.1. The gene cassettes were digested from pMK vector, separated by 

running a 1% agarose TAE gel and purified using the QIAquick Gel Extraction kit 

(Qiagen). The inserts were ligated into pACEBac1 as described in section 6.2.1.4. The 

clones were then verified by sequencing. Once the genes were cloned into pACEBac1, 

Pta1 was cloned into pBIG1a; Ssu72, Pti1, Glc7, Ref2-SII and Swd2 were cloned into 

pBIG1b as described in section 6.2.2.1 and 6.2.2.2. A pBIG2ab vector containing all the 

six phosphatase module subunits was then assembled using the second Gibson assembly 

(KGB2) as described in 6.2.2.4.  

 

6.2.8 Core-CPF 

 

Polymerase module genes were cloned into pBIG1a as described in section 6.2.2.1 and 

6.2.2.2. There were two pBIG1a polymerase module constructs generated. One of the 

constructs contained Pfs2 with a twin Strep tag. This tagged polymerase module was 

later used in assembling core-CPF (Figure 3.6). The second polymerase module 

construct generated did not contain any tags (Figure 5.14a). This untagged polymerase 

module was later used in assembling the full fourteen-subunit CPF (Figure 5.14d). 
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Similarly the nuclease module subunits were cloned into pBIG1b. Core-CPF was 

generated by assembling the polymerase and nuclease polygene cassettes into pBIG2ab 

as described in 6.2.2.4.  

 

Nuclease module subunit Cft2 was cloned into pBIG1b. Polymerase module polygene 

cassette from pBIG1a was then assembled together with Cft2 from pBIG1b to generate 

a six-subunit polymerase module containing Cft2 (Figure 3.6).  

 

6.2.9 Full CPF 

 

The strategy used to clone a full fourteen-subunit CPF is illustrated in figure 5.12. An 

untagged polymerase module was assembled into pBIG1a (referred to as construct A), 

untagged nuclease into pBIG1b (referred to as construct B), a twin Strep tag containing 

Ref2, Ssu72, Pti1, Glc7, Swd2 were assembled into pBIG1c (referred to as construct C) 

and a lone Pta1 was coned into pBIG1d (referred to as construct D). I tried to assemble 

all the CPF subunits into one single vector namely pBIG2abcd. Initial attempts at 

generating pBIG2abcd containing CPF using the protocol described in section 6.2.2.4 

failed. This second step of Gibson assembly was trickier than previously thought. If 

assembled correctly into one single vector, the entire CPF polygene cassette is expected 

to be around 44,000 nt in length. The individual polygene cassettes are of the following 

size: A ~12000, B ~ 8900, C ~8100, D ~ 3200 and the pBIG2abcd backbone ~ 3000 

nucleotides. Many often, the Gibson assembly reactions yielded no colonies after 

transformation into TOP10 cells. The transformation efficiency of such big gene 

assemblies is probably very low.  Next, in the protocol for the second Gibson assembly, 

only the receiving vector is linearized prior to the reaction (Section 6.2.2.4). The pBIG1 

series of plasmid containing the polygene cassette are linearized simultaneously 

together in 1x IRB by the addition of Pme1 (Table 6.13). This likely results in reduced 

efficiency of Gibson assembly. Next, I tried the Gibson assembly in a variety of 

different conditions in addition to the protocol described in 6.2.2.4.  First, I tried to 

increase the total amounts of all the individual plasmids used in the assembly. Next, I 

resorted to a 'cleaner' second Gibson assembly step. Along with the pBIG2abcd 

plasmid, the pBIG1a,b,c and d plasmids were also linearized by Pme1 in separate 

reactions. The desired polygene cassettes (A,B,C and D) were then separated from the 
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backbone of pBIG1 by running a 1% TAE agarose gel and purified using the QIAquick 

Gel Extraction kit (Qiagen). Now, we have purified linear vector pBIG2abcd, and 

polygene cassettes A, B, C and D with desired Gibson overhangs. I set up a Gibson 

assembly reaction as described as follows:  

 

Component name Concentration (pmol) 

Pme1 digested pBIG2abcd  0.04 

Polymerase module cassette  0.09 

Nuclease module cassette 0.028 

Ssu72-Pti1-Glc7-Ref2SII-

Swd2' cassette 

0.014 

Pta1  0.017 

Nuclease free water  up to 5 µl 

 

Table 6.18: Making the DNA mix to be used in the CPF Gibson assembly 

 

The DNA mixture is prepared as described above. The DNA mix is then added to 15 µl 

of the Gibson mix 1 (KGB 1), well suspended and incubated in a thermo cycler at 50 °C 

for 60 minutes. The rest of the protocol is similar to the one described in section 6.2.2.2. 

Interestingly, there were only very few colonies grown on the TYE plates containing 

chlormaphenicol. After screening several (~ 60) colonies by PacI digestion, two 

colonies CPF1 and CPF2 were found to contain the correct Pac1 digestion pattern 

(Figure 5.13a).  

 

6.2.10 RNA production 

 

DNA coding for the 3′ UTR of CYC1 mRNA cloned into pIDTSmart Kan was 

purchased from IDT. The construct named CYC1 3′-UTR contained 259 nucleotides 

from the 3′ UTR of CYC1 mRNA. The construct named 5′-CYC1-pc contained 182 

nucleotides from 3′ UTR of CYC1 mRNA.  The 5′-CYC1-pc RNA ends in the poly(A) 

site whereas CYC1 3′-UTR RNA contained sequences downstream of the poly(A) site 

as well. CYC1 3′-UTR was synthesized as described in Jana Wolf, 2014.  
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PCR primers were designed such that sequence corresponding to 5′-CYC1-pc (used in 

Figure 5.5) or 5′-CYC1-pc-A30 (used in Figure 5.10) were amplified from the vector 

plasmid pIDTSMART-Kan-EcoR1-T7-CYC1-BamH1. The vector contains the T7 

RNA polymerase transcription promoter site TAATACGACTCACTATAGGG just 

before the sequence of our desired RNA. The PCR products would then contain the T7 

promoter site and the DNA coding for our RNA of interest. This PCR product is then 

used as a template for in vitro transcription reaction (section 6.5).  

 

The following are the primers used to amplify 5′-CYC1-pc 

 

5′- CCCGTGTAAAACGACGGCCAGTTTA-3′ 

5′- TTGAAATATAAATAACGTTCTTAATACTAACATAAC-3′ 

 

The following are the primers used to amplify 5′-CYC1-pc-A30 

 

5′- CCCGTGTAAAACGACGGCCAGTTTA-3′ 

5′- TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTGAAATATAAATAA-3′ 

 

Similarly the 3′ UTR of GAL7 mRNA cloned into pIDTSmart Kan was purchased from 

IDT. The construct named GAL7 3′-UTR contained 251 nucleotides from the 3′ UTR of 

GAL7 mRNA. The following are the primers used to amplify GAL7 3′-UTR from the 

plasmid pIDTSMART-Kan-EcoR1-T7-GAL7-BamH1 

 

5′- CCCGTGTAAAACGACGG-3′ 

5′- TACAGATAATGATGTCATTATTATATATATATATATATATTGCTACTCC-3′ 

 

For the production of GCN4 and MFA2 RNAs, I ordered a gBlocks gene fragments 

from IDT containing the DNA sequence of the respective RNAs. The 417-nucleotide 

long MFA2 gene fragment contains the full MFA2 gene including its 5′ UTR and 3′ 

UTR. The 300-nucleotide long GCN4 gene fragment contains only the 3′ UTR 

sequence. PCR was employed to amplify the gene fragments for use in in vitro 

transcription reaction. The forward primer used contains T7 Polymerase promoter site.  
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The following are the primers used to amplify 5′-UTR MFA2 3′-UTR  

 

5′-

TAATACGACTCACTATAGGGAGAGACACCAGCGAGCTATCATCTTCATACA

A-3′ 

5′- ATAATTAAAAAAAAAATCGAATGTAATGGGTGG -3′ 

 

The following are the primers used to amplify GCN4 3′-UTR  

 

5′- TAATACGACTCACTATAGGG TTTCATTTACCTTTTATTTTATATTTTTTA -

3′ 

5′- ACACGTTAATATGGTGGAGTCAGCTGAGA -3′ 
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6.3 Protein expression 

 

6.3.1 Bacterial expression 

 

Plasmids containing the gene of interest were transformed into BL21 (DE3) star cells as 

described in section 6.1.5. A single colony was picked from the transformation plates 

and a 50 ml 2xTY starter culture with appropriate antibiotics was set up in a 250 mL 

Corning Erlenmeyer flask (Sigma) and incubated overnight at 37 °C, 180 rpm in an 

multitron standard shaker (Infors-ht). The next day, 1L of 2xTY media containing the 

appropriate antibiotic is inoculated with 10 ml of the starter culture in a 2L glass 

Erlenmeyer flask. The cells are grown until a 0D600 of 0.6 and protein expression is 

induced by the addition of 1 mM IPTG. For the expression of pET-28a(+)-Pap1 and 

pETDuet–His-Rna15–Rna14, induction was done at 16 °C over night and the cells were 

harvested the next day. For the expression of pOPINB-Hrp1, induction was done at 37 

°C for 3 hours after which the cells were harvested. For the expression of pRSFDuet–

His-Pcf11–Clp1, cells were grown in baffled flasks at 37 °C in media containing 0.5% 

glucose and 1 mM MgSO4 to an OD600 of 2.0. Protein expression was induced by 

adding 500 ml of fresh 2xTY media containing IPTG (final 1 mM IPTG, 30 °C, 3 h). 

 

6.3.2 Bacterial expression of Isotopically labelled proteins 

 

The Yth1 residues 118-170 (ZnF 4 and 5) and residues 118-208 (ZnF 4, 5 and the C-

terminal end) were expressed as 15N, 15N-13C labelled proteins in E. coli using MOPS 

minimal medium (Section 6.1.2.3). 100 ml of 10x K-MOPS stock was diluted in 800 ml 

MQ H2O. The media was then autoclaved, cooled and 100 ml of the following 

components were added: 20 mM NH4Cl, 4 mM KPi, 1% w/v glucose, 10 mg thiamine, 

2 mg D-biotin, 2 mg choline chloride, 2 mg folic acid, 2 mg niacinamide, 2 mg D-

phantothenic acid, 2 mg pyridoxal, 2 mg riboflavin. For 15N labeling 15NH4Cl was used 

in H. For 13C labeling 13C-glucose was used.  

 

 

 



 

 215 

6.3.3 Baculovirus mediated insect cell over-expression  

 

Once the incorporation of the gene cassettes into pBIG1 or the polygene cassettes into 

PBIG2 series of vectors have been assessed by restriction enzyme digestion or 

sequencing (section 6.1.9, 6.2.2.3 and 6.2.2.5), the plasmids are transformed into 

EmBacY cells (Section 6.1.6).  

 

6.3.3.1 Bacmid preparation 

 

The transformation colonies were grown on bacmid plates for ~ 24 hours. The bacmid 

incorporation can be verified by classical blue white selection. A few white colonies 

were picked and used to inoculate 5ml LB medium supplemented with kanamycin, 

gentamycin. chloramphenicol was additionally added for vectors containing the pIDC 

backbone and spectinomycin for vectors containing the pIDS backbone. Cultures were 

grown overnight and cells harvested by centrifugation at 3500rpm for 15 minutes. The 

supernatant was discarded and the cells were resuspended in 250 µl buffer P1 (50 mM 

Tris.Cl pH 8, 10 mM EDTA. P1 buffer containing blue lysis indicator is avoided. Cell 

lysis was carried out by adding 250 µl buffer P2 (200 mM NaOH, 1% SDS), gently 

inverting the tube ~ 5 times and incubating for 5 min at rom temperature. Adding 350 µl 

of buffer N3 (4.2 M GnHCl, 0.9 M KAc pH 4.8) results in the formation of thick white 

precipitate. The mixture was centrifuged for 10 minutes at 20,000 rcf. The resulting 

supernatant was carefully transferred into a tube containing 800 µl of isopropanol.  The 

tube is mixed well by inverting 4 to 5 times and place on ice for 20 mins. The solution 

is centrifuged at maximum speed, supernatant removed and 500 µl of 70 % ethanol 

added to the pellets. The tube was inverted several times to wash the pellet. The mixture 

is centrifuged for 10 mins at maximum speed and the supernatant removed.  The 70 % 

ethanol wash step is repeated again. This time, the supernatant ethanol is removed using 

sterile pipette tips inside a flow hood. From this step onwards, all samples are handled 

under sterile conditions. Air-dry the pellets for less than 2 minutes once the ethanol is 

completely removed. Care is taken not to over dry the pellets. The pelleted DNA is 

suspended in 40 µl sterile elution buffer (10 mM Tris pH 8.5). In some instances, a 

white pellet can be seen along with the DNA pellet. It is likely to be precipitated salt.  

Resuspended bacmids were transfected into Sf9 cells on the same day after verifying the 

presence of all the GoIs by PCR. The remaining bacmids after transfections were stored 

in the cold room at 4 °C for several months until they are discarded.  
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6.3.3.2 Verifying clones by PCR  

 

Performing bacmid PCR using gene specific primers is an approach to check the 

bacmids for the presence of the desired gene expression or polygene cassettes. PCR was 

performed as described in 6.2.1.1. The following are the gene specific primers used to 

verify bacmids constructs generated in this dissertation.  

Protein Primers 

Cft1 ATGAATGTTTATGATGATGTTCTGG 

TTATTTACCCTGACACAGGCTAC 

 

Pfs2 ATGGATGGTCATAATCAGAATCAG 

CAGGCAGGGTGCTGC 

 

Yth1 ATGAGCCTGATTCATCCGGA 

CACCGTTAATAATGGCGTTC 

 

Fip1 ATGAGCAGCAGCGAAGATG 

TTATTTGCTATTCTGGTTCTGATT 

 

Pap1 ATGAGCAGCCAGAAAGTTTTT 

TTAATTAACATCAACTGCTGCGG 

 

Mpe1 ATGAGCAGCACCATCTTTTAT 

CGGGCTTGCATCTGCC 

 

Cft2 ATGACCTATAAATACAATTGTTGTG 

AATTTTGGCCAGCATATCTGTC 

 

Ysh1 ATGGAACGTACCAATACCACC 

ACACAGCGGTGTAACCAGATTA 

 

Pta1 CCGTCCCACCATCGGGCGCGGATCCATGAGCAGCGCAGAAATG 

GCTTGTCGAGACTGCAGGCTCTAGATTATTTCAGACGATCCAGC 
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Pti1 CCGTCCCACCATCGGGCGCGGATCCATGACCGATCCGCGTCGTC 

GCTTGTCGAGACTGCAGGCTCTAGATTAAATAATGTACTCTTTGCGAAAATTTTCCAC

C 

 

Ref2 CCGTCCCACCATCGGGCGCGGATCCATGAGCGCTCCGGTTCCG 

GCTTGTCGAGACTGCAGGCTCTAGATTATTTCTCAAACTGAGGATGGCTCC 

 

Swd2 CCGTCCCACCATCGGGCGCGGATCCATGACCACCGTTAGCATTAAC 

GCTTGTCGAGACTGCAGGCTCTAGATTATTCATCATACACATAGAAATCAAC 

 

Gl7                                   CCGTCCCACCATCGGGCGCGGATCCATGGATAGCCAGCCGGTTG 

GCTTGTCGAGACTGCAGGCTCTAGATTATTTCTTTTTACGACCGCCTG 

 

Ssu72 CCGTCCCACCATCGGGCGCGGATCCATGCCTAGCCATCGTAATAG 

GCTTGTCGAGACTGCAGGCTCTAGATTAATAATAGCTCGGTGCATAC 

 

Table 6.19: Gene specific primer used in the verification of CPF clones described in 

section 5.3.1.1. 

 

6.3.3.3 Sf9 cell transfections 

 

All the following steps were performed in sterile conditions in a laminar flow hood. Sf9 

cells in log phase were diluted to a cell count of 0.5 x106 cells/ml. 2 ml of the diluted 

cells were added to each well of a 6-well corning tissue culture plate (Corning Costar, 

Sigma). The cells were left to adhere to the plates for around 20 minutes. In the 

meantime, a DNA master mix was prepared for use in five out of the six wells. Cells in 

the sixth well were treated as positive control for transfection. The five well master mix 

contains 10 µg of bacmid DNA in total. The master mix is prepared by adding the 

appropriate volume of bacmid DNA and warm Sf9 media to a final volume of 980 µl. 20 

µl of Fugene transfect HD reagent (promega) is mixed well and pipetted into the DNA 

media mixture. This mixture is incubated for 10 mins before adding 200 µl per well. 

The plates are placed into a box along with a damp tissue paper and incubated at 27 °C 

for 48 to 72 hours. The cells are checked at every 24 hours to monitor the viability and 
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fluorescence from YFP marker. At 72 hours, the supernatant from all the five wells 

were removed and pooled together in a 50 ml falcon tube. The supernatant was diluted 

with Sf9 media up to 50 ml and FBS was added to a final concentration of 20% v/v. 

FBS is used to stabilize the virus. The final mixture (hereafter referred to as P1 virus) is 

sterile filtered using a 50 ml 0.45 µm steriflip. The tube is covered with an aluminium 

foil and stored in the cold room until further use. 

 

6.3.3.4 Primary virus amplification 

 

100 ml of Sf9 cells at concentration of 0.5 x106 cells/ml were grown until 2 x106 

cells/ml in an 500ml Erlenmeyer flask. 5 ml of P1 virus was added to these cells. Cell 

growth and YFP fluorescence were monitored for every 24 hours. In case the 

concentration doubled to 4 x106 cells/ml after 24 hours, additional media was added to 

dilute the cells back to 2 x106 cells/ml. Usually, the cell growth arrests after 24 or 48 

hours and the YFP fluorescence begin to appear. The supernatant (hereafter referred to 

as P2 virus) is harvested before the viability starts dropping below 90%. This step is 

performed around 48 to 72 hours post infection. An ideal condition for harvesting P2 

virus is cell count 2 or 3 x106 cells/ml, 90% cell viability and > 80% YPF fluorescence. 

P2 virus is harvested by centrifuging the Sf9 cultures in a refrigerated tabletop 

centrifuge (Rotana 460 R) at 2000 g for 10 mins. The supernatant is filtered using two 

50 ml 0.45 µm steriflip. The resulting P2 virus is immediately used up to infect larger 

cultures.  

 

 

6.3.3.5 Protein over-expression 

 

Before going ahead to infect large-scale (~ 2 L) Sf9 cultures for protein-expression, a 

small-scale (50 ml) time course expression test is carried out. 50 ml of Sf9 cells at 

concentration of 2 x106 cells/ml (viability > 90%) growing in a 200 ml Erlenmeyer flask 

are infected using 0.5 ml P2 virus. Samples containing 107 cells in total are taken at 

every 24 hour interval from the growing Sf9 cell culture. The cells harvested by 

centrifugation are flash frozen in liquid nitrogen and stored at -80 °C. Cells are taken 

every 24 hours until the 96-hour time point. Then, the protein(s) of interest are isolated 

from the cell pellets by carrying out Streptactin or Ni-NTA pull down depending on the 
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affinity tag present in the construct.  The pellets are resuspended in 1 ml of lysis buffer 

(100 mM HEPES pH 8, 300 mM NaCl, 5% glycerol, 1mM TCEP) and a tiny scoop of 

glass beads (GE) are added to the cell suspension. Cell lysis is carried out by vortexing 

for two min and the lysate clarified by ultracentrifugation at 4  °C for 30 minutes. The 

supernatant is mixed with 20 µl pre-equilibrated Strep or His resins and incubated for 1 

hour at 4 °C in an end-over end rotor. The unbound proteins are removed by 

centrifugation at 600 g for 10 mins at 4 °C. The resins are washed twice with 1 ml wash 

buffer (100 mM HEPES pH 8, 300 mM NaCl, 1mM TCEP) and the bound-proteins 

eluted by adding 20 µl of 4x LDS sample buffer. 12 µl of the eluted proteins are 

analyzed by SDS-PAGE as described in 6.1.11. After analyzing the protein gels, a 

decision is made about the best time to harvest the infected Sf9 cells so that the protein 

expression is maximal. Then, 500 ml of Sf9 cells at concentration of 2 x106 cells/ml 

(viability > 90%) growing in a 2L roller bottle flask is infected with 5 ml of P2 virus. 

Cell growth parameters are monitored every 24 hours. At the appropriate time (when 

cell growth is arrested, YFP fluorescence and protein expression is maximum), the Sf9 

cell culture is harvested by centrifuging at 4000 rpm for 20 min in 2L bottles.  The cell 

pellets are washed in pre-chilled PBS and flash frozen in liquid nitrogen and stored at - 

80 °C.  
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6.4 Protein purification 

 

6.4.1 Polymerase module 

 

Cell pellets from 2 l Sf9 cells were resuspended in ~120 ml of buffer A (50 mM HEPES 

pH 7.9, 300 mM NaCl, 1 mM TCEP) supplemented with 50 µg/ml RNAse, 50 µg/ml 

DNAse and EDTA-free protease inhibitors (PI) (Roche). The cells were lysed by 

sonication using a 10mm tip (big tip) on a VC 750 ultrasonic processor (Sonics) (3 min 

total ON time, 70% amplitude, 5 sec ON time and 10 sec OFF time). The resuspended 

cells were split into two 60 ml halves in a 100 ml kimax glass beaker (Kimble Glass 

Products, Fisher Scientific) and were sonicated separately. Lysate was cleared by 

ultracentrifugation at 100,000g (4 °C) for 30 min in a pre-chilled JA25.50 rotor in a 

Avanti J26 XPI (Beckman Coulter).  The clarified lysate was then incubated at 4 °C for 

2 hours with 2 ml of StrepTactin Sepharose HP resin (GE) pre-equilibrated with buffer 

A, on an end over end rotor. Beads were loaded onto a gravity column and washed with 

150 ml buffer A prior to elution with buffer E (buffer E is essentially buffer A 

supplemented with 6 mM of desthiobiotin). Elution was carried out in 2 ml volume per 

fraction, ten fractions in total. 2m of buffer E were added, the StrepTactin resins were 

mixed well with it and incubated for 5 min before elution. The elution fractions (20 ml) 

were pooled together and diluted with 50 mM HEPES pH 7.9 to reduce the salt 

concentration to 150 mM NaCl. The sample was then filtered using a 0.45 µm 

membrane filter (Merk) and loaded onto a 1 ml Mono Q 5/50 GL column (GE 

Healthcare). Elution was performed over a 45 CV gradient from 300–450 mM NaCl. 

This separated polymerase modules with and without Pap1 (Figure 2.2). The four-

subunit complex (without Pap1) was the most abundant species. Individual peak 

fractions from the anion exchange step were concentrated using a 50 kDa centrifugal 

filters (Millipore) and was subsequently purified by size exclusion chromatography 

using a Superose 6 3.2/300 Increase column (GE Healthcare). The size exclusion 

column was pre-equilibrated with buffer A (Figure 2.3). Purified polymerase module 

complexes were either used immediately for making cryo-EM grids, or was 

concentrated using a 50 kDa centrifugal filter (Millipore) to 10–20 µM concentrations. 

The protein was then flash frozen in liquid nitrogen and stored at -80 °C for future use 

in biochemical experiments. The same protocol was used to purify polymerase module 

variant carrying Fip1 Δ 145-170 (Figure 3.9a).  
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6.4.2 Pap1 

 

BL21(DE3) Star cells containing pET-28a-His-Pap1 from 2 l cultures were resuspended 

in ~ 70 ml buffer B (50 mM HEPES pH 8.0, 1 M NaCl, 20 mM imidazole, 5% w/v 

glycerol, 1 mM TCEP, 2 µg/ml DNase I, 2 µg/ml RNase A, PI). The cells were lysed by 

sonication using a 10 mm tip on a VC 750 ultrasonic processor (Sonics) (10 min total 

ON time, 100% amplitude, 5 sec ON time and 20 sec OFF time). The glass beaker 

containing the cell suspension was checked every 3 minutes to ensure that the samples 

were not over-heated during sonication. If the beaker was found to become warm, the 

ice bucket carrying the glass beaker was replaced with fresh ice. The lysate was 

clarified as described in section 6.4.1 and was mixed with 1 ml bed volume of Ni-NTA 

resin. The resins were pre-equilibrated with buffer C (50 mM HEPES pH 8.0, 500 mM 

NaCl, 20 mM imidazole, 1 mM TCEP). The resin-lysate mixture was incubated for 2 

hours at 4 °C on an end over end rotor (9rpm). The resin was then washed two times 

with 50 ml of buffer C. Beads were transferred to a gravity column before elution with 

buffer D (50 mM HEPES pH 8.0, 500 mM NaCl, 300 mM imidazole). Elution was 

carried in 1ml buffer volume. The elution fractions were collected instantaneously after 

the buffer was added; there was no incubation time involved. Fractions containing Pap1 

were exchanged into buffer F (50 mM HEPES pH 8.0, 100 mM NaCl, 0.5 mM TCEP), 

and loaded onto a 1 ml HiTrap Heparin HP (GE). Proteins were eluted over a 30 CV 

gradient up to 100% buffer G (50 mM HEPES pH 8.0, 1 M NaCl, 0.5 mM TCEP). The 

samples from heparin step were polished using a Superdex 200 10/300 column 

equilibrated in buffer H (50 mM HEPES pH 8.0, 150 mM NaCl, 1 mM TCEP) (Figure 

2.4c). Pap1 was then concentrated to 36 µM using a 30kDa centrifugal filter (Millipore), 

flash-frozen in liquid nitrogen and stored at -80 °C. 

 

6.4.3 CF IA 

 

BL21(pLysS) Rosetta expressing Rna14–Rna15 from 4l of cultures were suspended in 

buffer I (50 mM HEPES pH 8.0, 250 mM NaCl, 30 mM imidazole, 5% w/v glycerol, 

0.5 mM TCEP, 2 µg/ml DNase I (Sigma), PI). Lysed cells were separated from the cell 

debris by ultracentrifugation at 75,000g for 30 min.  A 5 ml HisTrap HP column (GE) 

was equilibrated with buffer J (20 mM HEPES pH 8.0, 250 mM NaCl, 0.5 mM TCEP). 

The clarified lysate was filtered using a 0.45 µm membrane filter (Millipore) and loaded 

onto the column. Elution was carried out using a 10 CV gradient up to 500 mM 
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imidazole. Elution fractions were pooled, concentrated using a 50 kDa centrifugal filter 

(Millipore) at 4000g and polished on a Superdex 200 16/600 column (GE). Buffer J was 

used in the size exclusion step. Peak fractions were pooled and concentrated to ~ 11.2 

mg /ml or 100 µM. Aliquots were flash-frozen in liquid nitrogen and stored at -80 °C.  

 

Cells expressing His-Pcf11–Clp1 from 6l culture were suspended in 200 ml buffer K 

(50 mM Tris pH 8.0, 250 mM NaCl, 5% w/v glycerol, 1 mM TCEP, 2 µg/ml DNase I, 2 

µg/ml RNase A, 1 tablet of PI per 50 ml). Cells were split in two 100 ml volumes and 

lysed as described earlier. The lysate was separated from cell debris by 

ultracentrifugation (JA 25.50, 76,000g, 40 min, 4 °C). A 5 ml HisTrap FF crude column 

(GE) was equilibrated with buffer L (20 mM Tris pH 8.0, 250 mM NaCl, 1 mM TCEP). 

The clarified lysate was filtered using a 0.45 µm membrane filter (Millipore) and loaded 

onto the column. A 50 ml wash was done using 20 mM Tris pH 8.0, 20 mM imidazole, 

250 mM NaCl, 1 mM TCEP and the proteins were eluted by a 10 CV gradient elution 

up to 500 mM imidazole.  

 

30 mg of Rna14–Rna15 after the size exclusion step was mixed with 30 mg of Pcf11–

Clp1 from the HisTrap column. The mixture was incubated at 4 °C overnight. The 

complex mixture was diluted to 100 mM NaCl by adding 20 mM Tris (no salt) up to 40 

ml volume. There were signs of some precipitation. The precipitants were separated by 

by centrifugation at 8000g for 10 min. The complex was then filtered using a 0.45 µm 

membrane filter (Millipore) and loaded onto a 5 ml HiTrap Q HP column (GE). The 

column was washed with 25 ml of 20 mM Tris pH 8.0, 100 mM NaCl, 1 mM TCEP. 

Elution was carried out using a 6 CV gradient up to 1 M NaCl. The elution fractions 

were analyzed by SDS-PAGE. The central fractions containing the complex were 

polished on a Superdex 200 26/600 column (GE). The size exclusion step was run in 

buffer L. CF IA was concentrated to 10 mg/ml or 24 µM and stored at -80 °C for further 

use. 

 

6.4.4 CF IB 

 

Cells from a 2l culture were suspended in 60 ml of buffer M (50 mM HEPES pH 8.0, 

300 mM NaCl, 20 mM imidazole, 0.5 mM TCEP supplemented with 10% w/v glycerol, 

2 µg/ml DNase I, 2 µg/ml RNase A, PI). Cells were lysed as described in section 6.4.2. 

The lysate was clarified as described earlier. The lysate was mixed with 1 ml bed 
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volume of Ni-NTA beads and incubated in the cold room at 9 rpm on an end-over end 

rotor for an hour. The beads were pre-equilibrated in buffer M. Then the resins were 

washed with 100 ml buffer M followed by 50 ml of buffer N (50 mM HEPES pH 8.0, 

300 mM NaCl, 30 mM imidazole, 0.5 mM TCEP). Elution was performed in a gravity 

column and with buffer O (50 mM HEPES pH 8.0, 150 mM NaCl, 300 mM imidazole, 

0.5 mM TCEP). The eluted Protein was then loaded onto a 1 ml HiTrap Heparin 

column (GE) at 1 ml per min. The column was washed with 5 ml of buffer O containing 

250 mM NaCl. CF IB was eluted using a 20 CV salt gradient step up to 1M NaCl. 

Fractions containing Hrp1 were pooled and concentrated with a 10 kDa centrifugal 

filter. CF IB was polished on a Superdex 200 10/300 column (GE). The size exclusion 

step was run in buffer J. Hrp1 was concentrated in a 30kDa centrifugal filter and stored 

at -80 °C for future biochemical assays. 

 

6.4.5 Rna14/Rna15 Y21A, Y61A, F63A 

 

2l of Sf9 cells expressing pBIG1a Rna14/Rna15 were resuspended in buffer P (50 mM 

HEPES pH 8, 250 mM NaCl, 30 mM imidazole, 5% w/v glycerol, 0.5 mM TCEP, 2 

µg/ml DNAse I and PI). The cells were sonicated for 3 minutes at 70% amplitude (4 °C, 

5 ON, 10 OFF) using a 10 mm tip on a VC 750 ultrasonic processor (Sonics). The 

lysate was clarified by ultracentrifugation (4 °C, 18000 rpm, JA 25.50, 35 min). 1 ml 

bed volume Ni-NTA resin was pre-equilibrated in buffer P and mixed with lysate. The 

binding reaction was carried at 4 °C for 90 mins in an end over end shaker (9 rpm). The 

resins were separated by spinning them at 600 g for 5 min. Resins containing bound 

Rna14/Rna15 is washed with 120 ml of buffer P. Elution is carried by buffer containing 

500 mM imidazole. Ten fractions each containing 2 ml elution buffer were collected. 

All the fractions were pooled together and concentrated in a 30kDa centrifugal filter and 

exchanged into buffer J during this process. The concentrated samples were filtered 

using a 0.45 µm membrane filter (Merk) and loaded onto a HiLoad 16/600 Superdex 

200 pg (GE) column at 1 ml per min. The mutant complex runs around the same elution 

volume as the wild type Rna14/Rna15 purified from E.coli. The fractions were analyzed 

by SDS-PAGE. Rna14/Rna15 mutant complex was concentrated up to 24 µM and 

stored at - 80°C.  
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6.4.6 Yth1 and Fip1 constructs for SEC-MALS and NMR 

 

The following were the constructs purified: Fip1 residues 180-220, Yth1 residues 118-

170 (ZnF 4 and 5) and Yth1 residues 118-208 (ZnF 4, 5 and the C-terminal end). Cells 

overexpressing pGEX-6P-2 vector containing the above constructs were produced as 

described in 6.3.1 and 6.3.2. All the constructs were purified using a similar protocol as 

described in this section. Cells from 1l of culture was suspended in ~ 60 ml of buffer Q 

(50 mM Tris pH 8, 250 mM NaCl, 1mM TCEP, 2 µg/ml DNAse / RNAse and EDTA-

free protease inhibitors). The cells were sonicated and the lysate clarified as described 

in section 6.4.2. 3 ml of Glutathione Sepharose® 4B (GE) were pre-equilibrated with 

buffer Q. The lysate and the resins were mixed, binding reaction was carried at 4 °C for 

90 mins in an end over end rotor (9 rpm). The resins were transferred to a gravity 

column after the binding reaction. 2 ml of buffer Q supplemented with glutathione  (1g 

per 50 ml buffer, pH adjusted to 8) were used to elute the GST tagged Yth1/Fip1 

constructs. In total, ten elution fractions were collected. The elution fractions were 

pooled together and the 3C site between GST and the proteins are cleaved overnight 

using PreScission Protease. 200 µl of protease (5 mg/ml stock) was used to cleave ~ 35 

ml of GST tagged proteins at ~ 1 mg/ml. The overnight cleavage reaction contained 

EDTA-free protease inhibitor as well. The overnight cleavage reaction was concentrated 

using a 3kDa centrifugal filter and the buffer was exchanged to the size exclusion buffer 

during this step. Size exclusion can either be done using 20 mM Bis-Tris pH 6, 150 mM 

NaCl, 0.1 mM TCEP as the buffer or alternatively simply by using PBS. HiLoad 26/600 

Superdex 75 pg (GE) was used. Yth1 constructs containing residues ZnF 4 and 5 elutes 

around ~ 225 ml, ZnF 4, 5 and the C-terminal elutes around ~ 190 ml. The Fip1 180 - 

220 construct elutes at ~ 285 ml.  

 

6.4.7 Core-CPF 

 

Core-CPF contains a StrepII-tag on the Pfs2 subunit (similar to polymerase module). So 

the purification strategy was very similar to that of the polymerase module as described 

in section 6.4.1. However, there were a few modifications made to the protocol. Firstly, 

the lysis buffer for core-CPF was 50 mM HEPES pH 7.9, 150 mM NaCl, 1 mM TCEP, 

1mM Mg(OAc)2, 50 µg/ml RNAse and DNAse, and EDTA-free protease inhibitors.  It 

is to be noted that 18 tablets of protease inhibitors were added to 250 ml of lysis buffer. 

Second, after the shallow gradient elution on the monoQ (GE), all the peak fractions 
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were combined together unlike the polymerase module purification where three 

different peaks were purified separately afterwards. Interestingly, core-CPF did not 

separate into three diferent Pap1 varying species on monoQ. The pooled fractions from 

monoQ were concentrated and loaded onto a Superose 6 Increase 10/300 GL (GE). The 

final size exclusion buffer was 20 mM HEPES pH 7.9, 150 mM NaCl, 1 mM TCEP, 

1mM Mg(OAc)2.  

 

6.4.8 Recombinant CPF 

 

In order to produce recombinant full CPF, a co-infection strategy was used. The protein 

expression protocol differs from the routinely used procedure described in section 

6.3.3.5. P2 virus corresponding to a six-subunit phosphatase module (Ref2 subunit with 

a StrepII-tag) and another P2 virus corresponding to an eight-subunit core-CPF 

(containing no affinity tags) were mixed in 1:3, 1:1 or 3:1 v/v ratio. 10 ml of the 

combined P2 virus was then used to infect 500 ml of Sf9 cells (2 x106 cells/ml, viability 

> 90%) growing in a 2L roller bottle flask. Cells are harvested after 72 hours post 

infection as described in 6.3.3.5.   

 

CPF lysis buffer: 200 mM HEPES pH8,  200 mM KCl, 0.5 mM Mg(OAc)2, 1mM 

TCEP, 10% w/v glycerol,  2 µg/ml DNaseI (add fresh), 2 µg/ml RNaseA (add fresh) and 

PI(14 tablets per 120 ml).  

 

CPF wash buffer: 50 mM HEPES pH 8,150 mM KCl, 0.5 mM Mg(OAc)2, 1 mM 

TCEP 

 

CPF elution buffer: 1.2mg/ml D-desthiobiotin in wash buffer 

 

 

2L worth of Sf9 cell pellets were suspended in ~ 120ml CPF lysis buffer (up to 60ml 

lysis buffer for every 1L of cells harvested). Sonication and clarification of lysate was 

done as described in section 6.4.1. The clarified lysate was incubated with 2 ml (bed 

volume) of pre-equilibrated StrepTactin Sepharose HP resin (GE). Binding reaction was 

performed for 2 hours at 4 °C in an end over end shaker (9 rpm). The resins are 

separated from the unbound lysate by centrifugation at 600g for 10 mins. The resins 

were washed with 200 ml CPF wash buffer in a gravity column. The Strep elution step 
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was done at room temperature. 3ml CPF elution buffer was added to the resin, mixed 

well using a 2 ml glass pipette tip and the elution slurry was incubated for 5 mins. Ten 

elution fractions each containing 3 ml volume was collected. The eluates were then 

pooled together. The ~ 30 ml recovery solution was filtered by passing it through a 0.45 

µm membrane filter (Merk). The solution was then loaded onto a 1 ml resource Q 

column (GE) pre-equilibrated with CPF wash buffer. Elution was carried out over a 100 

CV gradient up to 1M salts. The elution fractions were analysed by SDS-PAGE. Such a 

shallow gradient on an anion-exchange column results in the separation of CPF with 

varying amounts of Pap1. Only those fractions containing stoichiometric amounts of 

Pap1 were pooled together and concentrated using a 50 kDa centrifugal filter upto ~ 50 

to 100 µl volume. The CPF preparation was polished by running a superose 6 3.2/300 

Increase column (GE). The size exclusion column was pre-equilibrated with CPF wash 

buffer. Purified CPF was used immediately for making negative stain EM grids. The 

samples used in biochemical assays were from concentrated CPF that had been flash 

frozen in liquid nitrogen and stored at -80 °C. To test whether rCPF could survive 

freezing and thawing, 50 µl of recovery from the resQ column were frozen. The frozen 

sample was allowed to thaw at room temperature and subjected to size exclusion 

chromatography as described earlier.  

 

Native CPF was purified as described earlier (Schreieck et al. 2014; Easter 2014) .  

 

6.4.9 Nuclease module subunits 

 

Cft2 and Ysh1/Mpe1 were purified as described earlier (Hill et al. 2019).  
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6.5 RNA production 
 

The DNA template to be used in in vitro transcription (IVT) was obtained as described 

in section 6.2.10. The PCR to make the DNA template was carried out in a 150 µl 

volume (scaled up in comparison to table 6.3). The PCR products were purified by 

QIAquick PCR Purification Kit (Qiagen).  

 

 

 

IVT was set-up as follows: 

 

Component name Amount 

Nuclease free water  up to 500 µl 

10x transcription buffer  50 µl 

rNTP (25 mM) 125 µl 

DNA template ~ 5 - 10 µg 

Pyrophosphatase (100 U/µl) 5 µl 

RiboLock (40 U/µl)  5 µl 

T7 RNA Pol (0.5 mg/ml) 100 µl 

MgCl2 (400 mM) 50 µl 

 

Table 6.20: Setting up IVT 

 

IVT reaction was carried out for 1 hour at 37 °C. The reaction was stopped by adding 

500 µl of 2X RNA loading dye to the mix. The products were run on a preparative 6% 

urea-acrylamide gel (Section 6.1.10.2). The RNA band of interest was identified by UV 

shadowing (Hassur and Whitlock 1974). The band was excised and RNA extracted from 

the gel using electro-elution in a Whatman Elutrap electroelution system kit 

(Thermofisher) running on 1x TBE (made with nuclease free H20). Elution fractions 

were collected every one-hour and the final time point taken at 5 or 6 hours after the 

beginning. The fractions were analyzed by running a 6% ureapolyacrylamide gel. 

Fractions containing pure RNA were concentrated using a 15 ml 3 kDa centrifugal 

filter, flash frozen in liquid nitrogen and stored in - 80°C until future use.  
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6.6 Biochemical assays 
 

6.6.1 In vitro cleavage and polyadenylation assays 

 

6.6.1.1 Polyadenylation assays of 5ʹ-FAM-CYC1-pc 

 

A 42 nt sequence from the 3ʹ UTR of CYC1 was chemically synthesized with a 5ʹ 6-

FAM fluorophore (IDT). This was the substrate RNA used in all the assays described in 

chapter 3 and 4. In vitro assays were carried out in a polyadenylation buffer that 

consisted of 10 mM HEPES pH 7.9, 150 mM KOAc, 2 mM Mg(OAc)2, 0.05 mM 

EDTA, 2% PEG (v/v) and 1 mM DTT. Sub-stocks of the purified proteins were made 

from their frozen stock in a standard buffer (50 mM HEPES pH 7.9, 150 mM NaCl, 1 

mM TCEP). The sub-stock concentration was 500 nM for polymerase module, Pap1 

and CPF, and 4 µM for the accessory factors CF IA and Rna14/Rna15. The reaction 

was assembled as follows: 

 

Component name Per reaction / time point  

Nuclease free water  up to 20 µl 

5X polyadenylation buffer  4 µl 

5ʹ-FAM-CYC1 (4 µM) 2 µl 

DTT (10 mM) 2 µl 

RiboLock (10 U/µl)  1 µl 

Accessory factors (4 µM) 2 µl 

Polymerase (500 nM) 2 µl 

ATP (20 mM) 2 µl 

 

Table 6.21: Setting up in vitro polyadenylation assays 

 

If a reaction with ten time points was to be performed (Figure 2.7), a 220 µl reaction 

mix was made. The assays were performed at 30 °C on a heat block. The reaction time 

point 'zero' was taken before the addition of ATP. At every time point, 20 µl of the 

reaction solution was removed from the master mix and mixed with 20 µl of 2x RNA 

loading dye. Products were analyzed by running on a 15% w/v ureapolyacrylamide gel 
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for 30 minutes at 400 V. The gel was imaged on a Typhoon FLA-7000 laser scanner 

(GE Healthcare).  

 

For assays with accessory factors (Figures 4.1, 4.2, 4.3, 4.4 and 4.5), the master mix 

containing 5ʹ-FAM-CYC1 was pre-incubated with equal molar amounts of accessory 

factors for 5 minutes before the addition of polymerase. For assays comparing the 

activity of Pap1 and the polymerase module variants, purified proteins were first 

resolved by 4–12% SDS-PAGE (Invitrogen) and visualized by staining with 

InstantBlue™ (Expedion) (Figure 2.5). 8 µl of 150 nM amounts of polymerase module 

variants (with and without Pap1) and isolated Pap1 were loaded per lane of the gel 

(Figure 2.5a). 3 µl of 500 nM amount of polymerase module variant and 3 µl of 1000 

nM amount of isolated Pap1 were loaded per lane (Figure 2.5b). Intensity of Pap1 bands 

were analyzed by Image J. After normalising for the intensity of Pap1, the proteins were 

further used in polyadenylation assay described in Figure 6 and 7.  

 

6.6.1.2 Cleavage and polyadenylation assays of CYC13ʹ-UTR, 5ʹ-CYC1-pc and 

5ʹ-CYC1-pc-A30 

 

The cleavage and polyadenylation assays shown in chapter 5 were performed in a very 

similar manner to section 6.6.1.1, barring a few modifications. The concentrations of the 

RNA substrate were 100 nM in all the assays, different from the earlier ones in section 

6.6.1.1. Secondly, the cleavage and polyadenylation reactions were stopped by adding 4 

µl of STOP solution (130 mM EDTA, 5% (w/v) SDS, 12 mg/ml proteinase K made in 

assay buffer) to 20 µl time reaction mix. The STOP reaction mix was incubated at 37 °C 

for 10 min, and on ice for 20 min before adding 24 µl of 2x RNA loading dye to it. 18 

µl of the final sample were loaded per well on a 15% w/v ureapolyacrylamide gel and 

run for 30 minutes at 400 V. The RNA used in the cleavage and polyadenylation assays 

were not fluorescently labelled. So the gels were visualized by staining with SyBr 

Green II and were imaged on a ChemiDoc XRS+ (BioRad). Third, the order of addition 

of the reaction components was different from that of table 6.21. In these assays, the 

substrate RNA was added in the end (before ATP). In case of cleavage only assays as 

shown in appendix 8.13, reaction was started by the addition of RNA in the end.  
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6.6.2 In vitro pull downs 

 

Bait proteins and complexes containing a StrepII-tag were diluted to a concentration of 

1.5 µM in pull-down buffer (10 mM HEPES pH 7.9, 150 mM NaCl, 0.5 mM 

Mg(OAc)2) containing 0.05% Tween-20. 100 µl of bait protein was mixed with 40 µl 

bed volume of StrepTactin resins (GE) and this mixture was topped up to 1 ml with 

pull-down buffer. The negative control reaction did not contain any bait protein added 

to the resins; instead only 100 µl buffer was added.  The binding reaction was carried 

out for 1 hour at 4°C. The unbound proteins (supernatant) were separated from the 

resins by centrifugation at 600g for 5 min. The supernatant was removed; the pelleted 

resins were washed with 1 ml of pull-down buffer. The wash step was repeated again. 1 

ml of pull-down buffer was added and the resins were mixed well. The slurry was split 

into four tubes. Each tube contained 10 µl bait-loaded resins in 250 µl pull-down buffer. 

20 µL of untagged prey proteins at 4 µM concentration were added to each of the four 

tubes. The second binding reaction was performed for 60 min at 4°C. The supernatant 

was removed by centrifugation; resins were washed four times with 1 ml pull-down 

buffer as described earlier.  Proteins were eluted from the resins by the addition of 4x 

LDS and incubation at 95°C for 2 min. The elution samples were analyzed by SDS-

PAGE. A 4%–12% gradient gel was used to run the samples in MOPS-SDS buffer at 

200 V for 50 min. Proteins were visualized by staining with InstantBlueTM (Expedeon). 

 

6.6.3 EMSA 

 

A 96-well plate was used to assemble the protein-RNA mixture. In a single well, 8 µl of 

purified protein was incubated with 1 µl of 500 nM RNA and 1 µl of 10x orange 

loading dye (0.4% w/v orange G, 1 mM EDTA pH 8, 50% v/v glycerol). In a similar 

manner, six wells in a row were filled with protein-RNA mix. The protein-RNA mix 

was incubated on ice for 20 minutes. The final concentrations of proteins were 0 nM, 

125 nM, 250 nM, 500 nM, 1 µM and 2 µM in each of the wells. The protein was diluted 

to various concentrations from the stock using a buffer (50 mM HEPES pH 7.9, 150 

mM NaCl, 1 mM TCEP) containing 1 U RiboLock Inhibitor (ThermoScientific). The 

sample from each of the wells was analyzed by running a native-polyacrylamide gel 

(6% [w/v] 19:1 acrylamide: bisacrylamide, 1xTBE) for 40 minutes at 100 V. The gel 

was imaged on a Typhoon FLA-7000 laser scanner (GE Healthcare).  
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6.6.4 Protein-RNA pull downs 

 

30 µl of StrepTactin Sepharose HP resin (GE) were washed with 1 ml of nuclease free 

H20, followed by 1 ml of polyadenylation buffer. Washes were separated from the 

StrepTactin resins by centrifuging at 600g for 5 min. To the resins, 56 µl of 268 nM 

purified CPF was added. The slurry was topped up to 300 µl with polyadenylation 

buffer. The binding reaction was performed for 45 min at 4 °C. The unbound CPF was 

removed by centrifugation and the resins washed once with 1 ml polyadenylation 

buffer. Care was taken not to leave the resins dry at any point of time during the entire 

procedure. Then 300 µl of the cleavage reaction mixture was added to the resins bound 

to CPF and the cleavage reaction performed for 10 min at 30 °C.  

 

Component name Total amount added  

  

1X polyadenylation buffer  454.2 µl 

RiboLock (40 U/µl)  15 µl 

DTT (60 mM) 30 µl 

CF IA (2.4 µM) 75 µl 

CF IB (10.4 µM) 17.4 µl 

CYC13ʹ-UTR (7.2 µM) 8.4 µl 

 

Table 6.22: Preparing the cleavage reaction mix 

 

The slurry is then centrifuged at 600g for 10 mins and supernatant removed. The resins 

are washed three times with 1 ml of polymerase buffer containing 0.01 % Tween-20. 20 

µl of 2x RNA loading dye are added to the resins to elute the protein-RNA complex. 

The control pull-down was performed alongside where there was no CPF used. 56 µl of 

polyadenylation buffer was used in the first bait-binding step instead.  
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6.6.5 Analytical Size Exclusion Chromatography  

 

6.6.5.1 Cross-linking of polymerase module 

 

12 µl of polymerase module (with two copies of Pap1) at 8.4 mg/ml (22 µM) was mixed 

with 88 µl of buffer J and 25 µl of BS3 at 10 mM concentration. The mixture was 

incubated on ice for 30 min. The reaction was quenched by addition of 25 µl of 

NH4HCo3. The cross-linked sample was loaded onto a Superose 6 Increase 3.2/300 

column using a 100 µl loop. The column was run at a flow rate of 0.06 ml/min.  

 

6.6.5.2 Interaction between Rna14/Rna15  

 

40 µl of purified polymerase module (without Pap1) at 29 µM was mixed with 50 µl of 

Rna14/Rna15 at 90 µM and 20 µl of buffer J. The mixture was incubated on ice for 15 

minutes. The mixture was loaded onto a Superose 6 Increase 3.2/300 column in a 100 µl 

loop. The column was run at a flow rate of 0.06 ml/min. The control experiment 

consisted of performing size exclusion chromatography of the following two samples: 

40 µl of polymerase module (without Pap1) at 29 µM mixed with 70 µl of buffer J; and 

50 µl of Rna14/Rna15 at 90 µM mixed with 60 µl of buffer J.  

 

The ternary complex of polymerase module, Rna14/Rna15 subunits and 5ʹ-FAM-CYC1-

pc were prepared as follows: 50 µl of purified polymerase module (without Pap1) at 40 

µM was mixed with 25 µl of purified Rna14/Rna15 at 100 µM, 10 µl of 5ʹ-FAM-CYC1-

pc at 100 µM and 25 µl of 50 mM HEPES pH 7.9, 175 mM NaCl, 1 mM TCEP. The 

mixture was incubated on ice for 30 min. Size exclusion chromatography was 

performed as mentioned in the previous paragraph.  
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6.7 Electron microscopy studies 

 

6.7.1 Negative stain electron microscopy 

 
The following were the samples assessed by negative stain electron microscopy in this 

dissertation: the three polymerase module variants and recombinant CPF. Uranyl acetate 

(1.5% w/v) solution was used as a stain in making the samples. The stain was filtered 

using a 0.22 µM syringe filter before use in grid making. The final concentration of the 

protein samples while making the grids were as follows: 

130 nM polymerase module (with one Pap1), 100 nM polymerase module (without 

Pap1), 100 nM polymerase module (With two Pap1s) and 30 nM rCPF. Continuous 

carbon grids CF400-Cu-UL (EMS) were used to make sample for negative stain EM. 

The grids were glow-discharged for 30 s before 3 µl of freshly purified proteins (at the 

aforementioned concentrations) were added to the surface of the grids. The proteins 

were allowed to adsorb on the grids for 45 seconds. Using a pointed tip of a whatman 

filter paper, the protein droplet is blotted. The surface of the grid containing the 

adsorbed proteins is immersed on to a 40 µl drop of uranyl acetate placed on a clean 

strip of parafilm tape (Partec Premium). After 15 seconds, the grid is moved on to a 

nearby 40 µl drop and immersed for 15 more seconds. The drop of uranyl acetate is 

removed by blotting with a pointed tip of a whatman filter paper. The grids are now 

ready for imaging in the microscope. Micrographs were acquired on a Tecnai Spirit 

microscope (FEI) operating at 120 keV. Images were recorded on a Ultrascan 1000 

CCD camera (Gatan). The polymerase module data set was collected at 21,000x 

magnification. A total of 133 and 120 micrographs were acquired for the polymerase 

module without Pap1 and with Pap1 respectively. For the polymerase module, particle 

picking was done using E2boxer swarm software (Tang et al. 2007) and subsequent data 

processing was done using Relion 1.4 (Scheres 2012). In order to clean the data sets, 

several rounds of reference-free 2D classification was performed. Finally, the 2-D 

classes shown in Figure 2.9a contained 6068 particles for the polymerase without Pap1 

and 3363 particles for the sample polymerase with Pap1. A featureless spherical blob 

was used as the initial model to perform 3D refinement (Figure 2.9b).  

 

Whereas for rCPF, a larger data set consisting of 472 micrographs were collected at 

−1.78 µm defocus and with a total electron dose of ~ 30 e-/Å2 over 1 s. All the data 
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processing including particle picking were done in Relion 2.0. Owing to inherent 

sample heterogeneity, I did not preceded further with data processing beyond 

preliminary 2D classification.  

 

6.7.2 Electron cryomicroscopy 

 

Cryo-EM analyses of four different samples are presented in this dissertation - 

polymerase module (without Pap1), polymerase module (with Pap1), cross-linked 

polymerase module (with two Pap1s) and a ternary complex of polymerase module, 

Rna14/Rna15 and CYC1 RNA.  

 

6.7.3 Sample screening  

 

Ultrastable gold supports (UltraAuFoil R1.2/1.3) grids were used for preparing all the 

samples (C. J. Russo and Passmore 2014). Only protein complexes freshly eluted from 

size exclusion column were vitrified on cryo-EM grids. No frozen materials were used. 

Aliquots of 3 µl of sample were applied onto glow-discharged gold grids. There was no 

specified waiting time between sample application and blotting.  Blotting was done for 

3 s with a blot force of -10 and using filter papers that were pre-incubated in the 

Vitrobot chamber 40 minutes prior to the start of the grid making session. The grids 

were plunge-frozen in liquid ethane using an FEI Vitrobot MKIII, at 100% humidity 

and 4 °C. The grids were stored in liquid nitrogen until further use. Preliminary 

screening of the sample was done in a FEI Tecnai G2-F20 using a model 626 70° tilt 

cryo-holder at liquid nitrogen temperatures. During screening, I was looking for grids 

that resulted in micrographs with well-separated and homogenous particles. Replica of 

such grids were used in collecting larger data sets on a FEI Titan Krios.   

 

6.7.4 Data acquisition and image processing 

 

For the preliminary cryo-EM analysis of polymerase module (without Pap1), 

micrographs were collected on FEI Titan Krios microscope (MRC LMB, Krios 2) 

operated at 300 keV equipped with a Falcon-II direct electron detector (FEI). Data was 

collected at a magnification of 47000x and a calibrated pixel size of 1.77 Å. Images 

were recorded over 2.3 seconds with a total dose of ~ 40 e– /Å2 in linear mode. Two 
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data sets were collected with 722 micrographs in the first one and 651 in the second. 

Both the data sets were collected in the same microscope under similar imaging 

conditions.  The data sets were processed separately and the particles were merged 

together after several rounds of 2D classification of the individual data sets (Figure 11). 

A mask diameter of 180 Å and a box size of 130 pixels were used.  

 

The structure determination of polymerase module was performed together with Ana 

Casañal. For subsequent cryo-EM studies of polymerase module, a large data set 

consisting of 4,227 micrographs were collected on a FEI Titan Krios equipped with a 

K2 detector. An energy filter (Gatan Imaging Filter) with a slit width of 20 eV was used 

to improve the signal to noise in the final images. 3,413 micrographs were collected 

over three two-day session at MRC LMB (Krios 2) with a calibrated pixel size of 1.4 Å, 

and 814 micrographs were collected at Diamond Light Source (DLS) electron Bio-

Imaging Centre (eBIC) with a calibrated pixel size of 1.27 Å. Movies (consisting of 20 

frames) were recorded in superresolution mode over 16 s (0.8 s per frame).  The total 

electron dose was 45 e– /Å2.  Images were collected over a defocus range of 1.5–3.5 

µm. All data processing was performed in RELION-2 (Kimanius et al. 2016). 

MotionCor 2 embedded within RELION-2 was used to correct for the beam-induced 

motion (Zheng et al. 2016). A 3D model of full CPF from an earlier study in the lab 

(Casañal et al. 2017b), was low-pass filtered to 40 Å and was used as an initial model to 

perform 3D refinements. The two data sets were processed individually until the 3D 

refine step, the individual maps were compared in Chimera (Pettersen et al. 2004) to 

calculate a scaling factor (appendix 8.3). The scaling factor was then used to re-scale 

the micrographs collected at Diamond to 1.4 Å pixel size in RELION-2. The re-scaled 

data set was processed further. RELION-2 was used to perform particle polishing and 

per-frame B-factor weighting independently for each dataset. These shiny particles from 

the original LMB and re-scaled Diamond data sets were combined resulting in 460,167 

particles in total. This was subjected to further data processing as described in Figure 

2.13.  The final polymerase module map had an overall resolution of 3.5 Å. The 

resolution estimation was based on the gold standard Fourier shell correlation (FSC) at 

0.143. The FSC is obtained from comparisons between two independently refined half-

sets. Local resolution map was estimated in RELION-2. It is worth noting that a small 

data set using Quantifoil R1.2/1.3 grids coated with graphene oxide was also collected 

in addition to the above two data sets. It was rationalized that the use of such supports 
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would enable us to get more rare views in the 3D reconstruction. However it did not 

result in additional views.  

 

For the sample of polymerase module containing Pap1, and cross-linked polymerase 

module containing two copies of Pap1, data was collected on a FEI Titan Krios 

microscope operated at 300 keV with a Falcon-III direct electron detector (FEI).  

 

A total of 852 micrographs containing polymerase module with Pap1 were acquired at a 

magnification of 47000x corresponding to a calibrated pixel size of 1.77 Å, and in linear 

mode. The total electron dose was ~ 35 e– /Å2.  628 micrographs were chosen for 

further data processing after manually removing the bad micrographs after CTF 

estimation. Gctf embedded in RELION-2 was used in the CTF estimation (Zhang 

2016). A mask diameter of 200 Å and a box size of 140 pixels were used in the data 

processing. A total of 216,375 particles were extracted and subjected to 2D 

classification. 

 

A total of 116 micrographs of cross-linked polymerase module containing two copies of 

Pap1 were collected at a magnification of 59000x corresponding to a calibrated pixel 

size of 1.33 Å. Movies (consisting of 75 frames) with 60 s exposure time and a total 

electron dose of ~ 25 e– /Å2 were recorded while the camera was operating in counting 

mode. 50,471 particles were extracted from the micrographs and subjected to reference 

free 2-D classification with a mask diameter of 220 Å and a box size of 150 pixels.  

 

For the sample of the ternary complex, 644 micrographs were collected on a FEI Titan 

Krios microscope (MRC LMB, Krios 1) operated at 300 keV with a Falcon-III direct 

electron detector (FEI). Images were collected at a magnification of 59000x 

corresponding to a calibrated pixel size of 1.37 Å and in linear mode with a total 

electron dose of ~ 52 e– /Å2. 132,717 particles were extracted from the micrographs 

and subjected to reference free 2-D classification with a mask diameter of 260 Å and a 

box size of 220 pixels.  

 

6.7.5 Model building and refinement of Cft1-Pfs2-Yth1 subunits 

 

Homology models of Cft1 and Pfs2 from Phyre2 (Kelley et al. 2015) along with the 

crystal structure of DDB1 and DDB2 subunits (PDB 3EI3) were used in building Cft1 



 

 237 

and Pfs2 atomic models. In total, Cft1 and Pfs2 homology models contained four beta-

propellers. Each beta-propeller domains were fitted into the map and refined using 

jiggle fit and morphing in Coot (Emsley et al. 2010). At this point, it was uncertain 

where Yth1 and Fip1 residues could fit into the map. The shape of the remaining un-

modeled density resembled that of a zinc finger domain. The ZnF2 from the crystal 

structure of the ZnF 2 and 3 of CPSF30 (PDB 2RHK) was used in molecular 

replacement. This resulted in assignment of the un-modeled density to Yth1 ZnF 1 and 

2. However, there was no additional density where Fip1 residues could be modeled. The 

final model consisting of Cft1-Pfs2-Yth1 was refined with Refmac v.5.8 (Nicholls, 

Long, and Murshudov 2012; Brown et al. 2015) and phenix.refine (Afonine et al. 2012). 

The model was validated with MolProbity (V. B. Chen et al. 2010).  
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6.8 Biophysical techniques 

 

6.8.1 Protein and nucleic acid quantification 

 

UV spectrometry on a NanoDrop ND- 1000 spectrophotometer (Thermo Scientific) was 

used to measure protein and nucleic acid concentrations. Absorbance at 280 nm for 

proteins and 260 nm for nucleic acids were used to estimate concentrations along with 

the extinction coefficients presented in the following table:  

 

Protein Extinction coefficient 

(M-1 cm-1) 

Molecular mass  

(kDa) 

Pap1 63830 65 

Polymerase 

module+0Pap1 

245700 273 

Polymerase 

module+1Pap1  

309530 337 

Polymerase 

module+2Pap1 

373360 402 

Polymerase 

module+1Cft2 

330960 369 

CF IA 417710 348 

Rna14/Rna15 291080 225 

Pcf11/Clp1 126630 122 

Core-CPF 477070 571 

Full CPF 676360 860 

Ysh1/Mpe1 82280 137 

 

Table 6.23: Extinction coefficients of protein complexes studied in this dissertation 
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RNA Extinction coefficient 

(mM-1 cm-1) 

Length  

(nucleotides) 

CYC13ʹ-UTR  3272 259 

5ʹ-CYC1-pc  2295 181 

5ʹ-CYC1-pc-A30 2757 211 

5′-UTR MFA2 3′-UTR   5310 417 

GCN4 3′-UTR 3804 
300 

 

Table 6.24: Extinction coefficients of RNA used in this dissertation 

 

6.8.2 Tandem mass spectrometry 

 

The protein complex being studied is analyzed by SDS-PAGE and the individual 

subunits are separated. The gel is stained using InstantBlue™ (Expedion) for 30 

minutes. The gel was placed on a sterile Saran wrap (pre-cleaned with 70% ethanol), the 

desired band of interest was excised using fresh blades. The bands are stored in a 1.5 ml 

eppendorf tube with a few µl of milliQ H2O. Farida Begum from the LMB mass 

spectrometry facility performed all further steps. The band was destained, reduced, 

alkylated and digested in-gel by trypsin. Liquid chromatography coupled with tandem 

mass spectrometry was performed. The acquired data was searched against a protein 

database using the Mascot search engine. The data was analyzed using Scaffold 

(Proteome software).  

 

6.8.3 Cross-linking mass spectrometry  

 

Gianluca Degliesposti from the LMB mass spectrometry facility performed all the 

cross-linking mass spectrometry experiments. The cross-linking reaction was performed 

using purified polymerase module (with and without Pap1) or polymerase module (with 

and without Rna14/Rna15) at a concentration of 1 mg/ml proteins resuspended in 50 

mM HEPES pH 7.9 buffer. For the former samples, BS3 (Creative Molecules, Canada) 

was used at 600 µM concentration to chemically cross-link lysine, whereas the latter 

samples were cross-linked by N-hydroxysuccinimide (NHS) esters disuccinimidyl 

dibutyric urea (BuUrBu also known as DSBU). The cross-linking reaction was 
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performed at 45 min at 37 °C; the reaction quenched by addition of 50 mM ammonium 

carbonate and incubation for 15 min. The cross-linked samples were freeze-dried, 

reduced and alkylated. Trypsin digestion was carried out over night at 37 °C. The 

digests were run on a Superdex Peptide 3.2/300 (GE Healthcare) and the collected 

fractions were exchanged into 2% v/v acetonitrile and 2% v/v formic acid. Next, nano-

scale capillary LC-MS/MS was carried out using an Ultimate U3000 HPLC 

(ThermoScientific Dionex, San Jose, USA). A C18 Acclaim PepMap100 nanoViper 

(ThermoScientific Dionex), trapped and separated the peptides. A gradient of 

acetonitrile was used to elute the peptides. The column outlet was connected to a hybrid 

dual pressure linear ion trap mass spectrometer (Orbitrap Velos, ThermoScientific) 

through a nano-flow electrospray ionization source. With a resolution of 30,000, data 

dependent analysis was carried out for the full MS spectrum and ten MS/MS. MS 

spectra were obtained across a m/z range of 300–2000 and a threshold energy of 35 for 

collision-induced dissociation. 

 

MS data were analysed with XQuest (Rinner et al. 2008) and MeroX (Götze et al. 2015) 

according to the XL reagent used (BS3 --> XQuest, DSBU --> MeroX. Searches were 

carried out against a database containing all the polymerase module, Rna14 and Rna15 

sequences plus their reversed sequences used as decoy for the calculation of false 

discovery rate. Each MS/MS spectra was manually inspected and validated. 

 

6.8.4 HDX 

 

Sarah Maslen from the LMB mass spectrometry facility performed all the HDX 

experiments. Deuterium exchange reactions of polymerase module (with and without 

Pap1), complex of polymerase module with Rna14/Rna15 were initiated by diluting the 

complexes in D2O (99.8% D2O ACROS, Sigma, UK) in 50 mM HEPES pH 7.9, 150 

mM NaCl, 1mM TCEP to give a final D2O percentage of ∼95%. Deuterium labeling 

was carried out at 23°C and at four time points, 0.3 s (3 s on ice), 3 s, 30 s and 300 s in 

triplicate. Chilled 2.4% v/v formic acid in 2 M guanidinium hydrochloride is used to 

quench the reaction. The samples are immediately frozen in liquid nitrogen and stored 

at −80°C for further analysis. The samples were thawed and proteolytic digestion was 

performed with pepsin. The digested peptides were separated by reverse phase HPLC 

(Acquity UPLC BEH C18 column 1.7 µm, 100 mm x 1 mm, Waters, UK). Peptide 

detection was carried out over a over a m/z of 300–2000 on a SYNAPT G2-Si HDMS 
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mass spectrometer (Waters, UK). The source temperature of the spectrometer was 80°C 

and spray voltage 2.6 kV. Spectra were collected in positive ion mode. Peptide 

identification was performed as described in Silva et al, 2005. DynamX software was 

used for peptide identification and analysis. Back-exchange of deuterium from the 

amide into the buffer was not corrected for. Only relative (not absolute) deuterium 

incorporation levels were measured. The HD exchange in a peptide could stem from 

either a single amide or multiple amides within the peptide.  

 

6.8.5 NMR 

 

Conny Yu from the NMR facility performed all the NMR experiments and the SEC-

MALS. Isotopically-labeled proteins were overexpressed in M9 minimal medium 

containing 1.7g/L yeast nitrogen base (Sigma Y1251), 1g/L 15NH4Cl and for 3D-

experiments additionally [13C]-glucose. All experiments, including binding studies, 

were carried out in the same buffer (50 mM HEPES pH 7.4, 150 mM NaCl, 5% D2O). 

For backbone assignment experiments, data were collected at 278 K using Bruker 

Avance II+ 700 MHz for optimal signal-to-noise and protein stability. Assignment was 

transferred to 298K for binding studies, by following the chemical shift perturbation in 

5K intervals.  

 
1H-15N BEST–TROSY (Band Selective Excitation short Transients Transverse 

Relaxation Optimized SpectroscopY) experiments were collected with an in-house 

optimized pulse sequence (Favier and Brutscher 2011; Schanda, Van Melckebeke, and 

Brutscher 2006).  

 

Assignment of backbone amide peaks was completed using standard triple resonance 

spectra: HNCO, HN(CA)CO, HNCA, HN(CO)CA, HNCACB and CBCACONH. An 

HN(COCA)NNH spectra was collected to confirm backbone assignment. Backbone 

datasets were acquired using non-uniform sampling protocols and processed with 

qMDD using compressed sensing reconstruction (Kazimierczuk and Orekhov 2011).  

 

All spectra were processed using Topspin 3.5 and analyzed with NMRFAM-Sparky 

1.412, with assignment aided by MARS (Jung and Zweckstetter 2004). 
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Weighted chemical shift perturbations were calculated using the equation 

√(Δδ1H)2+(0.2(Δδ15N)2) with Δδ1H and Δδ15N being the chemical shift differences 

between free and bound states. Secondary structure was derived from 13C chemical 

shifts of Ca, Cb and Co using TALOS (Shen et al. 2009; Shen and Bax 2013). 

 

6.8.6 SEC MALS 

 
100 µl of Yth1:Fip1 complex at 4 mg/ml was injected onto a Superdex 75 increase 

10/300gl (GE) column. The run was carried at 0.5 ml/min. An Agilent 1200 series LC 

system with an on-line Dawn Helios ii (Wyatt), a QELS+ module (Wyatt) and an 

Optilab rEX differential refractive index detector (Wyatt) was used. QELS module was 

used to replace the detector 12 in the light scattering cell.  
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6.9 Bioinformatics  

 

6.9.1 Sequence analysis 

 

Balaji Santhanam from the Babu lab performed the sequence analysis of the interaction 

surface between Pfs2 and Cft1. Orthologs of Pfs2 and Cft1 were identified by PSI-

BLAST and JackHMMER (Johnson, Eddy, and Portugaly 2010). MSAProbs (Liu, 

Schmidt, and Maskell 2010) was used to make multiple sequence alignments that were 

then refined based on PSI-BLAST and JackHMMER profiles and DSSP (Kabsch and 

Sander 1983; Touw et al. 2015) secondary structures assignments. The equivalent 

interaction residues between Cft1 and pfs2 orthologs in humans were identified based 

on the multiples sequence alignment file. The BLOSUM6 scores for the interaction 

mediating residues in yeast and humans were analysed. Any score above zero was 

regarded as conserved. The interaction was visualized using Cytoscape (Cline et al. 

2007; Shannon et al. 2003).  

 

6.9.2 Structural analysis 

 

Electrostatic surface potentials were calculated by solving the Poisson– Boltzmann 

equation at pH 7.  The APBS plugin in PyMOL was used for the calculation (Baker et 

al. 2001). Hydrophobic surface representation was performed using the color_h.py 

script obtained from the Laboratory of Supramolecular Crystallography, Institute for 

Protein Research, Osaka University.  

 

All solvent atoms and ligands were removed from Pap1 and Cft1 structures (PDB: 

1FAO, 6EOJ). Docking was performed with HADDOCK 2.2 (van Zundert et al. 2016). 

For preparation of ambiguous interactions restraints, the Cft1 residues K609, K1330, 

K1325 and Pap1 residues K 183 and K536 were specified as active. For both molecules, 

passive residues were defined automatically within a 6.5 Å radius of active residues.  

 

Structures used in Figures were rendered in PyMOL (Schrödinger LLC). Figures of EM 

maps were rendered in Chimera (Pettersen et al. 2004). 
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Appendix 8.1: Yeast and human CPF subunits 
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Appendix 8.2: DQE measured as a function of spatial frequency for different 

detectors. (Adapted from McMullan et al, 2014) 
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Appendix 8.3: Workflow for merging cryo-EM data sets from different 

microscopes. The original micrographs from the Diamond data set are rescaled and 

the particles extracted from these rescaled micrographs are merged with particles 

from the LMB data set. Further processing can be carried out using standard 

procedures. 

Data set from Diamond Data set from MRC-LMB

Particles from
data set 1

Particles from
data set 2

Motion correction

CTF estimation

Particle picking

Particle extraction

Motion correction
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Particle picking

Particle extraction

Compare 3D map

Calculate scaling 
factor

Rescaling

Join particles

Merged data
processing 

Processing Processing

Map 1 Map 2

Rescale 
micrographs

Redo CTF

Rescale 
coordinates
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particle
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particle
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Appendix 8.4: Cryo-EM data collection and statistics of refinement. 

 

 

Data Collection

Pixel size (Å)
Defocus (µm)
Voltage (keV)
No. of particles
Electron dose (e-/Å2)

1.4
1.5 - 3.5

300
77,917

45

13,745
1,717

2

3.5
-120
0.78
0.38

Model composition

Model refinement

Non-hydrogen atoms
Protein residues
Zinc ions

Resolution (Å)
Average B-factor (Å2)
Fourier shell correlation 
Rfactor

Bonds (Å)
Rfactor (°)

Molprobity score
Clash score, all atoms
Good rotamers (%)

Favoured (%)
Outliers (%)

RMS deviations

Validation

Ramachandran plot

0.0067
1.26

2.92
11.73
91.78

86.19
2.06
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Appendix 8.5: Protein disorder prediction using PrDOS. Plots demonstrating the 

probability of disorder against amino acid residue for Pfs2, Yth1, Fip1 and Cft1. Plots 

were generated using PrDOS (Ishida and Kinoshita 2007). The false positive rate is 5%. 
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Appendix 8.6: Conservation of yeast Cft1–Pfs2 interactions in human CPSF160–

WDR33. Residues mediating Cft1 and Pfs2 interactions are listed. The interactions 

include salt bridges or hydrogen bonds; van der Waals contacts; and hydrophobic 

contacts. Shown in orange and green dotted lines are equivalent residues from the 

human orthologs. Thick and dark grey lines represent the conserved interactions 

between yeast and humans. Also shown in thin, light grey lines are non-conserved 

interactions. 
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Appendix 8.7: Amino acids involved in protein-protein cross-linking, identified by 

mass spectrometry. 

Intra-protein 
crosslinks mapped 
on to the structure

Inter-protein 
crosslinks mapped 
on to the structure

Cft1_K685 Cft1_K689 9.5   
Cft1_K842 Cft1_Y1266 22.2   
Cft1_K926 Cft1_K1002 27.4   
Cft1_K930 Cft1_K1002 15.5   
Cft1_K930 Cft1_S1000 13.4   
Cft1_K933 Cft1_K1002 9.3   
Cft1_Y941 Cft1_K1006 10.01   
Cft1_K942 Cft1_S959 10.2   
Cft1_K942 Cft1_K962 4.9   
Cft1_K942 Cft1_K1006 13.5   
Cft1_K942 Cft1_K1011 14.5   
Cft1_S959 Cft1_K1006 9.3   
Cft1_K942 Cft1_S1013 14.6   
Yth1_K44 Yth1_K54 15   
Yth1_K44 Yth1_K64 23.5   
Pap1_K53 Pap1_K128 15   
Pap1_K70 Pap1_K109 11.8   
Pap1_K183 Pap1_K290 27   
     
Cft1_S1027 Yth1_K54 16   
Cft1_K1028 Yth1_K54 15.3   
Pfs2_K210 Yth1_K44 32.8   
Cft1_K184 Cft1_K189 N/A   
Cft1_K184 Cft1_K224 N/A   
Cft1_K184 Cft1_K1330 N/A   
Cft1_K186 Cft1_S198 N/A   
Cft1_K189 Cft1_S198 N/A   
Cft1_S416 Cft1_K440 N/A   
Cft1_S591 Cft1_K609 N/A   
Cft1_Y585 Pap1_K5 N/A   
Cft1_K609 Pap1_K183 N/A   
Cft1_K1330 Pap1_K183 N/A   
Cft1_K1325 Pap1_K536 N/A   
Cft1_K1011 Pfs2_K25 N/A   
Cft1_K1104 Pfs2_K25 N/A   
Cft1_K1104 Pfs2_Y26 N/A   
Cft1_K1330 Pfs2_S207 N/A   
Cft1_K1330 Pfs2_K210 N/A   
Cft1_K1330 Pfs2_Y393 N/A   
Cft1_S1027 Yth1_K145 N/A   
Cft1_K1028 Yth1_K145 N/A   
Cft1_K1330 Yth1_K44 N/A   
Cft1_S591 Fip1_K44 N/A   
Cft1_S591 Fip1_K47 N/A   
Cft1_S591 Fip1_K148 N/A   
Cft1_K609 Fip1_K126 N/A   
Cft1_S1027 Fip1_K148 N/A   
Cft1_S1349 Fip1_K148 N/A   
Pap1_K34 Pap1_S38 N/A   
Pap1_S344 Pap1_K536 N/A   
Pap1_K527 Pap1_K536 N/A   
Pap1_K432 Pap1_K536 N/A   
Pap1_K536 Pap1_K546 N/A   
Pap1_K536 Pap1_K549 N/A   
Pap1_K536 Pap1_S550 N/A   
Pap1_K290 Pfs2_Y393 N/A   
Pap1_K290 Pfs2_K396 N/A   
Pap1_K183 Yth1_K44 N/A   
Pap1_K290 Yth1_K44 N/A   
Pap1_K290 Yth1_54 N/A   
Pap1_K34 Fip1_K44 N/A   
Pap1_K290 Fip1_S121 N/A   
Pap1_K290 Fip1_K148 N/A   
Pap1_K290 Fip1_K219 N/A   
Pap1_K292 Fip1_K148 N/A   
Pfs2_Y26 Yth1_K76 N/A   
Pfs2_K244 Yth1_K44 54.4   
Pfs2_S453 Yth1_K76 N/A   
Fip1_S38 Fip1_K47 N/A   
Fip1_K44 Fip1_K47 N/A   
Fip1_K44 Fip1_S50 N/A   
Fip1_K148 Fip1_K219 N/A   
Fip1_S152 Fip1_K219 N/A   
Fip1_K219 Yth1_K182 N/A   
Fip1_K219 Yth1_K191 N/A   
Fip1_K219 Yth1_K196 N/A   
Yth1_K182 Yth1_K191 N/A   
Yth1_K182 Yth1_K196 N/A   

Protein 1 Protein 2 Distance (Å) pAm pAm + Pap1
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Appendix 8.8: SEC-MALS profile of Yth1/Fip1 complex with excess Fip1. The 

theoretical molecular masses for Yth1 (118-208) and Fip1 (180-220) are 6.2 and 5 kDa 

respectively. 

 

 
 

Appendix 8.9: Nuclease-phosphatase module is not sufficient to cleave mRNA 3' 

end  (a) SDS-PAGE showing purified nucleo-phosphatase after size exclusion 

chromatography that was used in the assay. (b) Cleavage and polyadenylation assay of 

purified nucleo-phosphatase analyzed by denaturing urea-PAGE.  The control reaction 

was performed with rCPF. CYC1 is the substrate RNA. Cleavage products are 5ʹ- CYC1 

(in orange) and CYC1-3ʹ (in pink).   
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Appendix 8.10: Frozen and thawed rCPF behaves similar to fresh rCPF on a size 

exclusion column (a) Chromatogram of frozen and thawed rCPF run on a Superose 6 

Increase 3.2/300 column in SEC buffer. (b) The peak fractions were analyzed using 

SDS-PAGE. 

 

 
 

Appendix 8.11: Testing the functional activity of rCPF.  Coupled cleavage and 

polyadenylation assay of purified rCPF analyzed by denaturing urea-PAGE. The activity 

of the sample after anion exchange column was compared to the sample after size 

exclusion. CYC1 is the substrate RNA. Cleavage products are 5ʹ-CYC1(in orange) and 

CYC1-3ʹ (in pink). The cleaved 5ʹ-CYC1 gets hyper-polyadenylated. 
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Appendix 8.12: CPF cannot cleave GAL7 3ʹ UTR.  Coupled cleavage and 

polyadenylation assay of native CPF analyzed by denaturing urea-PAGE.  It is found that 

CPF cannot cleave GAL7 RNA. Cleavage products are 5ʹ-GAL7 (in dark brown) and 

GAL7-3ʹ (in light brown). * denotes non-specific cleavage. The reaction contained both 

CF IA and CF I B, in addition to CPF. 

 

 

 
 

Appendix 8.13: Introducing new substrate RNAs to study 3ʹend processing.  (a) 

The products of the in vitro transcription (IVT) reaction of GCN4 3ʹUTR and MFA2 

RNA are analyzed by denaturing urea-PAGE along with the purified fractions from 

electroelution. (b) Cleavage assay of GCN4 and MFA2 are analyzed by denaturing urea-

PAGE. GCN4 undergoes cleavage at it’s major poly(A) site to yield downstream 

(magenta) and upstream (blue) products of 203 nt and 97 nt respectively.  Whereas 

MFA2 RNA contains multiple cleavage sites and the cleaved RNA products are 

depicted in yellow and two different shades of green. 
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