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ABSTRACT 
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Title: Characterizing the Role of the DEAD-box Protein Dbp2 in RNA Structure Remodeling and 

Pre-mRNA Processing 
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RNA helicases are found in all kingdoms of life, functioning in all aspects of RNA biology 

mainly through modulating structures of RNA and ribonucleoprotein (RNP) complex. RNA 

structures have fundamental impacts on steps in gene expression, including transcription, pre-

mRNA processing, and translation. However, the precise roles and regulatory mechanisms of RNA 

structures in co- and post-transcriptional processes remain elusive. By probing genome-wide RNA 

structures in vivo, a recent study suggested that ATP-dependent factors, such as RNA helicases, 

maintain the actively unfolded state of RNAs. Among all RNA helicases, DEAD-box proteins 

form the largest family in eukaryotes, and have been shown to remodel RNA/RNP structures both 

in vitro and in vivo. Nevertheless, for the majority of these enzymes, it is largely unclear what 

RNAs are targeted and where they modulate RNA/RNP structures to regulate co-transcriptional 

processes. To fill the gap, my research focused on identification of the RNAs and structures 

targeted by the DEAD-box protein Dbp2 in S. cerevisiae to uncover the cellular processes that 

Dbp2 is involved in. 

My studies revealed a role of Dbp2 in transcriptional termination. Dbp2 binds to ~34% of 

yeast mRNAs and all snoRNAs, and loss of DBP2 leads to a termination defect as evidenced by 

RNA polymerase II (RNAPII) accumulation at 3’ ends of these genes. In addition, the binding 

pattern of Dbp2 in mRNAs is highly similar to Nrd1 and Nab3 in the Nrd1-Nab3-Sen1 (NNS) 

termination complex, and deletion of DBP2 leads to reduced recruitment of Nrd1 to its target 

genomic loci. In Dbp2 and NNS targeted 3’ UTRs, RNA structural changes resulted from DBP2 

deletion also overlap polyadenylation elements and correlate with inefficient termination, and loss 

of stable structure in the 3’ UTR bypasses the requirement for Dbp2. These findings lead to a 

model that Dbp2 promotes efficient termination of transcription through RNA structure 

remodeling. 
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Interestingly, my research also revealed the requirement of DBP2 for efficient splicing, as 

loss of DBP2 leads to accumulation of unspliced pre-mRNAs. Moreover, this function is 

dependent on the helicase activity of Dbp2. Further studies are needed to characterize the 

molecular mechanism of how Dbp2 facilitates splicing in cells. Overall, my research demonstrated 

that DEAD-box RNA helicases remodel mRNA structure in vivo and that structural alteration can 

be essential for proper gene expression.  
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CHAPTER 1. INTRODUCTION 

1.1 Biological relevance of RNA structures 

RNA molecules can form complex secondary and tertiary structures in cells. RNA structures 

have been shown to impact multiple steps in RNA metabolism, from transcription to translation 

and decay of RNAs (1, 2). For example, formation of secondary structure near splice sites of pre-

mRNAs has been reported to prevent the recognition of the splicing signals by small nuclear RNAs 

(snRNAs) or small nuclear ribonucleoproteins (snRNPs), thereby inhibiting splicing (3–6). 

Folding of introns, on the other hand, can promote splicing by bringing two splice sites to close 

proximity (7–9). Moreover, in translation, RNA structures near translational start sites hamper 

initiation (10–13). Several recent genome-wide studies indicated negative correlation between the 

level of RNA structures around translational start site and the efficiency of translation (14–17). In 

the coding region, RNA structures also modulate the level of protein expression, presumably 

causing ribosome pausing and facilitating co-translational protein folding (18–20). Furthermore, 

folding of RNAs contributes to RNA stability, as RNA structures at mRNA 3’ ends inhibit 

degradation by exosome (21).   

RNA structures also have great impact on RNP assembly. Folding of RNA molecules 

influences the recognition by RNA-binding proteins (RBPs). Specifically, formation of RNA 

structures can hinder the assembly of mRNA-protein complexes since many mRBPs usually target 

single-stranded RNAs (22, 23). Some RNA structural motifs have also been shown to recognized 

by specific RBPs and dictate the localization of mRNAs (24, 25). As a consequence, the metabolic 

fate of a transcript can be affected by RNA structures that regulate protein binding on the RNA. 

Thus, the dynamic folding of RNA transcripts adds another layer of regulation to gene expression. 

However, the specific effects and regulators of RNA structures in eukaryotic co- and post-

transcriptional processes remain largely unknown. 

One RNA molecule can often be folded into multiple thermodynamically favored 

conformations. However, for the RNA to perform its function properly, formation of other non-

functional, yet stable, structures have to be prevented or resolved. Potential candidates for solving 

this RNA folding problem in vivo are RNA chaperones, including RNA helicases, which can bind 

and remodel RNAs (26, 27). By probing genome-wide RNA structures in vivo, a recent study also 
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suggested that ATP-dependent factors, such as RNA helicases, maintain the actively unfolded state 

of RNAs (28). Therefore, to better understand the biological function of RNA structures and their 

regulators, identification of the enzymatic targets of RNA helicases becomes the next critical step 

in the field. 

1.2 Biological activities of DEAD-box helicases 

RNA helicases are found in all kingdoms of life, playing central roles in all aspects of RNA 

metabolism (29). They have a conserved helicase core which is responsible for ATP binding, 

hydrolysis, and RNA binding (30). Among them, DEAD-box proteins constitute the largest RNA 

helicase family, with 4 members in E. coli, 26 in Saccharomyces cerevisiae, and 37 in human (31). 

They are characterized by the Asp-Glu-Ala-Asp (D-E-A-D) motif in the helicase core (32). Some 

of them have additional N-terminal or C-terminal domains, contributing to specific functions of 

different DEAD-box proteins (33). Many DEAD-box helicases have been shown to be involved 

in steps of gene expression, including transcription, splicing, export, translation, and RNA decay 

(30). Importantly, several human DEAD-box proteins have also been implicated in a variety of 

diseases and cancer development (34, 35). 

Most DEAD-box helicases have an ATP-dependent RNA-unwinding activity in vitro. Some 

of them also display an RNA annealing activity that does not require ATP (36). Although non-

processive, this duplex unwinding activity has been demonstrated to be functional in several RNA 

processing steps. For example, Mss116 in S. cerevisiae serves as an RNA chaperone, assisting the 

folding of functional group I and II introns by disrupting misfolded structures (37–39). DEAD-

box helicases, including DDX5 and DDX17, have also been reported to unwind secondary RNA 

structures and thereby regulate alternative splicing and/or miRNA processing (40–43). In addition, 

the RNA remodeling activity is critical for translation. Particularly, several DEAD-box helicases 

have been found to resolve structures in 5’ UTR to facilitate the initiation of translation and 

ribosome scanning (44–46). These examples elucidate that the RNA remodeling activity plays a 

critical role in gene expression, yet the enzymatic targets of the majority of DEAD- box family 

remain uncharacterized.  

DEAD-box proteins bind RNAs through contact with the phosphate backbone. Therefore, 

without strong interaction with nucleotide bases, these helicases generally do not show sequence 

specificity in vitro (47). In vivo, however, some DEAD-box proteins have been found to bind 
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specific RNA sequences or structures (48, 49). This specificity is often conferred by other 

interacting proteins or cofactors. For example, an RNA-binding protein, Rrp5 in S. cerevisiae, 

physically interacts with Rok1, a DEAD-box helicase, and enhances the RNA binding and 

annealing activity of Rok1 on specific ribosomal RNA substrates (49). Another example is the 

enhancement of eIF4A helicase activity by an RNA-binding protein, eIF4G (48). The interaction 

between eIF4G and the N-terminal domain of eIF4A stimulates the ATPase activity, promoting 

initiation of translation (50). Although DEAD-box proteins usually function in specific steps of 

RNA metabolism, only a few factors that control the substrate specificity of DEAD-box helicases 

in vivo have been reported. Identifying the specificity and potential cofactors is obviously needed 

to further understand cellular functions and regulatory mechanisms of this helicase family.  

Besides RNA structure remodeling, DEAD-box proteins also modulate ribonucleoprotein 

(RNP) complex assembly (47). For instance, binding of the DEAD-proteins eIF4AIII primes the 

formation of the exon junction complex (EJC) and serves as an RNA clamp (51). This activity is 

also regulated by other factors, as the interaction between eIF4AIII and components in EJC 

enhances the RNA binding affinity of eIF4AIII (51). On the other hand, Dbp5 and Ded1 in S. 

cerevisiae have been shown to displace certain protein complex from RNA by an unclear 

mechanism (52, 53). Although the clamping and RNP remodeling activity of most DEAD-box 

members have not been analyzed, it is likely that these helicases utilize multiple biochemical 

activities during RNA metabolism (36).  

1.3 Genome-wide approaches for identification of DEAD-box helicase binding targets 

For the majority of DEAD-box proteins, the precise genomic loci, RNAs, and regions in 

transcripts targeted by them remain unclear. Although many of them have been extensively studied 

in vitro for characterization of biochemical properties, knowledge about their biological and 

molecular functions inside cells is still very limited to date. Much effort has been made to study 

the action of DEAD-box helicases on individual RNA transcripts, providing potential mechanisms 

of their role in gene regulation. However, it is elusive whether the activity of DEAD-box proteins 

identified in gene-specific studies also represents the mechanisms of how these enzymes regulate 

other transcripts. Moreover, the transcript-, sequence-, or structure-specificity of DEAD-box 

helicases in cells is difficult to define in studies with only individual transcripts. The advance of 

sequencing technology in the past decade enables research at a genome-wide scale, including 
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identification of targets of DEAD-box proteins. Several high-throughput methods have been 

developed and applied to the study of cellular functions of DEAD-box helicase. These results 

collectively advance the understanding of their cellular roles by providing comprehensive pictures 

of genes targeted and impacted. In the following sections, high-throughput techniques used to 

identify nucleic acid targets of DEAD-box proteins will be reviewed, including their strengths and 

limitations. 

1.3.1 Chromatin Immunoprecipitation (ChIP) combined with next-generation sequencing 

ChIP has long been used to probe the association of transcription factors and RNA 

polymerases with chromatin. It has also been applied to detection of the co-transcriptional 

interaction between RBPs, including DEAD-box helicases, and chromatin (54–56). DEAD-box 

proteins, including DDX5, DDX17, and DDX21, have been shown to be recruited to the promoter 

region and act as a co-activator for transcription (57, 58), a function that can be independent of 

their helicase activity in some cases (59). With the genome-wide information from ChIP-seq, the 

co-transcriptional processes that DEAD-box proteins are involved in can be identified. For 

example, ChIP-seq of DDX5 (p68) reveals the coincident localization with CCCTC-binding factor 

(CTCF), a DNA-binding protein with insulator function in nuclear organization and gene 

expression (55). This co-localization and physical interaction thus elucidates a potential 

mechanism of how DDX5 mediates gene regulation. In another example, ChIP-seq of DDX21 

provided crucial information of where DDX21 is localized in the genome, revealing transcriptional 

regulation of a specific subset of genes by DDX21 (54). By comparing the ChIP-seq data of 

DDX21 with genome-wide mapping data of RNA-DNA hybrids (R-loops), DDX21 was also found 

to localize to where R-loops are formed (56). As persistence of R-loops can cause DNA damages 

(60), this comparison revealed a role of DDX21 in the maintenance of genome stability. 

Although ChIP-seq provides valuable insights of how RNA helicases function in 

transcription, the resolution of this approach (~200 bp) is usually not sufficient to determine 

precise binding sites (Table 1). In addition, the non-strand specific property of the method makes 

it difficult to distinguish the direction of transcription that is regulated by the target protein, 

especially in compact genomes. Moreover, signals from ChIP-seq may not originate directly from 

binding to the chromatin, but from the interaction between the helicase of interest and the 

transcriptional machinery. For example, human DDX5 has been shown to associate with the 
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chromatin using ChIP (55); however, it also interacts with RNA polymerase II (RNAPII) (61). 

Thus, signals derived from ChIP-seq could be contributed by many different types of interactions, 

including the interaction between DDX5 and DNA, RNA, or RNAPII, and this technique alone is 

insufficient to decipher the comprehensive role of DDX5 in transcription. 

1.3.2 RNA immunoprecipitation combined with next generation sequencing (RIP-seq) 

RIP has been widely utilized to identify the binding targets of RBPs. In short, the protein 

of interest is immunoprecipitated from cell lysates using specific antibody, assuming bound RNAs 

are pulled down with the protein. This can be performed in cells with or without formaldehyde 

crosslinking. After purification of the bound RNAs, specific sequences can be analyzed by reverse 

transcription coupled with quantitative polymerase chain reaction (RT-qPCR). With the advance 

in the sequencing technology, the extracted RNAs can also be analyzed at a transcriptome-wide 

scale. This facilitates our understanding of RBP functions by studying the targeted RNA species 

and regions.  

RIP-seq has been applied to studies of several DEAD-box proteins, including eukaryotic 

initiation factor 4A (eIF4A), DDX21, and DDX5 in human, DDX39ab in zebrafish, and Dhh1 in 

S. cerevisiae (62–66). eIF4A is an ATP-dependent RNA helicase, facilitating translation initiation 

by unwinding of 5’ UTR (67). Under the treatment of Rocaglamide A (RocA), a protein synthesis 

inhibitor and anti-tumor compound, RIP-seq of eIF4A-bound RNAs revealed enrichment of 

specific transcripts as compared to the untreated control (66). This indicates enhanced clamping 

of eIF4A, which then leads to inhibition of translation, and uncovers the mechanism of how RocA 

selectively suppresses the expression of certain genes. RIP-seq also serves as a tool for 

identification of important long non-coding RNAs (lncRNAs) regulated by DEAD-box proteins.  

Specifically, by performing RIP-seq of DDX5 (p68), lncRNA LOC284454 was found as a binding 

target (63). DDX5 is implicated in multiple human diseases (34, 35). Several prior studies have 

shown that DDX5 associates with lncRNAs and regulates transcription and expression of genes in 

various cellular processes (68, 69). Characterization of its target lncRNAs would further uncover 

the gene network modulated by DDX5 and provide new direction for design of potential 

therapeutics. Additionally, by integrating multiple RIP-seq datasets of RBPs interacting with 

DEAD-box helicases, specific pathways that are regulated by these protein complexes could be 

identified from the commonly associated transcripts (64, 65). For instance, a factor overexpressed 
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during the progression of leukemia, amino-terminal enhancer of split (AES), was found to bind 

snoRNAs targeted by a DEAD-box helicase, DDX21, by comparing their RIP-seq data (64). This 

supports their physical interaction and further helps to uncover the role of DDX21 in leukemia 

progression by promoting snoRNP formation. RNA-seq data from DDX21 and AES knockdown 

cells also revealed their functional interaction as the majority of AES-dependent snoRNAs are 

misregulated in DDX21-knockdown cells.  

Although RIP-seq provides useful information of bound transcripts, the resolution of this 

method is not satisfactory when it comes to identification of binding motifs (Table 1). Depending 

on the size of the RBP or RBP complex footprint, RIP-seq usually provides the information of 

binding region greater than 20 nucleotides. Thus, it is difficult to identity motifs that are preferably 

bound by RBPs like DEAD-box proteins, as they have a small footprint of 6-8 nucleotides (70). 

In addition, in RIP protocols without crosslinking, the capture of RNA targets relies on stable 

interaction between the tested protein and bound transcripts under the buffer condition used. 

Therefore, transient interactions, such as RNA helicases and the RNA structures being unwound, 

may not be detected using this approach. 

1.3.3 Crosslinking and immunoprecipitation followed by next-generation sequencing 

(CLIP-seq) 

In the past decade, CLIP-seq has emerged as a powerful tool for discovery of RBP binding 

sites in RNAs. The basic steps in this method include ultra violet (UV) crosslinking of the target 

protein and its bound RNAs followed by immunoprecipitation (IP), proteinase K digestion, RNA 

isolation, and reverse transcription (RT) to generate cDNAs. During RT, the undigested amino 

acid left on bound RNAs leads to mutations in cDNAs or stops the RT reaction, resulting in binding 

site-specific marks that can be pinpointed in the downstream bioinformatics analysis. The 

irreversible nature of UV crosslinking enables stringent buffer conditions during IP, thus resulting 

in a more specific selection of targets than those captured by RIP. In addition, the use of UV light 

instead of formaldehyde for crosslinking captures interactions within a smaller spatial range 

compared to ChIP or RIP (71, 72), thus resulting in a better resolution for identification of binding 

targets and precise sites (Table 1). 

After the first report of CLIP-seq method a decade ago (73), many modified protocols have 

evolved rapidly in the past few years, some of which have been utilized to characterize DEAD-

box protein crosslinking sites in RNAs at transcriptome-wide scale (42, 46, 54, 66, 74–77). This 
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leads to a deeper and more precise understanding in the cellular functions of these RNA helicases 

than gene-specific studies and RIP-seq. An example that shows the more abundant information 

provided by CLIP-seq compared to RIP-seq is the study of RocA in enhancing RNA binding 

affinity of eIF4A mentioned above (66). In addition to a list of target RNAs, the sequence 

selectivity of eIF4A binding after RocA treatment and the specific regions in mRNAs targeted can 

be precisely identified using CLIP-seq but not RIP-seq (66). This also contributes to further 

understanding of the biochemistry mechanism of how RocA alters eIF4A activity. 

CLIP-seq has been utilized to study DEAD-box proteins involved in different steps of RNA 

metabolism, including splicing, translation, and miRNA regulation (42, 46, 54, 74–77). One of the 

first studies characterizing transcriptome-wide targets of DEAD-box helicase is CLIP-seq of 

eIF4AIII (74), the core component of human EJC. EJC has great impact on steps in mRNA 

processing, including transport, translation, and decay (78). The identification of eIF4A binding 

sites revealed specific positions and sequence features targeted by EJC, and explained differential 

loading of EJC on different transcripts and exons (74). In another study using CLIP-seq for DEAD-

box protein characterization, binding regions and sequence preference of DDX17 were identified 

in miRNAs and mRNAs from fly cells or viral RNAs, which helps to uncover the mechanism of 

how DDX17 restricts viral infection (42). We also used CLIP-seq for characterization of 

transcripts targeted by a DEAD-box protein, Dbp2, in S. cerevisiae, and identified mRNAs and 

snoRNAs as the major targets. Moreover, the binding pattern of Dbp2 along mRNAs suggests a 

role in transcription termination, splicing, and RNAPII pausing (see Chapter 2 and 3). 

CLIP-seq of wild-type and mutant DEAD-box proteins also provides rich information 

about the molecular functions of these enzymes. Mutations in DEAD-box proteins could lead to 

loss of ATPase or RNA binding activity, or both. Depending on the activity impaired, functions 

of a DEAD-box helicase can be altered differentially. Particularly, a frequently found mutation of 

DDX3 that impairs its ATPase activity in medulloblastoma was shown to shift the binding regions 

as compared to the wild-type DDX3 helicase under stress conditions (75). This shift correlated 

with the resistance of cells to stress (75), which provides insights into the role of DDX3 mutation 

in tumorigenesis. CLIP-seq enables studies of changes in DEAD-box protein binding under varied 

conditions that would otherwise be difficult to detect in RIP-seq or ChIP-seq because of the 

resolution (Table 1). 
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By integrating the CLIP-seq data of multiple proteins, the co-regulation by DEAD-box 

proteins and other RBPs can also be characterized. Particularly, with enhanced CLIP (eCLIP) data 

of a heterogeneous nuclear ribonucleoprotein hnRNPA1 and a DEAD-box helicase DDX5, Lee et 

al. identified their common binding regions and a subset of mRNAs co-regulated by these two 

factors through alternative splicing (76). Furthermore, CLIP-seq data has been combined with 

other genome-wide datasets to pinpoint the specific processing step that DEAD-box proteins are 

involved in. For example, in addition to ChIP-seq of DDX21 that uncovered the role in 

transcription, Calo et al. performed CLIP-seq of DDX21 which identified the specific rRNA and 

snoRNA regions bound (54). These two datasets together revealed that DD21 coordinates 

transcriptional and post-transcriptional steps in ribosome biogenesis.  

In a very recent study, CLIP-seq was also combined with transcriptome-wide probing of 

RNA structures inside cells (see section 1.4) and ribosome profiling to characterize the biological 

mechanism of how Ded1 regulates translation initiation (46). Similarly, in my research, we 

combined CLIP-seq and RNA structural mapping technique to study the molecular role of Dbp2 

in co-transcriptional processes. This allows us to identify the direct RNA targets of Dbp2 

enzymatic activity (see Chapter 2). In addition, coupled with RNA-seq analysis, we were able to 

correlate the binding regions with specific mRNA processing steps (see Chapter 2 & 3).   

Overall, CLIP-seq not only provides valuable information about precise RNA regions 

targeted by DEAD-box helicase, but also complements other methods for comprehensive 

understanding of the molecular mechanism. However, cautions need to be taken when interpreting 

the data considering the limitations of the method. It has been reported that, in different protocols 

of CLIP-seq, nucleotide bias can arise during crosslinking by UV light (79). Moreover, since 

DEAD-box helicases are not processive, the transient interaction with their enzymatic targets 

might not be fully captured. Thus, to study the structural rearrangement of RNAs or 

ribonucleoprotein (RNP) complexes by DEAD-box proteins, other methods are required besides 

the assays for binding. 

1.4 Transcriptome-wide identification of enzymatic targets of RNA helicases 

Methods for mapping intracellular RNA structures can mostly be categorized into two 

groups: chemical modification by dimethyl sulfate (DMS) and selective 2'-hydroxyl acylation 

analyzed by primer extension (SHAPE) (80). DMS is a membrane permeable chemical that 
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methylates accessible adenines and cytosines in an RNA molecule. By probing the reactivity of 

these bases towards DMS, the level of base pairing can be inferred at single-nucleotide resolution 

(81, 82). In SHAPE-based methods, accessible ribonucleotides are acylated by SHAPE reagents 

at the 2’ hydroxyl position in the ribose, which usually happens in flexible, single stranded regions 

of RNAs (83). Thus, the level of modification at each nucleotide reflects the state of RNA folding 

and structures, and can be measured for all four species of ribonucleotides.  

Not until five years ago was the first genome-wide RNA structure probing method inside 

cells reported (15, 28, 84). Since then, several studies have developed methods to map secondary 

structures in various RNA species and regions in cells from different organisms, including yeast, 

plant, and human (85–89). Most of these methods combined DMS probing or SHAPE with deep 

sequencing. The modifications produced by DMS or SHPAE reagents can lead to reverse 

transcription stops or mutations in the cDNAs during library preparation. Consequently, sites of 

modification can be identified by the location of adaptor ligation or nucleotide conversion in 

sequences (Figure 1). Other methods probing long-range RNA interactions, by enriching 

crosslinked RNA duplexes, have also been reported (90). This advance in technology provides a 

new powerful tool to study the RNA/RNP structural dynamics regulated by DEAD-box proteins.  

To date, only a few genome-wide studies investigated the impact of DEAD-box helicases 

on cellular RNA structures. One such example is the very recent study of the role of Ded1, a 

DEAD-box protein required for translation initiation, in RNA structure remodeling and translation 

efficiency in S. cerevisiae (46). By comparing mRNA structure profiles of the wild type and ded1 

mutant, it is found that loss of Ded1 leads to the most striking change of RNA accessibility in the 

5’ UTR as compared to other regions, and that the regions of structural changes align with the sites 

of Ded1 binding identified by CLIP-seq (46). These results collectively indicate that Ded1 

facilitates translation initiation through unwinding of mRNA structures in 5’ UTRs. This paradigm 

illustrates that combination of structural probing with other genome-wide methods is able to 

provide rich information on the enzymatic targets and molecular mechanisms of DEAD-box 

helicases inside cells. In my research, we used DMS to map RNA structures in wild type and 

dbp2∆ to pinpoint DBP2-dependent changes. The regions of DBP2-dependent structural alteration 

were correlated with Dbp2-binding sites identified in CLIP-seq and aligned well with annotated 

polyadenylation sites. By combining CLIP-seq, structural mapping, RNA-seq, and RNAPII ChIP-

seq, we provide molecular mechanism of how Dbp2 may function in transcriptional termination 



19 

 

(see Chapter 2), the first example illustrating DEAD-box proteins remodels transcriptome-wide 

RNA/RNP structures to regulate nuclear RNA metabolism.   

Nevertheless, challenges and caveats remain in probing RNA/RNP structural dynamics that 

is dependent on RNA helicases. First, methods for nascent RNA structural probing during 

transcription have not been established in eukaryotes although it has been reported in bacteria (91). 

Structures in nascent RNAs, such as introns, can be determinants of splicing efficiency and exon 

inclusion (3–9), impacting the downstream steps in gene expression including export and 3’ 

processing(92, 93). As the enzymatic activities of DEAD-box helicases may be essential to co-

transcriptional processes (41, 94, 95), a technique analyzing nascent RNAs can provide invaluable 

insight into DEAD-box protein functions in co-transcriptional processes. Second, most structural 

probing techniques only provide information of local secondary structures. Although efforts have 

been devoted to mapping of long-range RNA duplex formation (90), tertiary RNA structures in 

living cells remain uncharacterized. Previously, DEAD-box helicases have been shown to assist 

formation of functional tertiary structures through remodeling secondary structures (96). Therefore, 

experimental and computational techniques predicting tertiary RNA folding will help to 

understand the role of DEAD-box helicase in formation of complex RNA and RNP structures. 

Finally, caution should be taken when interpreting the changes derived from chemical probing 

experiments. Regions inaccessible to chemical modification can be protected by RNA secondary 

and tertiary structures or protein binding. Therefore, signal changes dependent on DEAD-box 

helicases can originate from direct RNA/RNP structure remodeling or indirect impacts on the 

RNA-protein complex compositions (Figure 1). 

1.5 Concluding remarks 

Genome-wide approaches have enabled broad identification of intracellular targets for 

DEAD-box proteins. Chemical probing of RNA structures combined with deep sequencing also 

opens a new avenue for studies of enzymatic targets for these helicases at transcriptome scale. 

Although our understanding in the biological functions of DEAD-box proteins is greatly advanced 

with these high-throughput tools, many gaps in the field remain to be filled. 

The relationship between detected RNA binding and the direct biological role of certain 

DEAD-box proteins is still largely uncharacterized. Transcripts encoding proteins in specific 

biological processes or pathways are often enriched in DEAD-box protein binding RNAs (74, 77, 
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97). However, it is rarely discussed how this binding specificity is conferred and how this binding 

preference may regulate specific cellular pathways. It would be interesting to investigate whether 

certain properties, including sequences and structures, in transcripts of the targeted processes 

contribute to the specific targeting by DEAD-box proteins. In addition, whether the loss of binding 

results in change in the expression of factors in certain pathways is important to further understand 

the cellular function of DEAD-box proteins. 

Since DEAD-box proteins display a variety of biochemical activities, it would be critical 

to be able to uncouple the requirement of different activities for their specific cellular functions. 

For example, DDX5 has been shown to bind a lncRNA, Hox transcript antisense intergenic RNA 

(HOTAIR), and stabilize polycomb repressive complex 2 (PRC2). Loss of RNA unwinding 

activity does not affect the stabilization of a component in PRC2, SUZ12, by DDX5 (D248N) (98). 

On the other hand, the helicase activity of DDX5 is required for the inclusion of tau pre-mRNA 

exon 10 (41). This example illustrates that diverse biochemical activities of DEAD-box proteins 

could have differential impacts in different processes. Thus, comparison and integration of high-

throughput datasets, such as binding and structural remodeling data, can be invaluable for 

dissecting molecular roles of DEAD-box proteins in different steps of gene expression (Figure 1.2). 
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Figure 1.1. Potential scenarios for (A) decrease and (B) increase in RNA structural probing 

signals in DEAD-box protein mutant strains as compared to wild-type cells.  

Both directions of changes can be observed in the same transcript. The orange region in the 

schematic representation corresponds to the regions with detected signal changes. (A) The 

decrease in the RT stops indicates reduced accessibility to chemical modifications in the mutant 

versus wild type. This can be a result of formation of secondary structures, inter-molecule 

interaction between two transcripts, folding of tertiary structures, and binding by RBPs in the 

absence of active DEAD-box helicases. (B) The increase in the RT stops indicates higher 

accessibility to chemical modifications in the mutant versus wild type. This can be contributed 

by the change in local structural changes, loss of RNA-RNA interaction, and reduced protein 

binding in cells lacking functional DEAD-box helicases. 

  



31 

 

 

Figure 1.2. Genome-wide techniques for studying cellular functions of DEAD-box proteins.   

Chemical probing of transcriptome-wide RNA structural changes dependent on specific DEAD-

box helicase can be integrated with the binding data derived from CLIP-seq to determine the 

precise target sites of structural remodeling. CLIP-seq can also be used to probe the sites of 

clamping or RNPs that are controlled by the target DEAD-box protein. Additionally, using ChIP-

seq, the distribution of DEAD-box proteins across the genome can be mapped to further the 

understanding of their co-transcriptional functions.   
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Table 1.1. Genome-wide methods for detection of DEAD-box protein binding on nucleic 

acids  

 ChIP-seq RIP-seq CLIP-seq 

Crosslinking 

method 

Formaldehyde None or formaldehyde UV light 

Contact range 

captured 
~ 2Å ~ 2Å Direct contact 

Nucleic acids 

purified 

DNA RNA RNA 

Resolution ~ 200 bp 20 – 70 nt Single nucleotide 

Information gained Genomic loci targeted 

by DEAD-box proteins 

RNA transcripts 

interacting with 

DEAD-box proteins 

Specific sites in RNAs 

bound by DEAD-box 

proteins 

Major 

disadvantage 

Signal could come from 

various sources, 

including the interaction 

between DEAD-box 

protein and DNA, 

nascent RNA, or 

transcription machinery 

Precise binding sites 

of DEAD-box proteins 

(6-8 nt footprint) 

cannot be determined 

UV crosslinking could 

result in sequence bias 

References (54, 55) (54, 62, 63, 65, 66) (14, 18, 54, 66, 74–77) 
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CHAPTER 2. GENOME-WIDE DISCOVERY OF DEAD-BOX RNA 

HELICASE TARGETS REVEALS RNA STRUCTURAL REMODELING IN 

TRANSCRIPTION TERMINATION 

2.1 Introduction 

RNA helicases are found in all kingdoms of life, playing central roles in all aspects of RNA 

metabolism (Bourgeois et al., 2016). Among them, DEAD-box proteins constitute the largest RNA 

helicase family. These enzymes have a conserved helicase core which is responsible for ATP 

binding, hydrolysis, and RNA binding, and are characterized by the Asp-Glu-Ala-Asp (D-E-A-D) 

motif. Most DEAD-box helicases are involved in steps of gene expression in cells, including 

transcription to translation to decay (Linder and Jankowsky, 2011). However, the detailed 

molecular actions of these helicases remain to be characterized. 

Most DEAD-box helicases have an ATP-dependent RNA-unwinding activity in vitro 

(Putnam and Jankowsky, 2013). This activity catalyzes a wide variety of biochemically distinct 

actions including non-processive, RNA duplex unwinding (Rogers et al., 1999; Yang and 

Jankowsky, 2006), RNA-protein complex (RNP) remodeling activity in vitro (Fairman et al., 2004; 

Tran et al., 2007) , and ATP-dependent “clamping” of multiprotein complexes onto RNA (Ballut 

et al., 2005; Nielsen et al., 2008). Studies have also shown that DEAD-box helicases can act as 

chaperones to promote RNA folding both in vitro and in vivo (Liebeg et al., 2010; Potratz et al., 

2011; Tijerina et al., 2006; Yang and Jankowsky, 2005).  For example, Mss116 in Saccharomyces 

cerevisiae assists the folding of functional group I and II introns by unwinding misfolded RNAs 

to allow exchange between kinetically trapped, nonfunctional structures and functional 

conformations (Liebeg et al., 2010; Potratz et al., 2011). Human DEAD-box helicases including 

DDX5 and DDX17 have also been reported to unwind secondary RNA structures and thereby 

regulate alternative splicing (Dardenne et al., 2014; Kar et al., 2011). RNA remodeling activity 

also appears to be critical for translation, as a recent genome-wide study of the translation factor 

and DEAD-box helicase Ded1 showed that this enzyme resolves structures in the 5’ ends of genes 

and controls translational start site choice in S. cerevisiae (Guenther et al., 2018). These examples 

implicate DEAD-box helicases as potential regulators of RNA metabolism and gene expression, 

yet we lack a thorough understanding of how RNA structure and RNA-protein complex assembly 

impacts basic molecular steps within these processes.  
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For proper gene expression, the basic steps in transcription include initiation, elongation, 

and termination. Termination by RNA polymerase II (RNAPII) is mediated mainly by two 

complexes in S. cerevisiae: the cleavage and polyadenylation (CPF) complex and the Nrd1-Nab3-

Sen1 (NNS) complex. CPF-dependent 3’ end processing is the primary mode of termination for 

messenger RNAs, whereas the NNS complex, a trimeric assembly of RNA-binding proteins Nrd1 

and Nab3 with the RNA-DNA helicase Sen1, promotes termination of short, non-coding RNAPII 

transcripts and some mRNAs (Porrua and Libri, 2015; Rondón et al., 2009). The NNS complex 

has also been implicated in “failsafe” termination, whereby NNS target sites can rescue defective 

termination from an upstream CPF-dependent site to prevent aberrant gene expression (Rondón et 

al., 2009). 

Previous results from our lab showed that the ortholog of DDX5 in S. cerevisiae, Dbp2 (Xing 

et al., 2018), is required for efficient termination of RNAPII transcription, as loss of DBP2 results 

in accumulation of a 3’ extended GAL10 mRNA and GAL10 long non-coding (lnc) RNA (Cloutier 

et al., 2012). Both Dbp2 and DDX5 exhibit highly efficient RNA duplex unwinding in vitro, 

consistent with a role in altering secondary structure (Ma et al., 2013; Xing et al., 2017). 

Furthermore, Dbp2 associates with actively transcribed chromatin in an RNA-dependent manner 

(Ma et al., 2016) and is required for pre-mRNA maturation and mRNP assembly, as evidenced by 

reduced binding of export factors Nab2, Yra1 and Mex67 in dbp2∆ cells (Ma et al., 2013). As 

efficient termination is necessary for proper assembly of mRNA export factors (Qu et al., 2009), 

these two steps are likely linked through a common, upstream biochemical step mediated by Dbp2.  

Several recent studies combining classic chemical mapping techniques with next-generation 

sequencing have shown that mRNAs are largely less structured in vivo than in vitro, that secondary 

structure alteration by single nucleotide polymorphisms may underlie human diseases, and that 

these changes in structure, when overlapping regulatory sites, have the potential to provide a new 

level of gene regulation (Corley et al., 2015; Ding et al., 2014; Rouskin et al., 2013; Wan et al., 

2014). In addition, early biochemical studies have shown that the formation of RNA secondary 

structures in polyadenylation signal elements inhibits 3’ processing and termination factor binding 

of pre-mRNAs in mammalian cells (Chen and Wilusz, 1998; Klasens et al., 1998). Genome-wide 

RNA structure mapping in Arabidopsis also revealed widespread formation of secondary 

structures in 3’ UTRs, suggestive of a broad role for secondary structure in termination (Ding et 

al., 2014). Nevertheless, a role for cellular RNA structure remodeling in transcriptional termination 
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has not been established to date. Using a combination of RNA sequencing-based techniques 

combined with classic yeast genetics and molecular biology, we provide evidence that the DEAD-

box RNA helicase Dbp2 in S. cerevisiae remodels secondary structures within the 3’ ends of a 

subset of mRNAs to promote efficient termination by the NNS complex. This reveals that DEAD-

box RNA helicases remodel mRNA structure in vivo and that structural alteration is essential for 

proper gene expression. 

2.2 Materials and Methods 

Yeast strains and plasmids 

The strains and plasmids used in this study were constructed using classical yeast genetic and/or 

cloning methods and are listed in Table 2.1 and 2.2. To construct the termination reporter plasmids, 

a DNA fragment containing the YOP1 3’ UTR sequence (chrXVI, 624203 - 624342) was generated 

from genomic DNA and inserted into the XhoI site of pGAC24 to make pGAC24-YOP1. The 

YOP1 3’UTR of the resulting plasmid was mutated by site-directed mutagenesis of the pGAC24-

YOP1 construct. The primers for strain construction and cloning are listed in Table 2.3. 

 

Procedures of iCLIP-seq library construction 

a. Purification of Dbp2-bound RNAs 

iCLIP-seq was adapted from the FAST-iCLIP protocol (Flynn et al., 2015) with the following 

modifications. DBP2-3XFLAG strains were grown in YP with 2% glucose at 30 °C to an 

OD600nm of 0.5~0.7. 250 mL of cells were harvested and washed in ice-cold TBS with 2% 

glucose. After centrifugation, pellets were resuspended in 12 mL of ice-cold TBS with 2% glucose 

and irradiated on ice by UV-C (254 nm) at 180 mJ/cm2 twice for 2.5 min, with a 45-second rest. 

Cells were subsequently harvested, frozen in liquid nitrogen, and lysed cryogenically using a 

Retsch Oscillating Mill MM400. Lysed cells were re-suspended in the CLIP Lysis Buffer as 

previously described (Flynn et al., 2015). The soluble fraction was digested with TURBO DNase 

(ThermoFisher Scientific) and RNase I (ThermoFisher Scientific) at 37 °C for 10 min. RNase-

treated lysates were incubated with FLAG M2 (Sigma) antibody-conjugated Protein G Dynabeads 

(ThermoFisher) at 4 °C for 2 hours and then washed as described (Flynn et al., 2015). The labeling 

and purification of immunoprecipitated RNAs were performed as described (Flynn et al., 2015). 

b. Preparation of cDNAs 
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RNAs were mixed with barcoded 5’ phosphorylated RT primers (Table 2.4) and heated at 65 °C 

for 2 min. The cDNAs were generated using TGIRT-III enzyme according to the manufacturer’s 

instruction. After reverse transcription (RT), RNAs were degraded with RNase A and RNase H at 

37 °C for 30 min. The RT products were circularized and purified as described (Flynn et al., 2015). 

c. Library amplification and sequencing 

Real time PCR reactions were set up using 2X SYBR master mix (Applied Biosystems), P3 and 

P5_short primers. After 40 cycles of PCR, the products were separated by denaturing PAGE and 

stained with SYBR Gold (ThermoFisher Scientific). DNAs larger than 75 nt were extracted from 

the gel. After elution, DNAs were ethanol-precipitated and re-suspended in water. PCR products 

were further amplified by 10 cycles of PCR with P3 and P5_Solexa primers (Table 2.4). The 

amplified products above 140 nts were gel purified and re-suspended in water. All the samples 

were analyzed by Agilent Bioanalyzer to determine the size distribution of the library. Sequencing 

was performed on the illumina Hiseq 2500 platform for 2 x 100 bp paired-end cycle run.   

d. Processing of iCLIP-seq data 

Solexa adaptors were removed using Trimmomatic (version 0.36) (Bolger et al., 2014). The 

FASTQ files were de-multiplexed and PCR duplicates were removed based on the random 

barcodes incorporated in the RT primers using scripts provided by the Chang lab 

(https://github.com/qczhang/icSHAPE/tree/master/scripts, (Flynn et al., 2016)). Barcode 

sequences (13 nt) were trimmed from the 5’ end of retained forward reads using cutadapt (version 

1.9.1). The processed reads were mapped to the S288C reference genome (R64-2-1, from 

Saccharomyces Genome Database) using STAR (version 2.5.2b) (Dobin et al., 2013). Reads 

mapped to one or two sites were kept for the following analysis to include transcripts from 

duplicated genes, including rRNAs. The mapping rate of each replicate was > 95%. The number 

of reads mapped to each annotated RNA transcript were counted using the summarizeOverlaps 

function in the Bioconductor package “GenomicAlignments” (version 1.8.4). For each of the three 

Dbp2-iCLIP replicates, reads that did not overlap with any read in the other two replicates were 

regarded as background and were discarded. Transcripts that had less than 5 counts in each library 

were filtered from the analysis. Only transcripts that were identified in all three replicates were 

regarded as binding targets. The nucleotide position before the start of each read was extracted 

from the forward reads as the crosslinking site in each replicate. Raw reads of Dbp2-iCLIP-seq 

were deposited to Gene Expression Omnibus (GEO): GSE106479. 

https://github.com/qczhang/icSHAPE/tree/master/scripts
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RNAPII chromatin immunoprecipitation and sequencing (ChIP-seq) 

ChIP was performed as described (Cloutier et al., 2013) using anti-FLAG M2 monoclonal antibody 

(Sigma-Aldrich) for immunoprecipitation of endogenously 3XFLAG-tagged Rpb3. Sequencing 

libraries were prepared from the input and immunoprecipitated DNAs using NEXTflex ChIP-Seq 

Kit (BIOO Scientific, Austin, TX) according the manufacturer’s instructions. All the libraries were 

analyzed by Agilent Bioanalyzer to determine the size distribution. Sequencing was performed on 

the illumina Miseq platform for 2 x 150 bp paired-end cycle run. 

 

Processing of RNAPII ChIP-seq data 

Adaptor sequences were removed using Trimmomatic (v 0.36) (Bolger et al., 2014). The processed 

reads were mapped to the S288C reference genome (R64-2-1, from Saccharomyces Genome 

Database) using Bowtie 2 (v 2.3.3.1) (Langmead and Salzberg, 2012). Peaks of RNAPII were then 

determined by MACS2 (v 2.1.2) (Zhang et al., 2008). The fold enrichment of each peak over the 

background signal was calculated using the ‘bdgcmp’ function in MACS2 and presented as 

normalized RNAPII occupancy. The overall RNAPII occupancy around termination sites of 

snoRNAs or mRNAs was analyzed by deepTools (v 3.1.1) (Ramírez et al., 2016). 

 

Identification of Dbp2 binding motifs in mRNA 3’ UTRs 

To identify the enriched sequence motifs in close proximity of Dbp2 binding sites in mRNA 3’ 

UTRs, each binding site was extended by 5 nts on each side (total 11 nt in length). All the binding 

regions derived from the three replicates were combined into one bed file and were analyzed by 

HOMER 4.7b (Heinz et al., 2010) using the findMotifsGenome.pl function. 

 

Metagene analysis of Dbp2-binding sites in mRNAs 

The coordinates of the untranslated regions (UTRs) for each mRNA were derived from two 

published datasets (Nagalakshmi et al., 2008; Yassour et al., 2009). If the UTR coordinates for the 

same transcript were different in the two datasets, the coordinates that had the widest range were 

used. For mRNAs without UTR annotations, 135 nts (close to the median lengths of all yeast 5’ 

and 3’ UTRs) were added before and after the open reading frame (ORF) region as 5’ and 3’ UTRs. 

The metagene plots were generated using custom R scripts with the following steps. Each 5’ UTR, 
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ORF, and 3’ UTR, was divided into 10, 80, and 10 bins, respectively. The number of bins is 

proportional to the median length of each region in analyzed mRNAs. The number of crosslinking 

counts in each bin was then normalized to the library size of each replicate and to the expression 

level to obtain reads per kilobase of transcript per million mapped reads (RPKM units) of each 

transcript based on the Structure-seq data (wild type, no DMS treatment). The normalized Dbp2 

occupancy in each bin was then divided by the total occupancy in all bins to calculate the 

distribution of Dbp2. The derived value for each bin in each transcript was averaged among the 

three replicates, and then averaged across all the transcripts analyzed. The distribution of Dbp2 

occupancy across a set of mRNAs was plotted as a line graph based on the calculated value in each 

bin. 

 

Genomic Localization of Dbp2 and Rna15 (or Nrd1/Nab3) binding sites 

The RNA binding data of Rna15, Nrd1, and Nab3 were downloaded from the Gene Expression 

Omnibus (GEO) database (Rna15: GSM1442555, Nrd1: GSM791764, Nab3: GSM791767) 

(Baejen et al., 2014; Creamer et al., 2011). For each protein binding site, the distance between the 

position and the closest Dbp2 binding site on the same transcript was calculated. For each nearest 

pair of Rna15 or Nrd1 or Nab3 with Dbp2, the occupancy of the protein was normalized to the 

occupancy of Dbp2. The average occupancy of each protein at each distance was then calculated 

and plotted to demonstrate the pattern of the protein distribution near Dbp2 binding sites.  

 

Chromatin immunoprecipitation (ChIP)  

ChIP was performed as described (Cloutier et al., 2013). Quantitative PCR was performed using 

Bio-Rad CFX96 Real-time system using PrimeTime Assay primers purchased from IDT (Table 

2.5). Quantitative qPCR results from 3X-FLAG ChIP experiments were normalized using RNAPII 

ChIP from the same lysates to account for differences in transcriptional activity. The significance 

of the difference was tested using two-sample t-test assuming unequal variances. Strains used for 

ChIP analysis are listed in Table 2.1.  

 

Preparation of Structure-seq libraries 

The Structure-seq method was adapted from prior studies (Ding et al., 2015). 50 mL of yeast cells 

were grown in YP with 2% glucose at 30 °C to an OD600nm of 0.5~0.7. Dimethyl sulfate (DMS) 
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was added to a final concentration of 10 mM and incubated for 10 min at 30 °C with vigorous 

shaking. The reaction was quenched with 75 mL of 4.8 M 2-mercaptoethanol (BME) and 25 mL 

of isoamyl alcohol.  Cells were harvested by centrifugation and cell pellets were washed again 

with 4.8 M BME, followed by AE buffer (50 mM sodium acetate pH 5.2, 10 mM EDTA). 

Polyadenylated RNAs were purified and reverse transcribed by SuperScript III (ThermoFisher 

Scientific) as described (Ding et al., 2015). After extraction, the cDNAs were resolved by 

denaturing PAGE and visualized with SYBR Gold. cDNAs longer than 30 nt were isolated and 

eluted from the gel in TEN buffer (Ding et al., 2015) at 4 °C overnight. Gel purified cDNAs were 

ethanol-precipitated and re-suspended in water. An ssDNA linker (Table 2.6) was ligated to the 

cDNA 3’ ends using CircLigase I (Epicentre) as described (Ding et al., 2015). After ligation, 

cDNAs above 60 nts were gel purified as above and subjected to PCR amplification as described 

(Ding et al., 2015). PCR products were resolved by denaturing PAGE, and products above 180 bp 

were gel purified. After elution, the library was ethanol precipitated and re-suspended in water. 

All the samples were analyzed by Agilent Bioanalyzer to determine the size distribution of the 

library. A total of 10 libraries, including three replicates of the wild type and two replicates of 

dbp2∆, with or without DMS treatment, were sequenced on the Illumina Hiseq 2500 platform for 

2 x 100 bp paired-end cycle run. 

 

Processing of Structure-seq data  

Illumina adaptors were removed using Trimmomatic (version 0.36) (Bolger et al., 2014). The 

random trimers were trimmed from the 5’ end of forward reads using cutadapt (version 1.9.1) 

(Martin, 2011). The processed reads were mapped to the S288C reference genome (R64-2-1, from 

Saccharomyces Genome Database) using STAR (version 2.5.2b) and only uniquely mapped reads 

(MAPQ = 255 after STAR alignment) were kept for the subsequent analysis. The transcriptome 

annotation was as described in the ‘Metagene Analysis’ section. Ignoring genes with sequence 

overlaps with at least one other gene on the same strand, we retained 4681 mRNAs and 77 

snoRNAs for differential DMS reactivity analysis. Reads were grouped according to their source 

RNA, and the start and end indices from genomic alignment of each read were converted to the 

RNA coordinates with the start of 5’ UTR or mature 5’ end as position +1.   
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Calculation of DMS reactivities for each transcript 

The number of reads starting 1 nt downstream of each nucleotide were tallied to get the detection 

counts for the nucleotide. In addition, the number of reads starting -1 to +1 of each nucleotide, and 

ending anywhere downstream of the nucleotide were tallied as its “local coverage.” Detection rates 

were calculated as ratio of detection counts to local coverage for each nucleotide (Choudhary et 

al., 2016). Raw reactivities were calculated by combining the information from treated (+) and 

untreated (-) samples of the same biological replicate. For nucleotide 𝑖, raw reactivity, 𝑅𝑖, for a 

nucleotide 𝑖 was obtained as 

𝑅𝑖 = max (
𝑟𝑖
+−𝑟𝑖

−

1−𝑟𝑖
− , 0), 

where 𝑟𝑖
+ and 𝑟𝑖

− are detection rates at nucleotide 𝑖 for treated and untreated samples, respectively 

(Aviran et al., 2011a, 2011b). Reactivities for Gs and Us were masked as missing information. 

Next, raw reactivities in each replicate were normalized using a 2-8% approach (Sloma and 

Mathews, 2015).  

 

Differential analysis of DMS reactivity changes in the wild type and dbp2∆ 

Transcripts with average local coverage  250 were considered in the following analysis. We used 

a recently developed method, dStruct, for differential analysis of reactivities (Choudhary et al., 

2019). dStruct compares inherent variation in biological replicates to DBP2-dependent variation 

at the transcript level. The former kind of variation was calculated using the three wild-type 

replicates and the latter was calculated using the two replicates of dbp2∆ strain and a wild type 

replicate performed in an independent batch. Results with both the raw and the FDR-adjusted p-

values less than 0.05 were considered significant. 

 

Identification of 3’ extended mRNAs in dbp2∆ 

For this analysis, only transcripts without downstream overlapping genes in the sense direction 

and with more than 5 read counts were considered (3428 mRNAs). For each mRNA, reads from 

untreated (no DMS) Structure-seq libraries mapped to the ORF or 150 nt downstream of the 3’ 

UTR (referred as extended region below) were counted using the summarizeOverlaps function 

(IntersectionNotEmpty mode) in the Bioconductor package “GenomicAlignments” (version 1.8.4). 

Only transcripts meeting the following conditions were analyzed: (1) the extended region does not 
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overlap with the downstream transcript, (2) with more than 0.97 counts per million and (3) detected 

in at least two libraries, were analyzed. The differential expression of ORFs and extended regions 

between wild type and dbp2∆ was analyzed using the Bioconductor edgeR package (version 3.14.0, 

(Robinson et al., 2010)). ORFs or extended regions with a false discovery rate (FDR) equal to or 

less than 0.05 were considered differentially expressed in dbp2∆ compared to the wild type. For 

each transcript, if the reads of the ORF were not changed or down-regulated, but the extended 

region was up-regulated in dbp2∆, then it was regarded as a 3’ extended mRNA in dbp2∆. If the 

ORF was up-regulated in dbp2∆, the extended region in dbp2∆ should be up-regulated and have a 

fold change twice higher than the fold change in the ORF to be considered as a 3’ extended mRNA 

in dbp2∆ compared to the wild type. 

 

Analysis of the relationship between DMS reactivity change and Dbp2 binding 

Metagene plots in mRNAs were generated using custom R scripts. For each replicate, the 5’ UTR, 

ORF, and 3’ UTR, were divided into 10, 80, and 10 bins, respectively. DMS reactivities of As and 

Cs in each bin were tallied. The value in each bin of each transcript from biological replicates was 

averaged. For each bin, the values from all of the transcripts analyzed were averaged to represent 

the overall DMS reactivity. Values for all bins were then plotted as a line graph across the whole 

transcript. To visualize structural changes resulting from deletion of DBP2, reactivities in wild 

type were subtracted from reactivities in dbp2∆. The metagene-based difference in reactivity was 

plotted as described above. For each nucleotide in each analyzed mRNA transcript, the distance 

between the nucleotide and the closest Dbp2 binding site was calculated, and the reactivity value 

was averaged across wild type or dbp2∆ biological replicates. The average reactivity at each 

distance was then calculated and the DBP2-dependent changes were derived by subtracting 

reactivities in dbp2∆ by those in wild type. The relationship was demonstrated by plotting the 

change of reactivities over a range of distance to Dbp2 binding sites. 

 

Termination reporter assay 

Yeast strains cup1∆ and cup1∆dbp2∆ cells were transformed with pGAC24, pGAC24-CYC1 TER, 

and pGAC24-YOP1 TER. Cells were grown in SC-LEU with 2% glucose and spotted in 5-fold 

serial dilutions on SC-LEU with 2% glucose plates containing 0 or 1.2 mM CuSO4. Plates were 

incubated at 30 ̊C. For liquid growth assays, cup1∆ and cup1∆dbp2∆ cells containing pGAC24, 
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GAC24-YOP1 TER, pGAC24-YOP1 ter-mut1 or pGAC24-YOP1 ter-mut1+mut2 were incubated 

in SC-LEU with 2% glucose media containing 0 or 0.4 mM CuSO4 at 30 ̊C with shaking in a 

microplate reader (Biotek epoch2, Winooski, VT). OD600nm values were taken every 30 min. 

The plot was produced with the average of three replicates.  

 

Data availability 

Strains and plasmids are available upon request. Supplementary tables that are in excel format are 

uploaded to figshare. Raw reads of iCLIP-seq and structure-seq and processed data are deposited 

on GEO with the accession number GSE106479. Scripts for bioinformatics analysis are deposited 

on Github: https://github.com/karenlai0222/Dbp2_iCLIP_Structure. 

2.3 Results 

2.3.1 Dbp2 associates predominantly with snoRNAs and mRNAs 

 Dbp2 has been shown to function in mRNA metabolism and alter gene expression (Barta 

and Iggo, 1995; Beck et al., 2014; Cloutier et al., 2012; Ma et al., 2013; Wang et al., 2017). 

Consistently, in a very recent study, Dbp2 was reported to associate with coding and non-coding 

RNAs, including RNAPII-transcribed small nucleolar RNAs (snoRNAs) and mRNAs (Tedeschi 

et al., 2018). To gain insight into the precise role of Dbp2 on snoRNAs and mRNAs, we 

comprehensively identified all RNA targets bound by Dbp2 in vivo. In contrast to prior studies, 

which utilized a denaturing protocol in conjunction with individual-nucleotide resolution 

crosslinking and immunoprecipitation (iCLIP), we used a more standard native iCLIP-seq called 

FAST-iCLIP (Flynn et al., 2015) using an endogenous, C-terminally 3XFLAG-tagged DBP2 strain. 

This method resulted in a significantly greater yield, with an average of ~1.2 million uniquely 

mapped reads per Dbp2 replicate across three biological replicates.  

We then determined binding sites from reverse transcription stops induced at the site of 

crosslinking (König et al., 2010) and the binding site counts for each RNA class, which were highly 

reproducible across replicates (Figure 2.1). This resulted in a distribution of uniquely mapped reads 

among RNA classes similar to what was derived from the uniquely mapped reads in the prior study 

(data not shown) (Tedeschi et al., 2018). Among all unique mapped reads in Dbp2-iCLIP, equal 

proportions (37%) mapped to snoRNAs and mRNAs, and to a lesser content to other classes 

https://github.com/karenlai0222/Dbp2_iCLIP_Structure
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(Figure 2.2A). The vast majority of transcribed snoRNAs and approximately 1/3 of protein-coding 

transcripts were isolated as Dbp2-bound targets. This is consistent with prior studies showing 

misregulation of both snoRNAs and protein-coding genes in the absence of DBP2 (Cloutier et al., 

2012; Ma et al., 2016; Beck et al., 2014). 

2.3.2 Dbp2 promotes efficient transcription termination of snoRNAs 

Dbp2 interacts physically with Sen1 (Tedeschi et al., 2018), an RNA-DNA helicase 

involved in transcriptional termination of snoRNAs in conjunction with RNA-binding proteins 

Nrd1 and Nab3 (Arndt and Reines, 2015). To determine if Dbp2 plays a role in snoRNA 

termination, we performed RNAPII chromatin immunoprecipitation combined with high-

throughput sequencing (ChIP-seq) for both wild-type and dbp2∆ cells expressing an endogenous, 

C-terminally 3XFLAG-tagged Rpb3 subunit. Input and immunoprecipitation (IP) libraries were 

prepared from 3 biological replicates of both wild-type and dbp2∆ cells and resulted in an average 

of ~1.8 million reads per replicate. We then determined the distribution of RNAPII along genes 

using a package for ChIP-seq data analysis, MACS2 (Zhang et al., 2008), and asked if this 

occupancy is altered in dbp2∆ at snoRNA transcriptional termination sites (Schaughency et al., 

2014). In wild type cells, RNAPII shows an average occupancy profile across all moncistronic 

snoRNA genes that conforms to a bell shaped curve with a peak near -200 bp, with respect to the 

termination site (0 bp) (Schaughency et al., 2014), that corresponds to the transcription start site 

(Figure 2.2B).  In dbp2∆ cells, this peak is slightly reduced in height and shifted ~20 bp 

downstream.  Moreover, the average RNAPII occupancy remains higher after the annotated 

termination site and shows a less steep reduction in dbp2∆ cells compared to wild type. This pattern 

is highly similar to the RNAPII ChIP profiles following nuclear depletion of either Sen1 or Nrd1 

(Schaughency et al., 2014). It has been proposed that during termination of snoRNA transcription, 

Nrd1 and Nab3 recognize sequence motifs in the precursor RNA and recruit Sen1, leading to 

termination of RNAPII elongation (Arndt and Reines, 2015). Inspection of individual snoRNA 

gene profiles also reveals RNAPII accumulation in the absence of DBP2 after the annotated mature 

3’ ends, across regions that correspond to previously identified binding sites for Nrd1, Nab3, and 

at the termination sites of precursor snoRNA transcripts (Figure 2.2C) (Jamonnak et al., 2011). 

Interestingly, and consistent with prior studies (Tedeschi et al., 2018), Dbp2 iCLIP sites 

correspond to Nrd1, Nab3 and Sen1-binding sites at some snoRNAs in the mature transcript region 
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(SNR3, Figure 2.2C) but not others (SNR189 and SNR46). This binding pattern suggests that Dbp2 

also binds to the mature, fully processed snoRNAs.  

Because snoRNA gene termination is coupled to 3’ end processing, we then analyzed our 

Dbp2-iCLIP reads to detect the presence of unprocessed 3’ extensions in the Dbp2 RNA-binding 

data.  This revealed sequences that mapped to 11 different snoRNA species that also contained 1 

to 30 unprocessed nucleotides followed by short stretches of non-templated As on the 3’ ends 

(Figure 2.2D). These sequences likely correspond to processing intermediates of the TRAMP 

complex and nuclear exosome, which are coupled with NNS-dependent termination (Arndt and 

Reines, 2015). Similar processing intermediates have been observed in PAR-CLIP data of NNS 

factors (Jamonnak et al., 2011) and upon analysis of snoRNAs in rrp6∆ mutants (Grzechnik and 

Kufel, 2008). Taken together, this suggests that Dbp2 functions in termination and maturation of 

snoRNAs. 

2.3.3 Dbp2 shares RNA-binding profiles with Nrd1 and Nab3 on protein-coding transcripts 

and promotes loading of Nrd1 on gene 5’ Ends 

Loss of DBP2 results in accumulation of a bicistronic GAL10-GAL7 transcript (Cloutier 

et al., 2012), suggesting that Dbp2 may also function in termination of protein-coding genes in 

addition to snoRNAs. To gain insight into the role of Dbp2 binding on protein coding genes, we 

then analyzed the binding pattern of Dbp2 on protein-coding transcripts using our iCLIP data set.  

Metagene analysis revealed Dbp2 binding across the entire length of targeted mRNAs, with 

highest accumulations at the 5’ end of the ORF and the 3’UTR (Figure 2.3A, red line).  To 

determine if this mRNA-binding profile is similar to NNS components, we overlapped our meta-

analysis of Dbp2 binding with meta-analysis profiles of Nrd1, Nab3, and Sen1 generated from 

previously published datasets (Creamer et al., 2011). This revealed a strikingly similar pattern of 

Nrd1 and Nab3 binding to Dbp2, with all three proteins exhibiting peaks at 5’ and 3’ ends of the 

genes (Figure 2.3A). Analyzing the distribution of Nrd1 and Nab3 binding sites relative to the 

Dbp2 crosslink site on mRNAs revealed a broad peak of Nab3 and Nrd1 binding at or near Dbp2 

(within  20 nt) (Figure 2.3B), suggestive of overlapping binding for all three factors. Interestingly, 

we also observed a periodicity in Nrd1 accumulation of approximately 25 nts within the 160 nt 

window, with decreased levels of Nrd1 accumulation from -55 to +55 with respect to the Dbp2 

crosslinking site (Figure 2.3B). This pattern was not observed for Nab3. We then analyzed Dbp2 

iCLIP reads for the presence of enriched sequence motifs using HOMER (Heinz et al., 2010). 
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Despite the fact that the vast majority of DEAD-box RNA helicases exhibit sequence-independent 

RNA-binding in vitro (Gilman et al., 2017), we found three, significantly enriched motifs in Dbp2 

bound 3’ UTRs (Figure 2.3C). The first motif with the highest enrichment (Figure 2.3C, motif 1) 

is strikingly similar to the UGUA Nrd1 RNA-binding motif (Figure 2.3C, top right, (Creamer et 

al., 2011)). The second most enriched motif is U/C rich (Figure 2.3C, motif 2) and somewhat 

similar to the Nab3 sequence motif (Figure 2.3C, bottom right, (Creamer et al., 2011)). Motif 2 is 

also similar to the U/C rich motif of Rna15 (UUUUCUU, (Baejen et al., 2014)), a component of 

the cleavage and polyadenylation factor (CPF) complex, that plays the predominant role in 

termination of protein-coding genes (Mischo and Proudfoot, 2013).  However, no global similarity 

was seen between the meta-analysis profiles of Rna15 and Dbp2 (Figure 2.4A), nor do the two 

proteins share common occupancy sites when averaged across all Dbp2-bound mRNAs (Figure 

2.4B).   

The common binding profiles of Dbp2 with Nrd1 and Nab3 suggest that this enzyme may 

function in concert with the NNS complex on protein-coding genes in addition to snoRNA genes. 

Association of the NNS complex with the 5’ ends of protein-coding genes has been associated 

with transcription attenuation (Arigo et al., 2006; Kim and Levin, 2011; Kuehner and Brow, 2008).  

Interestingly, comparison of individual RNA-binding tracks on known NNS-targeted protein-

coding transcripts, NRD1 and PCF11 (Creamer et al., 2011), revealed strikingly similar binding 

patterns of Nrd1, Nab3, and Dbp2 at the 5’ ends of both genes (Figure 2.3D).  We then asked if 

DBP2 is necessary for Nrd1 binding to transcribed genes by conducting ChIP of a 3XFLAG-tagged 

Nrd1 protein in wild type and dbp2∆ cells. This revealed an approximately 50% decrease in Nrd1 

association at the 5’ end of both NRD1 and PCF11 genes in the absence of DBP2 (Figure 2.3E). 

A western blot shows that decreased Nrd1 binding in dbp2∆ cells is not due to decreased Nrd1 

protein abundance (Figure 2.3F). Taken together, these results suggest that Dbp2 may function in 

concert with the NNS complex at targeted protein-coding genes, possibly by promoting binding of 

Nrd1 to nascent RNA. 

2.3.4 DBP2 facilitates proper transcription termination of a subset of mRNAs 

 Next, we asked if RNAPII accumulates downstream of the annotated termination site in 

protein-coding genes in dbp2∆ cells similar to snoRNA genes above. Importantly, this analysis 

was restricted to exclude overlapping genes encoded in tandem to minimize read assignment 
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ambiguity. We also performed RNA-sequencing (RNA-seq) of poly(A)-selected RNAs from wild 

type and dbp2∆ cells to identify gene products with putative termination defects as evidenced by 

3’ extensions.  Protein-coding transcripts with 3’ extensions were identified from the RNA-seq by 

the presence of reads mapping greater than 150 bp downstream of the annotated 3’UTR 

(Nagalakshmi et al., 2008; Yassour et al., 2009).  This arbitrary definition was selected as 90% of 

RNAPII termination events occur within a 50 bp window after the polyadenylation site (Baejen et 

al., 2017). 

Whereas RNAPII exhibited a broad peak of maximal occupancy centered at 30 bp 

downstream of polyadenylation site (annotated as 0 bp) in wild type cells, loss of DBP2 resulted 

in a slight shift downstream with the highest peak central at 60 bp downstream (Figure 2.5A). We 

also observed an unexpected reduction of occupancy 200 bp and further to either side of the 

polyadenylation site in dbp2∆ cells. 

Next, we analyzed our RNA-seq data for the presence of 3’ extended mRNAs.  This yielded 

824 protein-coding transcripts, corresponding to ~14% protein-coding genes, with 3’ extensions 

in dbp2∆ cells (Table 2.7). (Note that this number is likely an under-representation due to the 

criteria outlined above for identification of 3’ extended gene products.) A Fisher’s exact test 

revealed a statistically significant overlap between mRNAs bound by Dbp2 at their 3’ ends and 

those 3’ extended isoforms, suggesting a correlation between Dbp2 binding and suppression of 3’ 

extension (Figure 2.5B and Table 2.8). The fact that not all aberrant transcripts in dbp2∆ cells are 

represented in our Dbp2 iCLIP is not surprising, as iCLIP isolation depends on both RNA-binding 

and RNA sequence context (Sugimoto et al., 2012).  

By calculating the percentage of mRNAs with 3’ extensions versus total mRNAs for a 

given gene product, using the following formula: read counts that map 150 bp downstream of 

polyadenylation site/read counts mapped to the ORF, we found that the percentage of 3’ extended 

mRNAs ranged from 0.0 to 18.0% in the wild type (median: 2.3%) and from 0.1 to 55.0% in dbp2∆ 

(median: 8.4%) (Figure 2.5C-D). The presence of 3’ extended products in wild type cells is 

consistent with the recently described, heterogeneous nature of termination site choice in S. 

cerevisiae (Moqtaderi et al., 2018). Loss of DBP2 appears to increase the proportion of 3’ extended 

products per gene, as illustrated most clearly by the box plot distribution (Figure 2.5D). This 

increased abundance could be due to read-through of a predominant termination site, increased 

stability of the 3’ extended mRNAs in the absence of dbp2∆, as recently described for mRNA 3’ 
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isoforms (Moqtaderi et al., 2018), or a combination of both. To test the possibility of long 3’ 

isoform accumulation in dbp2∆, we compared the end positions in our analysis for read-through 

with the most 3’ polyadenylation sites (Pelechano et al., 2013). We found that the majority (~77%) 

of the identified, extended transcripts had reads extended past the most 3’ polyadenylation site, 

suggestive of read-through products, whereas the other extended transcripts can be longer isoforms 

accumulated in dbp2∆. Future study with 3’ end-specific sequencing would be needed to determine 

the precise DBP2-dependent change in polyadenylation site usage. We then analyzed RNAPII 

occupancy for the 824 genes with 3’ extended mRNAs in dbp2∆ cells.  This revealed accumulation 

of RNAPII in dbp2∆ across a 400-bp window centered at the polyadenylation site with the most 

striking accumulation 0-150 bp downstream (Figure 2.5E). This accumulation is centered 50 bp 

downstream in dbp2∆ cells as compared to wild type, and is reminiscent of nuclear depletion of 

Rat1 or Ysh1, nucleases required for efficient RNAPII termination (Baejen et al., 2017; 

Schaughency et al., 2014). In addition to genes with delayed RNAPII pausing or termination, we 

did observe that, in a small subset of genes (~250), the most 3’ peak summit of RNAPII in dbp2∆ 

is slightly upstream compared to the peak in the wild type. This may contribute to the reduction of 

RNAPII signal at > 200 bp downstream of polyadenylation sites in dbp2∆ observed in Figure 2.5A. 

However, the resolution of this analysis is not sufficient to determine the exact mechanism 

contributing to the shift of peak toward upstream and will need further characterization in the 

future. 

2.3.5 Dbp2 facilitates loading of termination factors at 3’ ends of protein-coding genes 

To gain insight into the mechanism for Dbp2-dependent termination of protein-coding 

transcripts, we then inspected the RNAPII occupancy of three genes that produce 3’ extended 

mRNAs in dbp2∆ that are also bound by Dbp2 in their 3’ UTRs in wild type cells. These three 

genes are: YOP1, an intron-containing, shorter gene with an average length 3’UTR (675 bp ORF, 

140 bp 3’UTR), RBG1, an intronless, longer gene with an average 3’UTR (1100 bp ORF, 167 bp 

3’UTR), and YNL190W, a shorter gene with a long 3’ UTR (614 bp ORF, 543 bp 3’UTR).  Note 

that the average gene length and 3’UTR for all protein-coding genes are 1343 and 188 bp, 

respectively. All three profiles showed accumulation of RNAPII that extends further downstream 

in dbp2∆ than in wild type cells, indicative of defective termination (Figure 2.6A). Interestingly, 

we also observed a decrease in RNAPII accumulation at the 5’ ends of all three genes, which likely 
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explains the decreased accumulation towards the 5’ end of genes in our combined RNAPII profile 

(Figure 2.5A). A similar decrease was also noted for sen1 mutants on short, protein-coding genes 

and was speculated to be due to decreased initiation (Steinmetz et al., 2006). However, we 

observed no difference in the abundance between wild type and dbp2∆ cells of transcripts of these 

three genes. Moreover, YNL190W shows a change in the overall pattern of RNAPII accumulation. 

This suggests that Dbp2 may also function in the rate of RNAPII progression along a given gene.   

Previously, the NNS complex was shown to bind the 3’ UTRs of a subset of mRNAs (Creamer et 

al., 2011; Webb et al., 2014); however, the precise functional role of this complex in 3’UTRs was 

not determined. Comparison of the RNA-binding profiles of Dbp2, Nrd1, Nab3, and Sen1 revealed 

that Dbp2 binding in the 3’UTRs of these transcripts overlaps with the binding of one or more 

factors in the NNS complex (Figure 2.6D-F). Since DBP2 promotes efficient recruitment of Nrd1 

to the 5’ ends of NNS-targeted protein coding genes (Figure 2.3E), we then asked if this was also 

the case at gene 3’ ends by conducting ChIP of Nrd1-3XFLAG at the 5’ end (1), 3’UTR (2), and 

downstream of the polyadenylation site (3) (Figure 2.6C). Note that we were unable to assay 

3’UTR (2) binding to RBG1 due to technical reasons (lack of efficient primer-binding sites for 

qPCR because of AT-richness). Similar to the requirement for DBP2 at the 5’ ends of known NNS 

targeted genes, we also observed reduced Nrd1 association at both the 5’ and 3’ ends of our 3 

candidate genes in the absence of DBP2, regardless of the presence of an intron or length of the 

3’UTR (Figure 2.6C). Interestingly, loss of DBP2 also decreased the association of a 3X-FLAG-

tagged Rna15, but this decrease was only statistically significant downstream of the 

polyadenylation site, in line with the primary location of RNA-binding by this protein after the 

3’UTR (Baejen et al., 2014) (Figure 2.6B, bottom panels). This suggests that Dbp2 may also 

promote efficient association of Rna15 on protein-coding genes, despite the distinct RNA-binding 

patterns of these two proteins (Figure 2.6B, 2.4A-B). This may be due to an as-of-yet unidentified 

role for Dbp2 in CPF-dependent termination or to an indirect effect of reduced Nrd1 binding at 

sites within the 3’UTR. 

2.3.6 Dbp2 modulates RNA/ribonucleoprotein (RNP) structures in vivo 

Given that Dbp2 is an efficient helicase in vitro (Ma et al., 2013), and DEAD-box proteins 

have been shown to remodel RNA structures in vivo (Guenther et al., 2018), we hypothesized that 

Dbp2 might remodel RNA structures and/or RNA-protein complexes of RNAPII transcripts to 
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promote termination and subsequent mRNA metabolism steps. This in line with the fact that 

sequestration of polyadenylation signal sequences in secondary structures can impede CPF-

dependent termination (Chen and Wilusz, 1998; Klasens et al., 1998). This is likely to be true for 

NNS binding as both Nrd1 and Nab3 recognize RNA motifs in the context of single stranded RNA 

(Arndt and Reines, 2015; Singh et al., 2007). Moreover, DBP2 is required for association of mRNA 

export factors Yra1 and Mex67 (Ma et al., 2013), which act after termination. Moreover, 

sequestration of polyadenylation signal sequences in secondary structures can impede CPF-

dependent termination (Chen and Wilusz, 1998; Klasens et al., 1998). This is likely to be true for 

NNS binding as both Nrd1 and Nab3 recognize RNA motifs in the context of single stranded RNA 

(Arndt and Reines, 2015; Singh et al., 2007).  

To test this, we conducted Structure-seq of total, poly(A)-selected RNA in both wild type 

and dbp2∆ cells. Structure-seq uses the cell permeable compound DMS to preferentially methylate 

adenosine and cytosine residues that are not involved in Watson-Crick base pairing (Peattie and 

Gilbert, 1980) or not protected by proteins, combined with next-generation sequencing to observe 

RNA structure and compositional changes genome-wide (Ding et al., 2015). Methylated 

nucleotides were detected as reverse transcription “stops”, after library construction and RNA 

sequencing, and then translated into nucleotide-level reactivities to DMS and a prediction of 

increased or decreased protection between wild type and dbp2∆ (see Materials and Methods). Total 

poly(A)+ RNA was used for Structure-seq to enable direct comparison with 3’ extended transcripts 

in our RNA-seq and because there is currently no method available to map secondary structures in 

nascent RNA transcripts in eukaryotes. Consistent with prior studies, we observed RT-stops 

indicative of DMS-dependent methylation predominantly at As and, to a lesser extent, at Cs in 

DMS-treated samples compared to untreated (Figure 2.7) (Ding et al., 2014; Rouskin et al., 2013). 

We then analyzed differential DMS reactivity in wild type and dbp2∆ for each transcript using a 

newly developed method, dStruct, for Structure-seq analysis (Choudhary et al., 2019). It identifies 

transcripts and regions that manifest significantly more variation between strains than among 

samples of the same strain.  

Our analysis identified 612 protein-coding transcripts with significant, DBP2-dependent 

changes in DMS reactivity (p-value < 0.05, false discovery rate (FDR) < 0.05, Table 2.9). 

Importantly, these transcripts were significantly enriched in Dbp2-bound transcripts identified in 

our iCLIP-seq (p-value < 2.2e-16, Table 2.10), suggesting that these changes are directly due to 
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Dbp2 activity. A metagene analysis of differential reactivity of these 612 transcripts revealed a 

lower overall DMS reactivity indicative of increased nucleotide protection in dbp2∆ as compared 

to wild type, centered at the Dbp2-binding site (Figure 2.8A, left). This trend was also observed 

when the analysis was restricted to 3’ UTRs (Figure 2.8A, right). Interestingly, the DBP2-

dependent decrease in DMS accessibility spans ~60-70 nts in length around the Dbp2-binding site, 

suggestive of a broad region of Dbp2-dependent RNA/RNP structural remodeling. This pattern is 

unlikely to be due to Dbp2-binding alone as DEAD-box proteins have a binding-site of 

approximately 6 nts along the sugar-phosphate backbone (Andersen et al., 2006). Moreover, one 

would expect decreased reactivity in wild type cells rather than dbp2∆ cells, if this pattern was due 

to Dbp2 binding. Instead, this is more consistent with a region of increased RNA structures and/or 

RNP composition. 

Next, we inspected the reactivity profiles of 3’ UTRs of YOP1, RBG1, and YNL190W 

(Figure 2.8B-D). Whereas both increased and decreased reactivity was observed across all three 

selected 3’UTRs (Figure 2.8B-D, top and middle panels), nucleotides exhibiting decreased 

reactivity in the absence of DBP2 gave the largest difference (Figure 2.8B-D, middle panels). 

Interestingly, these sites appear to correspond to those that exhibit the least protection (most 

reactive) in wild type cells in these three representative transcripts. This indicates that, while the 

overall 3’UTR structure, which can include both base-pairing and protein-binding, is changed in 

the absence of DBP2, there may be a tendency for regions that are typically unprotected to be 

protected. Moreover, Dbp2-binding sites are found within close proximity of these regions (Figure 

2.8B). This is consistent with RNA/RNP structural remodeling of 3’UTRs by Dbp2. While we 

were able to analyze some snoRNAs for DBP2-dependent structural changes (Figure 2.9), we were 

unable to analyze regions of termination/processing due to insufficient coverage for dStruct 

analysis in preprocessed precursor snoRNAs. Regardless, our results above, and the known 

enzymatic role of Dbp2 as a DEAD-box RNA helicase, suggest that this enzyme may remodel 

RNA structure during termination for multiple RNAPII transcripts.  

2.3.7 DBP2-dependent RNA structure correlates with DBP2-dependent termination  

To understand the relationship between binding and structural remodeling of 3’UTRs of 

protein-coding transcripts with efficient termination, we qualitatively compared differential 

reactivity profiles across different datasets. First, we compared the DMS reactivities between wild 
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type and dbp2∆ cells by plotting the difference in reactivity (dbp2∆ minus wild type) for all 

transcripts that are bound or not bound by Dbp2. This revealed reduced reactivity across Dbp2-

bound transcripts in the absence of DBP2 across the length of the 5’UTR, ORF, and 3’UTR (Figure 

2.10A). Second, we compared differential reactivities of transcripts that exhibit 3’ extensions in 

dbp2∆ to those that do not (Figure 2.10B).  This revealed that transcripts from genes with DBP2-

dependent termination are more protected across their 3’UTRs in the absence of DBP2 (Figure 

2.10B). Consistent with the latter, a Fisher’s exact test showed significant correlation between the 

presence of DBP2-dependent differential reactivity and DBP2-dependent termination (p-value = 

9.4e-16, Figure 2.10C & Table 2.11). Moreover, meta-analysis of Dbp2 binding near mRNA 3’ 

ends revealed a sharp peak at the immediate upstream of the polyadenylation site specifically in 

the group of mRNAs with 3' extension in dbp2∆ as compared to those without 3' extension (Figure 

2.10D), in line with the pattern of structural change observed in Figure 2.10B. This suggests the 

Dbp2-dependent remodeling of structures and/or proteins within the 3’UTR as a likely mechanism 

for DBP2-dependent reactivity. 

 To test if the presence and stability of secondary structures in 3’ UTRs dictates a 

requirement for Dbp2 in termination, we utilized a transcriptional termination reporter growth 

assay that previously enabled identification of both cis-acting termination elements and trans-

acting termination factors (Steinmetz and Brow, 2003; Steinmetz et al., 2001). Briefly, the reporter 

encodes a chimeric actin-metallothionein (ACT1-CUP1) transcript that includes the intron of ACT1 

(Figure 2.11A). Insertion of a terminator within the intron prevents expression of the ACT1-CUP1 

chimera and results in death of cells lacking endogenous CUP1 (cup1∆ cells) on copper-containing 

plates. Defective termination, however, allows read-through of the internal terminator and resistant 

growth on different concentrations of copper, the latter of which is inversely proportional to the 

efficiency of termination (Steinmetz and Brow, 2003).  

First, we generated a putative, DBP2-dependent termination reporter by inserting the 

3’UTR region of YOP1 into the intron of the ACT1-CUP1 reporter (Figure 2.11A).  To determine 

if the reporter recapitulates the DBP2-dependent termination defects seen at the endogenous loci, 

strains lacking CUP1 were first transformed with reporters either lacking a terminator (no 

terminator), containing an inserted CYC1 terminator (CYC1 TER), or containing the YOP1 3’UTR. 

CYC1 termination is independent of DBP2 and serves as a negative control (Table 2.7). Without 

an internal terminator, the transcription of the reporter is terminated only at the end of CUP1 gene 
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(Figure 2.11A), allowing production of the Act1-Cup1 chimera and enabling growth of both cup1∆ 

and cup1∆ dbp2∆ cells on copper (Figure 2.11B, no terminator). Insertion of CYC1 TER resulted 

in a copper-sensitive phenotype in both cup1∆ and cup1∆ dbp2∆, consistent with termination in 

both strains prior to CUP1 (Figure 2.11B, + CYC1 TER). In contrast, insertion of the YOP1 3’ UTR 

prevented copper-resistant growth of cup1∆ cells but not cup1∆ dbp2∆ cells, indicating that the 

3’UTR of YOP1 is sufficient to elicit termination in wild type cells and that this termination is 

DBP2-dependent (Figure 2.11B, + YOP1 3’UTR). 

We then generated a structure prediction of the 3’UTR of YOP1 in the absence of DBP2 

using DMS reactivity data and the ViennaRNA package 2.0 (Lorenz et al., 2011) (Figure 2.11C). 

Interestingly, UA/UG-rich (Figure 2.11B, boxes) motifs, which are sequences recognized by Nrd1 

and Nab3 (Schaughency et al., 2014), are present in predicted secondary structures. Based on the 

PAR-CLIP data of NNS factors (Creamer et al., 2011), Nrd1 and Nab3 crosslink to nucleotides 

848 and 849, respectively, at the base of the 814 – 851 nt stem structure stem structure, whereas 

Sen1 crosslinks to nucleotides 773, 774, and 776 at the base of the 773 – 804 stem structure located 

upstream. 

To test if the termination defect in dbp2∆ cells is dependent on the stability of RNA secondary 

structures within YOP1 3’UTR, we mutated the sequences within the reporter to destabilize one 

or both structures (Figure 2.11C-D). We then assayed growth in liquid culture over time to increase 

the sensitivity of the assay.  Importantly, neither mutation enabled growth of cup1∆ cells in the 

presence of copper, indicating that these mutations do not alter termination efficiency in wild type 

cells (Figure 2.11D, top panels). Consistent with our plate assay, cells lacking DBP2 exhibited 

copper-resistant growth with the YOP1 3’UTR reporter. However, this resistance was reduced in 

both reporter mutants, indicative of increased termination (Figure 2.11D, bottom panels). 

Furthermore, the amount of secondary structure in the 3’ UTR correlated with the requirement for 

DBP2 in termination as evidenced by decreased growth of the cup1∆ dbp2∆ cells with the mut1+2 

reporter over mut1 alone, indicating that the secondary structure of a given 3’UTR determines the 

requirement for Dbp2 in termination. This suggests that Dbp2 may promote termination efficiency 

by remodeling RNA/RNP structure in certain protein-coding genes. Taken together, our data point 

to a model whereby Dbp2 promotes efficient termination of RNPII transcription by modulating 

RNA/RNP structures to facilitate recruitment of NNS components. Future studies are necessary to 
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determine the precise role of NNS-complex members at the 3’ ends of protein-coding genes (see 

Discussion). 

2.4 Discussion 

Termination of RNAPII in S. cerevisiae is executed predominantly by the CPF or NNS 

complex, which function on protein-coding genes or non-coding RNAs, respectively. This 

distribution of tasks allows coupling of termination with 3’ processing steps that are appropriate 

for the given transcript, such as endonucleolytic cleavage and addition of a poly(A) tail to maturing 

mRNAs or 3’ end trimming or decay of non-coding RNAs. While the histone modification pattern 

of the transcribed gene, the phosphorylation status of RNAPII, and the sequence of the nascent 

transcript itself all dictate the mode and efficiency of termination (Proudfoot, 2016), the 

contribution of RNA structure and role of RNA helicases in this process has not been fully explored. 

By aggregating the results of multiple genome-wide analyses, we show that the RNA helicase 

Dbp2 promotes transcriptional termination and provide evidence that this mechanism likely 

involves remodeling of nascent transcripts and recruitment of Nrd1 to targeted genes. 

In budding yeast, NNS-dependent termination of non-coding genes is coupled to 3’ end 

processing of nascent transcripts by nuclear exosome with the aid of the Trf4-Air2-Mtr4 

Polyadenylation (TRAMP) complex, which adds short stretches of oligo(A) to the 3’ ends of NNS 

products to promote 3’ end maturation (Arndt and Reines, 2015). The Sen1 RNA-DNA helicase, 

a component of the NNS complex, is thought to facilitate termination by unwinding the RNA-

DNA hybrid produced in the wake of RNAPII (Conti et al., 2017; Han et al., 2017). Our results 

show that loss of DBP2 results in a shift of RNAPII accumulation downstream of annotated 

snoRNA termination sites, well characterized targets of the NNS complex, indicative of a role for 

Dbp2 in NNS-dependent termination. Dbp2 may also facilitate termination-coupled processing 

steps, as evidenced by the isolation of Dbp2-bound snoRNA processing intermediates with non-

templated A’s. These processing intermediates are highly reminiscent of semi-mature snoRNA 

species produced by the distributive polyadenylation polymerase activity of TRAMP in 

conjunction with Rrp6-dependent processing (Grzechnik and Kufel, 2008) and have also been 

isolated by Nrd1 PAR-CLIP studies (Jamonnak et al., 2011).  This role is also supported by 

synthetic lethal interactions between RRP6 and AIR2 with DBP2 (Cloutier et al., 2012; Wilmes et 

al., 2008) and the fact that loss of DBP2 results in upregulation and 3’ extension of the GAL10s 
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lncRNA (Cloutier et al., 2012) It is interesting that Dbp2 accumulates across the snoRNA body 

while promoting termination (Figure 2.2B-C). A likely explanation is that Dbp2 also functions in 

snoRNA-guided rRNA modification, a role that is supported by the nucleolar accumulation of 

Dbp2 and its association with ribosome subunits (Cloutier et al., 2012; Martin et al., 2013).  

In addition to snoRNAs, our results also define a role for Dbp2 in termination of protein-

coding genes.  Whereas the predominant mechanism for termination of protein-coding genes 

involves the CPF complex, our results suggest that, like snoRNA genes, Dbp2-dependent 

termination of protein-coding genes may also involve the NNS complex. This is evidenced by 

enrichment of Nrd1 and, to a lesser extent, Nab3 consensus motifs as Dbp2-bound RNA targets 

(Figure 2.3C), DBP2-dependent binding of Nrd1 to the 5’ ends and 3’ UTRs of targeted protein 

coding genes (Figure 2.3E & 2.6C), and the recapitulation of DBP2-dependent termination upon 

insertion of a Nrd1-targeted 3’UTR into a reporter construct (Figure 2.11). It should be noted, 

however, that while our results say that Dbp2-dependent termination is mediated through Nrd1, 

this does not mean that this mechanism is CPF-independent.  

The decision of whether to terminate transcription using CPF or NNS is largely determined 

by the phosphorylation state of the C-terminal domain (CTD) of RNAPII, which is recognized by 

CTD-interacting domains (CID) in either Pcf11 or Nrd1, respectively (Chinchilla et al., 2012; Eick 

and Geyer, 2013; Noble et al., 2005). Specific phosphorylation patterns within the heptad repeat 

of the CTD mark the position of RNAPII during transcription, with high levels of serine 5 (Ser5) 

phosphorylation transitioning to serine 2 (Ser2) phosphorylation along the length of the gene 

(Harlen and Churchman, 2017). Nrd1 associates with Ser5 phosphorylated CTD while Pcf11 

associates with Ser2, confining Nrd1 to termination of short transcripts and Pcf11 to longer, 

protein-coding ones (Chinchilla et al., 2012; Eick and Geyer, 2013; Noble et al., 2005). However, 

several genome-wide studies have revealed association of Nrd1 and Nab3 with the 3’ ends of 

mRNA transcripts, in addition to canonical snoRNAs and CUTs (Creamer et al., 2011; Webb et 

al., 2014; Wlotzka et al., 2011). In some cases, this association serves as a form of quality control, 

with NNS-directed termination serving to direct exosome recruitment to mis-processed RNAs 

(Gudipati et al., 2012). In line with this is the observation that NNS-targeted protein-coding 

transcripts are frequently upregulated upon mutation of nrd1 or components of the exosome 

(Gudipati et al., 2012; Webb et al., 2014). However, we observed no significant correlation 

between transcript upregulation and 3’ extension in dbp2∆ cells (data not shown), suggesting that 
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DBP2-dependent termination of protein-coding genes may not be coupled with decay. 

Interestingly, studies have shown that the Pcf11 component of the CPF complex depends on initial 

binding and subsequent exchange with Nrd1 (Grzechnik et al., 2015). While this Nrd1-Pcf11 

“swap” was documented at the 5’ ends of genes, consistent with the role of NNS on shorter 

transcripts, evidence suggests that the converse may also occur.  The most striking example is the 

characterization of a failsafe termination mechanism for RNAPII complexes that involves 

Nrd1/Nab3 sites that are downstream of a polyadenylation site (Rondón et al., 2009). Interestingly, 

characterization of this form of failsafe termination utilized the GAL10-GAL7 genes and associated 

intergenic region, which corresponds to the same region where DBP2-dependent termination of 

both protein-coding and non-coding genes was first described (Cloutier et al., 2012). Moreover, 

mounting evidence has found that the role of CTD phosphorylation in downstream processing 

steps may be more nuanced than the prevailing Ser5-Ser2 gradient model.  While the latter does 

hold true for the vast majority of genes in S. cerevisiae (Suh et al., 2016) gene-specific 

phosphorylation patterns and the link between Ser7 phosphorylation and Nrd1 recruitment have 

also been described (Kim et al., 2010; Kubicek et al., 2012; Vasiljeva et al., 2008). One interesting 

possibility for the role of Dbp2 stems from the observation that the Nrd1 ortholog in fission yeast, 

Seb1, promotes pausing of RNAPII, in addition to termination site selection and 3’ end processing 

(Lemay et al., 2016; Liu et al., 2017; Parsa et al., 2018). While S. pombe does not use an NNS-like 

mechanism for termination of protein-coding or non-coding RNAs, with Seb1 recruiting CPF 

machinery to both types of RNAPII-transcribed genes (Larochelle et al., 2018), the fact that loss 

of DBP2 results in a change in RNAPII accumulation at Nrd1-binding sites on individual genes 

(Figure 2.3 & 2.6) that is strikingly similar to seb1 mutation suggests that termination defects 

described here may be coupled to RNAPII progression.  Future studies are necessary to determine 

if DBP2 influences RNAPII kinetics and if the kinetics are affected by aberrant RNA structure or 

reduced binding of Nrd1 in its absence.  

Thirty years ago to date, the first DEAD-box RNA helicase was shown to have RNA duplex 

unwinding activity in vitro (Abramson et al., 1987; Hirling et al., 1989). Since this discovery, 

elegant biochemical and biophysical studies have provided an in-depth knowledge of how these 

enzymes function in vitro (Rudolph and Klostermeier, 2015); however, their precise functions in 

vivo have remained elusive. Recently, however, the Jankowsky lab capitalized on the rapidly 

advancing technologies to view RNA-binding sites and RNA structure/composition genome-wide, 
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providing the first evidence for widespread RNA remodeling by a DEAD-box RNA helicase that 

directly influences gene expression steps (Guenther et al., 2018). While those studies provide a 

link between the DEAD-box RNA helicase Ded1 and translation, results herein now extend the 

generality of RNA remodeling events catalyzed by these enzymes to nuclear gene expression steps.  

Loss of DBP2 results in decreased DMS reactivity, mostly in 3’ UTRs (Figure 2.8 & 2.10). 

Therefore, RNA/RNP structures may contribute to regulation of specific processes. It is likely that 

the altered mechanism of termination and extended length of the transcripts produced in dbp2∆ 

cells result in different compositions and/or stoichiometries of RBPs that account for the 40-60 nt 

stretch of reduced DMS reactivity (Figure 2.8A). It has been established that efficient termination 

is a pre-requisite for recruitment of mRNA export factors to mature mRNAs (Dunn et al., 2005; 

Hammell et al., 2002; Kessler et al., 1997) and our laboratory has shown that loss of DBP2 reduces 

association of the nuclear poly(A)-binding protein, Nab2, and mRNA export factor, Mex67 on 

poly(A)+ RNAs (Ma et al., 2013). Moreover, recent studies by the Struhl laboratory found that the 

protein composition of the 3’ isoform produced is influenced by the length of the transcript 

(Moqtaderi et al., 2018).  However, the fact that the 40-60 nt stretch is centered at the Dbp2-binding 

site suggests that the altered folding and/or composition is directly due to loss of Dbp2 activity. 

These remodeling events are likely to be important for multiple steps of gene expression as recent 

studies have shown that Dbp2 couples translational efficiency of a given mRNA with the identity 

of the gene promoter (Espinar et al., 2018). Additionally, loss of this RNA remodeling activity 

may contribute to the cold-sensitive phenotype of dbp2∆ (Cloutier et al., 2012), due to the 

accumulation of stabilized, non-functional RNA structures as the temperature decreases in the 

absence of DBP2. 

It is important to note that while our studies of the YOP1 3’UTR suggest that DBP2-

dependent remodeling involves alteration of RNA secondary structure (Figure 2.11), remodeling 

includes both changes in RNA structure and RNA-binding protein composition that occurs either 

directly via RNA helicase activity or more indirectly by extending the RNA transcript length. It is 

well established that many RNA-binding proteins are inhibited by the presence of secondary 

structure in the targeted RNA, a phenomenon recently supported by genome-wide studies 

(Lambert et al., 2014). Consistently, formation of secondary structure has been shown to impair 

specific gene expression steps catalyzed by these RNA-binding proteins, including transcription 

termination (Chen and Wilusz, 1998; Klasens et al., 1998; Mortimer et al., 2014). Because loss of 
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DBP2 reduces recruitment of Nrd1 to individual genes and that destabilization of secondary 

structure in the 3’UTR of YOP1 bypasses the requirement for DBP2 in termination, our finding 

points to a model that Dbp2 remodels RNA structure to provide a “landing pad” for Nrd1. The 

precise mechanism for how this elicits termination and if that termination involves Nab3 and Sen1 

are yet to be determined. 

Although we have not detected a direct interaction between Dbp2 and Nrd1 or Nab3 to date, 

an interaction between Dbp2 and Sen1 has been reported along with a correlation of Dbp2 RNA-

binding sites with locations of R-loop formation (Tedeschi et al., 2018). If Dbp2 enables 

recruitment and/or activation of the RNA-DNA helicase Sen1, this could explain prior 

observations that loss of DBP2 results in accumulation of RNA-DNA hybrids in vivo despite 

reduced RNA-DNA duplex unwinding activity in vitro compared to pure RNA duplexes (Cloutier 

et al., 2016; Ma et al., 2013). While the NNS complex is not conserved in mammalian cells, Sen1 

does have an orthologous protein Senataxin that functions in transcriptional termination and 

resolution of R-loops (Skourti-Stathaki et al., 2011).  It will be interesting to determine if DDX5, 

the mammalian ortholog of Dbp2, interacts with Senataxin and/or the Integrator complex, the latter 

of which is functionally analogous to NNS (Baillat and Wagner, 2015). The fact that ectopic 

expression of DDX5 in dbp2∆ cells rescues defects in both growth and gene expression is highly 

suggestive of a conserved function in both fungi and human cells (Xing et al., 2017).   Moreover, 

mounting evidence showing that aberrant mRNA structure may underlie select human 

pathophysiologies (Corley et al., 2015; Wan et al., 2014), points to a pressing need to understand 

the precise biochemical function of the ~40 DEAD-box RNA helicases in mammalian cells (~25 

in budding yeast) in vivo (Linder and Jankowsky, 2011). 
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Figure 2.1. Assessment of reproducibility of Dbp2-binding sites as determined by iCLIP-

seq across three biological replicates (R1, R2, and R3).  

For each replicate, the crosslinking count per kilobase of transcript per million mapped reads 

(PKM) was calculated. Reproducibility was assessed by calculating Pearson’s correlation 

coefficient between each pair of replicates (table below). 
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Figure 2.2. Dbp2 promotes transcription termination and processing at snoRNA genes.  

(A) Dbp2 binds both coding and non-coding RNAPII transcripts. The composition of RNA 

classes identified by native iCLIP-seq of strains harboring C-terminally 3XFLAG-tagged DBP2 

at the endogenous locus. Dbp2-binding sites across all RNA classes were derived from uniquely 

mapped reads in each replicate. The percentage of the total Dbp2-bound RNAs and number of 

unique transcripts in each class (shown in parentheses) were calculated and averaged from the 

three biological replicates. Note that the number of rRNA transcripts in Dbp2 iCLIP-seq is 

under-represented due to rDNA repeats. (B) RNAPII ChIP-seq reveals snoRNA gene termination 

defects in dbp2∆ cells. Normalized RNAPII occupancy across termination sites of monocistronic 

snoRNA genes from RNAPII ChIP-seq in the wild type (blue) and dbp2∆ (pink). SnoRNA 

termination sites were obtained from (Schaughency et al., 2014). (C) Comparison of RNAPII 

occupancy with RNA-binding sites of Dbp2 and Nrd1, Nab3, and Sen1 at individual snoRNA 

gene loci. Normalized RNAPII profiles across select snoRNA genes from RNAPII ChIP-seq in 

wild type and dbp2∆ (top panel). The binding patterns of Nrd1, Nab3, and Sen1 were reproduced 

from previously published data (Creamer et al., 2011). Note that the difference in scales is due to 

the difference in how data was generated and does not represent the absolute quantity of binding. 

(D) Unprocessed snoRNA sequences in Dbp2 iCLIP-seq reads. Table of all Dbp2-bound 

snoRNA sequences that show unprocessed nucleotides (bold italics) and non-templated A’s at 3’ 

ends of the mature snoRNA (dashed lines). The class of snoRNA (Box C/D or Box H/ACA) are 

listed in parentheses next to the name. 
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Figure 2.3. Dbp2 binding in protein-coding transcripts correlates with Nrd1 and Nab3 

binding sites and shares similar RNA sequence motifs.  

(A) Dbp2, Nrd1, Nab3, and Sen1 meta-analysis reveals similar distribution patterns on protein-

coding genes. Meta-analysis of Nrd1 (blue), Nab3 (cyan), Sen1 (gray) (Creamer et al., 2011), 

and Dbp2 (red) binding sites across all commonly bound mRNAs. Dashed vertical lines mark 

boundaries between 5’ or 3’ UTRs and ORFs. (B) Nrd1 and Nab3 show enriched occupancy at 

Dbp2-binding sites across protein-coding transcripts. The distance between Dbp2 and Nrd1 

(blue) or Nab3 (gray) binding sites in all commonly bound mRNAs. (C) Enriched sequence 

motifs bound by Dbp2 in protein-coding transcripts and comparison to known Nrd1 and Nab3-

binding sites.  Motifs were identified from Dbp2 iCLIP-seq using HOMER (Heinz et al., 2010). 

Web logos of sequence motifs bound by Nrd1 and Nab3 were reproduced from published reports 

(Creamer et al., 2011) (right). (D) Comparison of Dbp2 binding with Nrd1, Nab3, and Sen1 

binding at previously reported protein-coding targets of the NNS complex. Meta-analysis of 

Nrd1, Nab3, and Sen1 RNA-binding data sets from Creamer et al in conjunction with Dbp2. 

(Creamer et al., 2011). (E) Loss of DBP2 reduces recruitment of Nrd1 to protein-coding genes. 

ChIP-qPCR of endogenously, 3XFLAG-tagged NRD1 strain at 5’ ends of NRD1 (left) and 

PCF11 (right). Signals are shown relative to input and RNAPII ChIP levels, the latter of which 

accounts for changes in abundance due to transcriptional activity. Asterisks (*) indicate two-

sided p-value < 0.05. (F) Reduced Nrd1 association is not a result of decreased Nrd1-3XFLAG 

levels in dbp2∆.  Representative western blot of Nrd1-3XFLAG and Pgk1 in wild type and 

dbp2∆ strains.  Numbers below correspond to the relative level of Nrd1-3XFLAG in dbp2∆ cells 

compared to wild type normalized to a Pgk1 loading control across three independent biological 

replicates.  The signal of the wild type is set to one and standard deviations are shown. 
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Figure 2.4. Dbp2 binding at the 3’ ends of protein-coding transcripts does not correlate 

with Rna15 component of the cleavage and polyadenylation complex (CPF).  

(A) Meta-analysis of Dbp2 (grey) and Rna15 (blue) RNA-binding sites across all commonly 

bound mRNAs (Rna15 sites from (Baejen et al., 2014)). (B) The distance between Dbp2 and 

Rna15 binding sites in all commonly bound mRNAs. 
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Figure 2.5. Loss of DBP2 causes termination defects at a subset of protein-coding genes.  

(A) Meta-analysis of normalized RNAPII occupancy at the 3’ ends of all protein-coding genes in 

wild type and dbp2∆ cells. Only transcripts without overlapping genes within 150 bp 

downstream in the sense direction were considered in the analysis. The 0 position and dotted line 

marks the location of the polyadenylation site (Nagalakshmi et al., 2008; Yassour et al., 2009). 

(B) Venn diagram showing the intersection between 3’ extended transcripts in dbp2∆ and 

mRNAs bound by Dbp2 at the 3’ end (50 nt of ORF 3’ end through the 3’ UTR). Aberrant 

transcripts were identified following RNA-seq of wild-type and dbp2∆ strains by an 

overaccumulation of reads mapping at least 150 nts downstream of the 3’ UTR, after accounting 

for different expression levels between wild type and dbp2∆ strains. The number in the 

parentheses is the expected value of intersection if the two groups of transcripts have no 

significant correlation. The number within the white square corresponds to genes that lack both 

detectible, putative read-through products in dbp2∆ and Dbp2-binding on mRNA 3’ ends. The p-

value derived from a one-sided Fisher's exact test is shown. (C) Loss of DBP2 results in 

differential accumulation of 3’ extended products for individual genes. Histograms illustrating 

the percentage of total transcripts corresponding to 3’ extended products in dbp2∆ or wild type 

cells as determined by read counts in the extended region over the counts in the ORF in wild type 

and dbp2∆ cells multiplied by 100. Grey coloring denotes overlap between the histogram of wild 

type and dbp2∆. (D) Loss of DBP2 results in a broader distribution of 3’extended transcripts as 

compared to wild type cells. A box plot showing the quartile distribution of the ratio of extended 

versus total transcript in wild type and dbp2∆ cells. The distributions of the two strains is 

significantly different, as tested by the two sample Kolmogorov–Smirnov test (p-value < 2.2e-

16). (E) Protein-coding genes that produce 3’ extended transcripts show RNAPII accumulation 

in dbp2∆ cells at downstream of annotated 3’ UTRs. Meta-analysis of RNAPII occupancy across 

the 824 genes with 3’ extended transcripts in dbp2∆ RNA seq. 
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Figure 2.6. DBP2-dependent termination of protein-coding genes correlates with efficient 

DBP2-dependent recruitment of Nrd1 within the gene ORF and 3’UTR.  

(A) RNAPII occupancy at three, selected protein-coding genes shows DBP2-dependent 

termination. Normalized RNAPII occupancy at the three termination-defective protein-coding 

genes in the wild type (blue) and dbp2∆ (pink). (B) Comparison of Dbp2, Nrd1, Nab3, Sen1, and 

Rna15 RNA-binding sites at individual genes shows similar distributions between Dbp2 and 

members of the NNS complex. The published binding sites for Nrd1, Nab3, Sen1 and Rna15 were 

obtained from the GEO session GSE31764 (Creamer et al., 2011) and GSE59676 (Baejen et al., 

2014). The blue dashed lines correspond to the boundaries of the coding region and the end of 3’ 

UTR and are aligned to the schematic representation in (C). (C) Loss of DBP2 reduces 

recruitment of Nrd1 to protein-coding genes. ChIP-qPCR of endogenously, 3XFLAG-tagged 

NRD1 strain at 5’ ends (1), 3’UTRs (2), and downstream of polyadenylation sites (3) in YOP1, 

RBG1, and YNL190W. Signals are shown relative to input and RNAPII ChIP levels, the latter of 

which accounts for changes in abundance due to transcriptional activity. Asterisks (*) indicate 

two-sided p-value < 0.05. Note that the 3’UTR (2) of RBG1 was not assayed due to a technical 

limitation of qPCR primer binding sites. (D) Rna15 shows reduced chromatin binding in dbp2∆ 

cells but only downstream of the polyadenylation site. ChIP-qPCR was conducted as in C but 

with an endogenously 3XFLAG-tagged RNA15 strain. 
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Figure 2.7. The frequency of RT stops at A, U, C, and G in each replicate of DMS-treated 

(+) and untreated (-) samples.  

Vertical strip labels indicate strain (‘mt’ for dbp2∆ and ‘wt’ for wild type) and replicate batch 

number. Note reactivity bias towards A, consistent with prior studies (Ding et al., 2014; Rouskin 

et al., 2013). 
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Figure 2.8. Structure-seq reveals DBP2-dependent RNA structural changes in protein-

coding genes.  

(A) Meta-analyses of DMS reactivity at Dbp2-binding sites on mRNAs reveals 40-60 nt “trough” 

of DBP2-dependent structure. The relationship between Dbp2- binding sites and the changes in 

DMS reactivity was analyzed for both the whole transcript (left panel) and 3’ UTR (right panel). 

DBP2-dependent change in DMS reactivity of each nucleotide in Dbp2-bound mRNA transcripts 

was calculated by subtracting the average DMS reactivity in dbp2∆ by that in wild type, and was 

then plotted corresponding to the distance to Dbp2-binding sites identified in iCLIP-seq. (B-D) 

Reactivity profiles of the 3’ ends of YOP1 (B), RBG1 (C), and YNL190W (D) in wild type and 

dbp2∆ cells (top panels). The x-axes indicate transcript coordinates relative to the transcriptional 

start site. The annotated 3’ UTR region spans coordinates 733-872 for YOP1, 1156-1322 for 

RBG1, 934-1476 for YNL190W were defined previously (Nagalakshmi et al., 2008; Yassour et 

al., 2009). Only the regions close to the end of 3’ UTR are shown (50 – 120 nt). DBP2-

dependent changes in DMS reactivity are also presented as the values derived by subtracting the 

reactivity in wild type from the reactivity in dbp2∆ (middle panels). Dbp2 binding sites derived 

from iCLIP-seq are shown below reactivity profiles. Annotated polyadenylation sites (pA, 

(Ozsolak et al., 2010)) are shown for reference (bottom panels).  Bar height in the pA histograms 

indicate the relative frequency of polyadenylation at each position. 
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Figure 2.9. DMS reactivity (A, C) and Dbp2 binding (B, D) profiles of the two snoRNAs 

with a read-through defect in dbp2∆.  

The reactivity towards DMS for each nucleotide was normalized using 2-8% approach in each 

replicate, and the value shown on the Y-axis is the average from biological replicates of the same 

strain (i.e. wild type or dbp2∆). The numbers at the X-axis represent the transcript coordinates 

relative to the start of mature 5’ end, and the end position on the X-axis corresponds to the 

mature 3’ end. DBP2-dependent changes in DMS reactivity are also presented as the values 

derived by subtracting the reactivity in wild type from the reactivity in dbp2∆ (A, bottom). Note 

that SNR189 also exhibits Dbp2-dependent processing as evidenced by non-templated A’s in 

dbp2∆ (Figure 1E). 
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Figure 2.10. The presence of DBP2-dependent structural changes in 3’ UTRs correlates 

with a requirement for DBP2 in transcriptional termination.  

(A) Metagene analysis of DBP2-dependent changes on secondary structure in transcripts bound 

(red) or not bound (blue) by Dbp2. DBP2-dependent structural changes were captured by the 

differential reactivity of DMS in dbp2∆ versus wild type cells. (B) Metagene analysis of DBP2-

dependent DMS reactivity changes as plotted with respect to the presence (red) or absence (blue) 

of a read-through defect in dbp2∆. (C) A Venn diagram showing the intersection between 

transcripts with read-through defects and those with significant structural changes in dbp2∆ 

(determined using dStruct described in methods). The number in the parentheses is the expected 

value of intersection if the two groups of transcripts have no significant relationship. The p-value 

derived from a one-sided Fisher's exact test is shown below the box. The number shown in the 

square corresponds to transcripts without a read-through defect and a statistically significant, 

structural change in dbp2∆. In this analysis, only transcripts that were passed to the read-through 

and DMS reactivity analyses are included. (D) Meta-analysis of Dbp2 binding within 200 nt 

upstream of annotated polyadenylation sites of mRNAs with (red) or without 3’ extension (blue) 

upon DBP2 deletion.  
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Figure 2.11.  Secondary structure stability correlates with the requirement for DBP2 in 

termination of protein-coding genes.  

(A) Schematic representation the YOP1 termination reporter.  The YOP1 3’ UTR region was 

cloned into the intron of the previously described CUP1 termination reporter plasmid (Steinmetz 

and Brow, 2003). (B) Insertion of the YOP1 3’UTR into the termination reporter confers DBP2-

dependent copper sensitivity to cup1∆ cells. Serial dilution of cup1∆ (top) or cup1∆ dbp2∆ cells 

(bottom) transformed with the reporter without terminator insertion before CUP1 (no 

terminator), with wild type CYC1 terminator (CYC1 TER), or with wild type YOP1 3’ UTR on 

non-selective media (0 mM) or media containing high concentrations (1.2mM) of copper sulfate 

(CuSO4). (C) Predicted secondary structure of the YOP1 3’UTR with structure-destabilizing 

mutations. The secondary structure of the 3’UTR of YOP1 in dbp2∆ was predicted using DMS 

reactivity patterns and the ViennaRNA package (Lorenz et al., 2011). Adenosines and cytosines 

with reduced DMS reactivity in dbp2∆ are colored in red and those with increased reactivity are 

in blue. The mutated nucleotides for the reporter assay are indicated by arrows and the folding 

energy (∆G) for the wild-type and mutant structures were predicted using ViennaRNA package 

2.0 (temperature parameter = 30 °C) (Lorenz et al., 2011). (D) Destabilization of the YOP1 

3’UTR bypasses requirement for DBP2 in termination. A liquid growth assay of cup1∆ or cup1∆ 

dbp2∆ cells with the reporter without internal terminator insertion (no terminator), with the wild-

type YOP1 3’ UTR, and with the destabilized YOP1 3’ UTR containing 1 (3’UTR-mut1) or 2 

(3’UTR-mut1+mut2) structural mutation sites in the presence or absence of 0.4mM CuSO4. A 

reduced amount of CuSO4 was necessary as compared to panel C as the cells showed enhanced 

sensitivity in liquid culture as compared to plates. 
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Table 2.1. Yeast strains. Strains are all isogenic and correspond to the BY4741 or S288C 

background. 

Strain Genotype Source/Reference 

Wild type (BY4741) MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 Open Biosystems 

dbp2Δ MATa dbp2::KanMx6 his3Δ1 leu2Δ0 

met15Δ0 ura3Δ0 

(Cloutier et al., 2012) 

DBP2-3XFLAG MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

DBP2-3XFLAG:KanMx 

(Cloutier et al., 2012) 

cup1∆ MATa cup1∆0 his3Δ0 trp1∆0 leu2Δ0 

ura3Δ0 lys2∆0 ade2∆0 

(Steinmetz and Brow, 1996) 

cup1∆dbp2∆ MATa dbp2::HygR cup1∆0 his3Δ0 

trp1∆0 leu2Δ0 ura3Δ0 lys2∆0 ade2∆0 

This study 

NRD1-3XFLAG MATa his3D1 leu2D0 met15D0 ura3D0 

NRD1-3XFLAG-KanMx 

This study 

NRD1-3XFLAG 

dbp2∆ 

MATa his3D1 leu2D0 met15D0 ura3D0 

NRD1-3XFLAG-KanMx dbp2::HygR 

This study 

RPB3-3XFLAG MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

RBP3-3XFLAG-KanMx 

This study 

RPB3-3XFLAG 

dbp2∆ 

MATa his3D1 leu2D0 met15D0 ura3D0 

RPB3-3XFLAG-KanMx dbp2::HygR 

This study 
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Table 2.2. Plasmids used in this study. Plasmids were used for endogenous, 3X-FLAG tagging 

or as the termination reporter (Figure 2.11). 

Plasmid Source/Reference 

p3XFLAG:KanMX (Gelbart et al., 2001) 

pGAC24 (Lesser and Guthrie, 1993) 

pGAC24-CYC1 terminator (Steinmetz and Brow, 2003) 

pGAC24-YOP1 3’UTR This study 

pGAC24-YOP1 3’UTR-mut1 This study 

pGAC24-YOP1 3’UTR-mut1+mut2 This study 
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Table 2.3. Primers for strain construction and cloning.  Primers were used for endogenous, 

3X-FLAG tagging or for reporter construction. 

NRD1-3XFLAG F 5’- 

GCTCAATTGAATTCTTTGATGAATATGCTTAACCAACAGCAG 

CAGCAACAACAACAAAGCAGGGAACAAAAGCTGGAG -3’ 

NRD1-3XFLAG R 5’- 

TATATATAGAGGTAGATTAGTTTTATGTACTATGAGCAAATA 

AAGGGTGGAGTAAAGATCCTATAGGGCGAATTGGGT -3’ 

YOP1-XhoI-F 5’- ACCGCTCGAGGAGGCAACTCACCTATATCCTC -3’ 

YOP1-XhoI-R 5’- 

ATACCTCGAGTAAACGACTCCAAAATATTTTATATGTTAAG -

3’ 

YOP1-mut F 5’- GTTGTTATATATCGGTACTCAAGATATAAAATATTTTGGA 

-3’ 

YOP1-mut R 5’- 

CGACTCCAAAATATTTTATATCTTGAGTACCGATATATAAC -

3’ 

YOP1-mut2 F 5’- 

TTCTCTTTGTTATCTATTCTATTCAGAGAATATAAGTACATAT

G -3’ 

YOP1-mut2 R 5’- 

CAACTAATAACATATGTACTTATATTCTCTGAATAGAATAGA

TAAC -3’ 
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Table 2.4. Sequences used for iCLIP-seq. Bolded letters are barcodes for different libraries. 

Biotinylated 3’ adaptor 5’-/5rApp/AGATCGGAAGAGCGGTTCAG/3Biotin/-3’ 

RT primer 1 5’-/5phos/DDDNNAACCNNNNAGATCGGAAGAGCG 

TCGTGAT/iSp18/GG ATCC/iSp18/TACTGAACCGC-3’ 

RT primer 2 5’-/5phos/DDDNNACAANNNNAGATCGGAAGAGCG 

TCGTGAT/iSp18/GG ATCC/iSp18/TACTGAACCGC-3’ 

RT primer 3 5’-/5phos/DDDNNATTGNNNNAGATCGGAAGAGCG 

TCGTGAT/iSp18/GG ATCC/iSp18/TACTGAACCGC-3’ 

P3_short 5’-CTGAACCGCTCTTCCGATCT-3’ 

P5_short 5’-ACACGACGCTCTTCCGATCT-3’ 

P3_Solexa 5’-CAAGCAGAAGACGGCATACGAGATCGGTCTC 

GGCATTCCTGCTGAACCGCTCTTCCGATCT-3’ 

P5_Solexa 5’-AATGATACGGCGACCACCGAGATCTACACTCT 

TTCCCTACACGACGCTCTTCCGATCT-3’ 
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Table 2.5. Oligonucleotides used for ChIP. Oligos correspond to Figure 2.3 & 2.6. 

NRD1-5’-ChIP-F 5’- AGGGCAAGTGTTTCGTCC -3’ 

NRD1-5’-ChIP-R 5’- AAACTCGTAAAGGGAAGGAGC -3’ 

NRD1-5’-ChIP-probe /56-FAM/CCTCCATGT/ZEN/TCCATTCCTCGTTAGCA/3IABkFQ/ 

PCF11-5’-ChIP-F 5’- ATTGGATGAGAACTTGGCCT -3’ 

PCF11-5’-ChIP-R 5’- CTCCGAAAATTGTCCTGGTAATTC -3’ 

PCF11-5’-ChIP-

probe 

/56-FAM/TTTGAAATT/ZEN/TCGCTTTCTTCCCATGCCT/3IABkFQ/ 

YOP1-ORF-ChIP-F 

(1) 

5’- GGTTTTATTGGTTCCATCGTCATC -3’ 

YOP1-ORF-ChIP-R 

(1) 

5’- CTTTCTTGTTAGTATAACTGCTTCGG -3’ 

YOP1-ORF-ChIP-

probe (1) 

/56-FAM/TGTGTCGGG/Zen/TCATTTGGCTGTTTG/3IABkFQ/ 

YOP1-3’UTR-ChIP-

F (2) 

5’- AGACAGAAAAGGATGAAATTAGAGC -3’ 

YOP1-3’UTR-ChIP-

R (2) 

5’- TTTGAGGATATAGGTGAGTTGCC -3’ 

YOP1-3’UTR-ChIP-

probe (2) 

/56-FAM/CTGTAGCCT/ZEN/TAGAAGCCTCATTGACGG/3IABkFQ/ 

YOP1-readthrough-

ChIP-F (3) 

5’- TTGGAGTCGTTTATGGTGTCC -3’ 

YOP1-readthrough-

ChIP-R (3) 

5’- TCTGTCGCGCATATCAAGAG -3’ 

YOP1-readthrough-

ChIP-probe (3) 

/56-FAM/TCATCGTGT/Zen/TGTGTCGTGACGTGT/3IABkFQ/ 

RBG1-ORF-ChIP-F 

(1) 

5’- CCAAAAGAACAAGGCCACATC -3’ 

RBG1-ORF-ChIP-R 

(1) 

5’- GCCACATCAAAACCAATACCAG -3’ 

RBG1-ORF-ChIP-

probe (1) 

/56-FAM/TGGGTCAAC/Zen/TGAAGGCCAAGCTG/3IABkFQ/ 
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Table 2.5 continued 

RBG1-readthrough-

ChIP-F (3) 

5’- CTACCGAGGGCTCTTCAAAAG -3’ 

RBG1-readthrough-

ChIP-R (3) 

5’- AGATGTGTCAATTTACCAGAAAACTC -3’ 

RBG1-readthrough-

ChIP-probe (3) 

/56-FAM/CGACCTCGC/Zen/TTTGTGGTACCCAT/3IABkFQ/ 

YNL190W- ORF-

ChIP-F (1) 

5’- CTATTACTCTAGCCACCGTTGC -3’ 

YNL190W- ORF-

ChIP-R (1) 

5’- AACTACCGTCCGATGACAAAG -3’ 

YNL190W- ORF-

ChIP-probe (1) 

/56-FAM/TGCCACTGC/Zen/TAAGAAGGGTGAACAT/3IABkFQ/ 

YNL190W-3’UTR-

ChIP-F (2) 

5’- GGAAGACCTAATTTTCTCCGGT -3’ 

YNL190W-3’UTR-

ChIP-R (2) 

5’- CACAAGCACACGTAAACACATAG -3’ 

YNL190W-3’UTR-

ChIP-probe (2) 

/56-FAM/TCAGGATGA/ZEN/AGGGGGTAGGGGG/3IABkFQ/ 

YNL190W-

readthrough-ChIP-F 

(3)  

5’- GAGAAAGATCATCCAACTTTTAATCATG -3’ 

YNL190W-

readthrough-ChIP-R  

5’- AGCGTAGAAATAAGGAAAAAGAGAAAG -3’ 

YNL190W-

readthrough-ChIP-

probe  

/56-FAM/CGAATGTGG/ZEN/AAGGAAAATAGAGCGGAGC/3IABkFQ/ 
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Table 2.6. Oligonucleotides and PCR primers for Structure-Seq. Bolded letters are barcodes 

for multiple libraries. 

Random-hex RT-primer 5’-CAGACGTGTGCTCTTCCGATCTNNNNNN-3’ 

ssDNA linker 5’-

/5Phos/NNNAGATCGGAAGAGCGTCGTGTAG/3SpC3/-

3’ 

Illumina TruSeq  

forward primer 

5'-AATGATACGGCGACCACCGAGATCTACA 

CTCTTTCCCTACACGACGCTCTTCCGATCT-3' 

Illumina TruSeq reverse 

primer_index 1 

5’-CAAGCAGAAGACGGCATACGAGATTGGTCAG 

TGACTGGAGTTCAGACGTGTGCTCTTCCGATCT-3’ 

Illumina TruSeq reverse 

primer_index 2 

5’-CAAGCAGAAGACGGCATACGAGATGATCTGG 

TGACTGGAGTTCAGACGTGTGCTCTTCCGATCT-3’ 

Illumina TruSeq reverse 

primer_index 3 

5’-CAAGCAGAAGACGGCATACGAGATCGTGATG 

TGACTGGAGTTCAGACGTGTGCTCTTCCGATCT-3’ 
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Table 2.7. The list of read-through transcripts in dbp2∆. The ratio of 3’ extended / total 

transcripts is also listed for both wild type and dbp2∆. 

Gene ID Gene Name WT dbp2∆ 

Q0160 SCEI 11.30555556 18.84154316 

YAL016W TPD3 0.149871278 0.471447906 

YAL030W SNC1 0.012197879 0.037071203 

YAL037W  0.435803357 1.017882188 

YAR003W SWD1 0.063830182 0.146853002 

YBL024W NCL1 0.015350627 0.062969342 

YBL041W PRE7 0.086855396 0.15901146 

YBL071W-A KTI11 0.008773651 0.03249847 

YBL081W  0.075481866 0.395854136 

YBL092W RPL32 0.215687597 0.696376788 

YBR048W RPS11B 0.000546324 0.00394011 

YBR056W  0.04851038 0.227005827 

YBR111W-A SUS1 0.010244361 0.029864195 

YBR139W  0.425455575 1.473008616 

YBR149W ARA1 0.107032957 0.33793132 

YBR165W UBS1 0.053864427 0.131444891 

YBR171W SEC66 0.028339358 0.085485954 

YBR175W SWD3 0.046903935 0.222674861 

YBR189W RPS9B 0.059583088 0.130786084 

YBR194W AIM4 0.005558771 0.024518508 

YBR242W  0.284193664 0.864187024 

YBR244W GPX2 0.001167496 0.01997883 

YBR246W RRT2 0.024877708 0.217394704 

YBR271W EFM2 0.017593003 0.04343686 

YBR278W DPB3 0.01616635 0.037425972 

YBR290W BSD2 0.1561623 0.484105479 

YBR295W PCA1 0.055333426 0.242968847 

YCR016W  0.025106599 0.118851365 

YCR034W ELO2 0.033969379 0.071402613 

YCR036W RBK1 0.071111435 0.125131526 

YCR045W-A  0.026279894 0.156459898 

YCR060W TAH1 0.016793887 0.216661789 

YCR063W BUD31 0.034070933 0.332931579 

YCR066W RAD18 0.206806722 0.692170973 

YCR073W-A SOL2 0.004958217 0.026383146 

YDL004W ATP16 0.044655431 0.131271075 
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Table 2.7 continued 

YDL006W PTC1 0.077460262 0.462050992 

YDL013W SLX5 0.007598903 0.042560448 

YDL051W LHP1 0.003815732 0.01227894 

YDL066W IDP1 0.004105087 0.039885932 

YDL073W AHK1 0.034378505 0.129248613 

YDL099W BUG1 0.004697657 0.02438357 

YDL102W POL3 0.05746974 0.220589608 

YDL137W ARF2 0.028988878 0.075951341 

YDL155W CLB3 0.006988037 0.025195133 

YDL168W SFA1 0.005933475 0.041702517 

YDL178W DLD2 0.012402644 0.069484319 

YDL212W SHR3 0.026628892 0.078443649 

YDL240W LRG1 0.003233438 0.032643237 

YDR007W TRP1 0.021417881 0.059151912 

YDR021W FAL1 0.017142292 0.052464181 

YDR031W MIX14 0.039140484 0.245376415 

YDR065W RRG1 0.018698986 0.062299482 

YDR147W EKI1 0.16379955 0.396593354 

YDR168W CDC37 0.103996972 0.31982659 

YDR174W HMO1 1.236411746 4.456076989 

YDR214W AHA1 0.011538712 0.044987353 

YDR232W HEM1 0.160682559 0.340188354 

YDR235W PRP42 0.003818824 0.008198825 

YDR242W AMD2 0.020721503 0.049124581 

YDR262W  0.034472125 0.166405736 

YDR299W BFR2 0.007242072 0.028019169 

YDR307W PMT7 0.008353631 0.04070362 

YDR318W MCM21 0.029531633 0.050108475 

YDR325W YCG1 0.022320159 0.080363555 

YDR358W GGA1 0.057366051 0.167734601 

YDR363W ESC2 0.061708667 0.19545142 

YDR363W-A SEM1 0.005585032 0.016628605 

YDR373W FRQ1 0.005244328 0.041132638 

YDR377W ATP17 0.052613532 0.174960546 

YDR381W YRA1 0.017668984 0.110303719 

YDR386W MUS81 0.042007119 0.217412963 

YDR389W SAC7 0.012994683 0.114724599 
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Table 2.7 continued 

YDR427W RPN9 0.009985393 0.029016028 

YDR452W PPN1 0.019390641 0.085022903 

YDR463W STP1 0.021717209 0.094957567 

YDR472W TRS31 0.027869061 0.057238856 

YDR513W GRX2 0.017268658 0.075554883 

YEL018W EAF5 0.036391228 0.138063651 

YEL024W RIP1 0.110947157 0.208414287 

YEL032W MCM3 0.013573292 0.030552132 

YEL043W  0.154127063 0.362797008 

YEL044W IES6 0.026405917 0.058569086 

YEL072W RMD6 0.021373424 0.102703889 

YER009W NTF2 0.270322546 0.631705921 

YER016W BIM1 0.016381566 0.036010706 

YER019W ISC1 0.008334204 0.037517711 

YER030W CHZ1 0.070723981 0.183470696 

YER032W FIR1 0.249416924 0.814527069 

YER048W-A ISD11 0.078161373 0.246943013 

YER063W THO1 0.1192381 0.355491835 

YER074W RPS24A 0.265559972 0.650148689 

YER088W-B  0.001919219 0.020285873 

YER092W IES5 0.001949373 0.017601701 

YER127W LCP5 0.04705852 0.157531172 

YER128W VFA1 0.021672948 0.10212438 

YER129W SAK1 0.131389099 0.441143205 

YER131W RPS26B 0.050650406 0.322278702 

YER166W DNF1 0.138068959 0.499870348 

YER185W PUG1 0.001490182 0.028689809 

YER188W  0.326581028 1.463894682 

YFL049W SWP82 0.005179779 0.027204803 

YFR001W LOC1 0.011635045 0.034944079 

YFR008W FAR7 0.469281219 1.11507832 

YFR012W-A  0.093353006 0.353616602 

YFR013W IOC3 0.000600166 0.008811136 

YFR034W-A  0.067221953 0.120714065 

YFR052W RPN12 0.116764313 0.268686616 

YFR055W IRC7 0.546781348 1.251320713 

YGL010W MPO1 0.034997641 0.171858448 

 



93 

 

Table 2.7 continued 

YGL012W ERG4 0.044159544 0.239385727 

YGL041W-A  0.000938623 0.005593305 

YGL111W NSA1 0.180364168 0.594815482 

YGL130W CEG1 0.613756614 3.570393375 

YGL155W CDC43 0.138262868 0.325213647 

YGL159W  0.010940649 0.028577403 

YGL162W SUT1 2.12535014 4.894590529 

YGL174W BUD13 0.027965249 0.134360845 

YGL191W COX13 0.057574604 0.248974645 

YGL202W ARO8 0.205507612 1.618715399 

YGL210W YPT32 0.00024403 0.004038086 

YGL225W VRG4 0.025674269 0.078766068 

YGR038W ORM1 0.006965917 0.054042869 

YGR046W TAM41 0.03260621 0.08192676 

YGR049W SCM4 0.011237846 0.040379575 

YGR054W  0.195733678 0.460149344 

YGR097W ASK10 0.319852744 0.718319213 

YGR108W CLB1 0.046002991 0.088493068 

YGR118W RPS23A 0.036552092 0.081316787 

YGR129W SYF2 0.015749216 0.069245122 

YGR149W  0.027580163 0.15244615 

YGR170W PSD2 0.026342258 0.06649281 

YGR275W RTT102 0.244938918 0.530225843 

YHL015W RPS20 0.018600389 0.104218528 

YHL027W RIM101 0.00814305 0.04314844 

YHR002W LEU5 0.021108425 0.066333516 

YHR020W  0.003522261 0.026730801 

YHR060W VMA22 0.210389355 0.459642945 

YHR074W QNS1 0.01820213 0.03869244 

YHR076W PTC7 0.000179319 0.004683263 

YHR103W SBE22 0.106457271 0.437878529 

YHR122W CIA2 0.034545913 0.108500549 

YHR148W IMP3 0.000614251 0.009568815 

YHR178W STB5 0.004539722 0.010746736 

YHR197W RIX1 0.01010101 0.0411979 

YHR200W RPN10 0.007694333 0.01792394 

YHR214W-A  0.093396926 0.167683167 
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Table 2.7 continued 

YIL009W FAA3 0.003306371 0.018125269 

YIL010W DOT5 0.055919657 0.103695409 

YIL016W SNL1 0.014871447 0.027724596 

YIL019W FAF1 0.015555556 0.075428968 

YIL092W  0.000875204 0.00561594 

YIL097W FYV10 0.015868257 0.038798785 

YIR018W YAP5 0.016127318 0.056326069 

YIR023W DAL81 0.072568625 0.225144021 

YJL001W PRE3 0.018480871 0.078362515 

YJL014W CCT3 0.081990241 0.169430358 

YJL030W MAD2 0.003200219 0.048896204 

YJL046W AIM22 0.032095986 0.088614603 

YJL082W IML2 0.023912868 0.113986685 

YJL098W SAP185 0.078024681 0.376778857 

YJL111W CCT7 0.008260028 0.029550824 

YJL115W ASF1 0.006972666 0.029313435 

YJL126W NIT2 0.79115353 2.784547152 

YJL148W RPA34 0.016281022 0.07662614 

YJL159W HSP150 0.003376798 0.023009545 

YJL174W KRE9 0.00155956 0.008246258 

YJL179W PFD1 0.011276161 0.053682503 

YJL191W RPS14B 0.053124013 0.144558415 

YJR002W MPP10 0.002754821 0.060263523 

YJR032W CPR7 0.013270637 0.034679728 

YJR035W RAD26 0.014977799 0.048442683 

YJR055W HIT1 0.080994366 0.299882461 

YJR064W CCT5 0.070909717 0.108119118 

YJR089W BIR1 0.008369834 0.045826228 

YJR094W-A RPL43B 0.041309559 0.160022282 

YJR099W YUH1 0.07260616 0.169537046 

YJR110W YMR1 0.015128862 0.054244162 

YJR144W MGM101 0.008335764 0.076894083 

YKL002W DID4 0.022058705 0.045778948 

YKL007W CAP1 0.002606689 0.00807984 

YKL015W PUT3 0.004613077 0.017990947 

YKL018W SWD2 0.040065829 0.232870422 

YKL023W  0.603216905 1.572621493 
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Table 2.7 continued 

YKL033W TTI1 0.101927614 0.349774124 

YKL041W VPS24 0.005741948 0.026635636 

YKL058W TOA2 0.626061893 1.64502025 

YKL077W  0.001172735 0.006778695 

YKL088W CAB3 0.00244118 0.041667117 

YKL096W-A CWP2 0.009231437 0.052241551 

YKL098W MTC2 0.005509688 0.024801613 

YKL117W SBA1 0.025444872 0.089899372 

YKL156W RPS27A 0.37827822 0.533525219 

YKL180W RPL17A 0.013699044 0.076280012 

YKL181W PRS1 0.026973485 0.046539114 

YKL191W DPH2 0.007681344 0.026942353 

YKL195W MIA40 0.00032587 0.00262662 

YKL204W EAP1 0.010229209 0.033640561 

YKL212W SAC1 0.048213822 0.121789701 

YKR003W OSH6 0.11245758 0.365690298 

YKR030W GMH1 0.052670453 0.08767738 

YKR062W TFA2 0.009077259 0.042739694 

YKR097W PCK1 0.01774277 0.070202924 

YKR106W GEX2 0.021291549 0.10031925 

YLL001W DNM1 0.006786695 0.028737417 

YLL008W DRS1 0.013194484 0.062808361 

YLL061W MMP1 0.067500633 0.239691585 

YLR007W NSE1 0.015845253 0.053659256 

YLR009W RLP24 0.006897851 0.032660968 

YLR011W LOT6 0.004496228 0.038127683 

YLR025W SNF7 0.010281803 0.063410235 

YLR048W RPS0B 0.002324144 0.018495635 

YLR061W RPL22A 0.001143347 0.003962655 

YLR066W SPC3 0.016866837 0.04831719 

YLR086W SMC4 0.029884858 0.126072092 

YLR088W GAA1 0.009175666 0.03047939 

YLR135W SLX4 0.000356344 0.001588585 

YLR143W DPH6 0.00041624 0.001467671 

YLR167W RPS31 0.003966716 0.013795077 

YLR180W SAM1 0.012432725 0.052744139 

YLR206W ENT2 0.094774366 0.443948857 
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Table 2.7 continued 

YLR220W CCC1 0.029811596 0.073526337 

YLR226W BUR2 0.001784136 0.012738288 

YLR243W GPN3 0.00244623 0.024689831 

YLR264W RPS28B 0.035093164 0.103789248 

YLR299W ECM38 0.015045069 0.05836545 

YLR324W PEX30 0.035329656 0.164946724 

YLR350W ORM2 0.469753086 0.45713141 

YLR353W BUD8 0.00858454 0.049034934 

YLR362W STE11 0.00151179 0.004995715 

YLR386W VAC14 0.129875296 0.21052689 

YLR417W VPS36 0.006279627 0.031413562 

YLR419W  0.001404562 0.005700319 

YLR432W IMD3 0.339517345 1.520197044 

YLR456W  0.002098709 0.027169877 

YML024W RPS17A 0.002823761 0.019988537 

YML065W ORC1 0.014719394 0.039631464 

YML098W TAF13 0.012441307 0.051684946 

YML108W  0.005149796 0.018350116 

YML131W  0.031888995 0.077623457 

YMR005W TAF4 0.730315647 1.065830866 

YMR019W STB4 0.027426815 0.143061604 

YMR042W ARG80 0.003834938 0.021910369 

YMR054W STV1 0.00966901 0.035983026 

YMR059W SEN15 0.016165027 0.099998297 

YMR061W RNA14 0.009737895 0.026888042 

YMR079W SEC14 0.259929799 0.384768303 

YMR096W SNZ1 0.103913791 0.372976173 

YMR100W MUB1 0.014290864 0.057338411 

YMR122W-A  0.007929076 0.060795631 

YMR158W MRPS8 0.022491627 0.092637052 

YMR192W GYL1 0.00877193 0.032804502 

YMR194W RPL36A 0.222449237 0.861170187 

YMR200W ROT1 0.086462899 0.216683402 

YMR246W FAA4 0.016383862 0.047683387 

YMR255W GFD1 0.004453732 0.023892063 

YMR264W CUE1 0.07510857 0.226490776 

YMR289W ABZ2 0.125674522 0.325232512 
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Table 2.7 continued 

YMR304W UBP15 0.00731379 0.069672323 

YNL015W PBI2 0.163581513 0.469483516 

YNL038W GPI15 0.177559301 0.704832105 

YNL056W OCA2 0.006131839 0.064866064 

YNL085W MKT1 0.836212165 1.870390671 

YNL094W APP1 0.002042276 0.017935224 

YNL107W YAF9 0.007362918 0.060196621 

YNL162W-A  0.060957229 0.279195402 

YNL178W RPS3 0.016804924 0.075375999 

YNL190W  0.030561488 0.086096925 

YNL193W  0.020677177 0.176551184 

YNL233W BNI4 0.019642887 0.055193513 

YNL289W PCL1 0.00860797 0.02970912 

YNL312W RFA2 0.011658218 0.055844975 

YNL317W PFS2 0.004893164 0.015855473 

YNR010W CSE2 0.004895734 0.03007154 

YNR012W URK1 0.031348554 0.072040469 

YNR021W  0.108529801 0.22313754 

YNR058W BIO3 0.031653559 0.108361781 

YNR059W MNT4 0.016181378 0.162073027 

YOL004W SIN3 0.007251752 0.018009166 

YOL008W COQ10 0.013462931 0.111066842 

YOL032W OPI10 0.005372061 0.02200218 

YOL039W RPP2A 0.023681926 0.156621921 

YOL069W NUF2 0.251633012 0.604236239 

YOL090W MSH2 0.014779004 0.037598397 

YOL093W TRM10 0.074161082 0.170133049 

YOL103W ITR2 0.008797204 0.054659633 

YOL125W TRM13 0.069383203 0.198539518 

YOL127W RPL25 0.306157644 0.799992545 

YOL129W VPS68 0.002250863 0.023289832 

YOL144W NOP8 0.013416131 0.032521117 

YOR004W UTP23 0.182911572 0.538052683 

YOR019W  0.115748216 0.35848987 

YOR061W CKA2 0.879365079 2.141037736 

YOR063W RPL3 0.170390396 0.253482967 

YOR066W MSA1 0.005119448 0.020571546 
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Table 2.7 continued 

YOR109W INP53 0.049803041 0.110403457 

YOR142W LSC1 0.015389933 0.096169316 

YOR210W RPB10 0.01091394 0.086721377 

YOR260W GCD1 0.081059533 0.274939891 

YOR291W YPK9 0.02063751 0.043960048 

YOR293W RPS10A 0.015875586 0.049864707 

YOR304W ISW2 0.006512261 0.022045184 

YOR317W FAA1 0.006976872 0.033490152 

YOR341W RPA190 0.130787339 0.475761004 

YPL043W NOP4 0.168586422 0.562045418 

YPL081W RPS9A 0.002109887 0.01471388 

YPL087W YDC1 0.178050053 0.599736765 

YPL129W TAF14 0.04519774 0.130845747 

YPL135W ISU1 0.011612398 0.029532557 

YPL143W RPL33A 0.025194076 0.092156582 

YPL150W  0.034932245 0.096326724 

YPL160W CDC60 0.002304861 0.01981569 

YPL175W SPT14 0.00021858 0.00161956 

YPL180W TCO89 0.031934395 0.096946565 

YPL183W-A RTC6 0.130090722 0.418785757 

YPL185W  0.00429937 0.022748996 

YPL203W TPK2 0.006062151 0.016593133 

YPL213W LEA1 0.014174615 0.038371688 

YPL228W CET1 0.000507737 0.003988445 

YPL235W RVB2 0.030994953 0.100359864 

YPL260W  0.170796547 0.37392173 

YPR001W CIT3 0.004592933 0.012491696 

YPR018W RLF2 0.023737782 0.097293001 

YPR028W YOP1 0.027636083 0.100232594 

YPR043W RPL43A 0.03754914 0.111622913 

YPR094W RDS3 0.000855191 0.005709743 

YPR103W PRE2 0.058940741 0.216572968 

YPR127W  0.251683514 0.45645206 

YPR159W KRE6 0.006133868 0.04793568 

YPR165W RHO1 0.001801388 0.01461845 

YPR175W DPB2 0.081413961 0.215015334 

YPR196W  0.000762189 0.006965765 
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Table 2.7 continued 

YAL010C MDM10 0.017561682 0.047554604 

YAL029C MYO4 0.000750312 0.006147244 

YAL036C RBG1 0.041471158 0.101837501 

YAL040C CLN3 0.013304786 0.04616226 

YAL049C AIM2 0.023194017 0.169814911 

YAL067C SEO1 0.15886208 0.498808669 

YAR002C-A ERP1 0.008960985 0.041481246 

YBL010C  0.000171708 0.005674623 

YBL014C RRN6 0.003875969 0.03058774 

YBL028C  0.010163381 0.037436954 

YBL030C PET9 0.092501524 0.228138183 

YBL055C  0.004799684 0.036312551 

YBR001C NTH2 0.0251825 0.070825924 

YBR009C HHF1 0.01110026 0.056004095 

YBR011C IPP1 0.030838479 0.146291291 

YBR014C GRX7 0.016915579 0.055032114 

YBR045C GIP1 0.091362946 0.445425725 

YBR049C REB1 0.742606943 1.37034632 

YBR055C PRP6 0.122288051 0.402377012 

YBR079C RPG1 0.012284894 0.037398903 

YBR082C UBC4 0.022707032 0.095021962 

YBR092C PHO3 0.037343952 0.247437719 

YBR109C CMD1 0.044786018 0.16976581 

YBR138C  0.797403577 2.23120915 

YBR143C SUP45 0.015768412 0.072656806 

YBR154C RPB5 0.086442925 0.275794848 

YBR166C TYR1 0.001239364 0.010491089 

YBR181C RPS6B 0.056765469 0.131488913 

YBR216C YBP1 0.021846888 0.122657898 

YBR231C SWC5 0.060846327 0.208946111 

YBR234C ARC40 0.015877509 0.108086472 

YBR240C THI2 0.001000373 0.005299614 

YBR255C-A 0.003616476 0.019262828 

YBR260C RGD1 0.010024122 0.028808062 

YBR283C SSH1 0.038703745 0.205959752 

YCL031C RRP7 0.014280676 0.061111898 

YCL035C GRX1 0.287668437 0.458419493 
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Table 2.7 continued 

YCL037C SRO9 0.012938333 0.050280977 

YCL049C  0.207664867 0.606935125 

YCL061C MRC1 0.102130824 0.264010931 

YCR004C YCP4 0.194444444 0.530926501 

YCR027C RHB1 0.017486676 0.047391972 

YCR031C RPS14A 0.099009745 0.214367837 

YCR090C  0.024095285 0.119833989 

YCR092C MSH3 0.055355579 0.143054353 

YCR095C OCA4 0.000780636 0.00443645 

YDL005C MED2 0.00691547 0.017349125 

YDL012C  0.71645492 2.175550636 

YDL043C PRP11 0.063633057 0.151636763 

YDL045C FAD1 0.017259432 0.038450532 

YDL059C RAD59 0.012986414 0.105797956 

YDL061C RPS29B 0.024457673 0.070848459 

YDL063C SYO1 0.009703181 0.04208167 

YDL072C YET3 0.033821922 0.113459995 

YDL081C RPP1A 0.012633513 0.047113298 

YDL098C SNU23 0.018106482 0.050179544 

YDL101C DUN1 0.032285086 0.049249559 

YDL126C CDC48 0.094625889 0.461524435 

YDL140C RPO21 0.053980395 0.170534699 

YDL145C COP1 0.484449571 1.009882935 

YDL167C NRP1 0.045498972 0.125640164 

YDL184C RPL41A 0.037813958 0.162779085 

YDL203C ACK1 0.10073152 0.262605897 

YDL224C WHI4 0.035158531 0.117913808 

YDL226C GCS1 0.066069203 0.253382933 

YDL243C AAD4 0.001571919 0.011927935 

YDR005C MAF1 0.019157544 0.075110938 

YDR006C SOK1 1.687540069 4.714697185 

YDR032C PST2 0.013104037 0.039107409 

YDR034C LYS14 0.002710027 0.141058291 

YDR050C TPI1 0.181503088 0.345653489 

YDR054C CDC34 0.003870674 0.030020457 

YDR079C-A TFB5 0.019828816 0.08474837 

YDR101C ARX1 0.004562334 0.013644104 
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Table 2.7 continued 

YDR109C  0.039692609 0.126162461 

YDR117C TMA64 0.005804647 0.012004327 

YDR123C INO2 0.143935062 0.34740918 

YDR133C  0.018251956 0.053820362 

YDR141C DOP1 0.017279264 0.048464532 

YDR151C CTH1 0.005371368 0.037915154 

YDR179C CSN9 0.078799357 0.150589102 

YDR190C RVB1 0.001025227 0.003845397 

YDR196C CAB5 0.196163393 0.449002477 

YDR224C HTB1 0.003539907 0.016641363 

YDR231C COX20 0.012743652 0.065927647 

YDR238C SEC26 0.014565555 0.071128077 

YDR240C SNU56 0.096193235 0.365285042 

YDR276C PMP3 0.076637137 0.310199579 

YDR277C MTH1 0.17006002 0.455783203 

YDR298C ATP5 0.005507167 0.063076103 

YDR306C  0.00541851 0.047686889 

YDR308C SRB7 0.008947761 0.040540046 

YDR333C RQC1 0.013428122 0.054681908 

YDR359C EAF1 0.00666159 0.041871496 

YDR361C BCP1 0.000905797 0.020574596 

YDR369C XRS2 0.087825359 0.316528507 

YDR390C UBA2 0.001480998 0.011980417 

YDR404C RPB7 0.003424826 0.013547232 

YDR422C SIP1 0.053880735 0.192009365 

YDR458C HEH2 0.002820353 0.010382673 

YDR473C PRP3 3.17E-05 0.00161159 

YDR500C RPL37B 0.375 0.324444444 

YEL005C VAB2 0.01069657 0.075361201 

YEL029C BUD16 0.29282383 0.842700564 

YEL037C RAD23 0.421056021 1.607166409 

YEL046C GLY1 0.138620897 0.285610359 

YEL055C POL5 0.020137823 0.060305857 

YER008C SEC3 0.002975593 0.007086177 

YER026C CHO1 0.024465705 0.13550718 

YER036C ARB1 0.005117106 0.035763978 

YER056C FCY2 4.70E-05 0.000744682 
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Table 2.7 continued 

YER071C TDA2 0.099746974 0.269267093 

YER077C MRX1 0.055351988 0.162909921 

YER099C PRS2 0.008318948 0.031788664 

YER105C NUP157 0.002155924 0.013696761 

YER113C TMN3 0.070568505 0.172318343 

YER122C GLO3 0.023505904 0.125490196 

YER124C DSE1 0.021641076 0.060548201 

YER126C NSA2 0.012345446 0.028231462 

YER137C  0.094937673 0.25045403 

YER139C RTR1 0.248672355 0.589715304 

YER142C MAG1 0.057123598 0.163282794 

YER151C UBP3 0.087995557 0.463251877 

YER161C SPT2 0.00133723 0.00589307 

YER174C GRX4 0.019999257 0.067862431 

YER186C  0.078027568 0.240747044 

YER188C-A 0.005889748 0.025207135 

YFL039C ACT1 0.020492037 0.272853592 

YFR005C SAD1 0.272905489 0.846031746 

YFR011C MIC19 0.019220379 0.048610781 

YFR016C  0.093534722 0.26566685 

YFR041C ERJ5 0.025536522 0.084031985 

YFR050C PRE4 0.015395652 0.075485093 

YGL013C PDR1 0.013445424 0.034240354 

YGL038C OCH1 0.017218645 0.058873307 

YGL044C RNA15 0.023320431 0.094039335 

YGL054C ERV14 0.029248412 0.063227044 

YGL070C RPB9 0.019394295 0.09645595 

YGL078C DBP3 0.272436984 0.50547925 

YGL091C NBP35 0.003006799 0.011393621 

YGL094C PAN2 0.01018461 0.043374661 

YGL112C TAF6 0.000612687 0.003533663 

YGL131C SNT2 0.010421432 0.101424116 

YGL136C MRM2 0.011861952 0.023429315 

YGL140C  0.066112238 0.166149256 

YGL142C GPI10 0.015950703 0.06087066 

YGL150C INO80 0.160065211 0.453929903 

YGL167C PMR1 0.000767987 0.010322948 
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Table 2.7 continued 

YGL206C CHC1 0.071749331 0.114447234 

YGL224C SDT1 0.150002998 0.424673857 

YGL226C-A OST5 0.003189645 0.029628582 

YGL246C RAI1 0.007936508 0.032834765 

YGR015C  0.100717353 0.206546142 

YGR020C VMA7 0.014351422 0.033134303 

YGR027C RPS25A 0.003101184 0.012502146 

YGR037C ACB1 0.22465134 0.607282502 

YGR071C ENV11 0.009571645 0.028094324 

YGR081C SLX9 0.011583606 0.038906503 

YGR083C GCD2 0.084833544 0.351484669 

YGR119C NUP57 0.003515206 0.032305924 

YGR128C UTP8 0.044541425 0.123662831 

YGR150C CCM1 0.286620773 0.683223173 

YGR158C MTR3 0.014335445 0.048254457 

YGR161C RTS3 0.066382576 0.238060017 

YGR189C CRH1 0.439287287 2.259553669 

YGR192C TDH3 0.085927226 0.369255764 

YGR193C PDX1 0.024756786 0.074444385 

YGR200C ELP2 0.006540029 0.026137599 

YGR213C RTA1 0.005286458 0.019987816 

YGR235C MIC26 0.022010471 0.075474694 

YGR244C LSC2 0.103770626 0.22172619 

YGR253C PUP2 0.430616309 1.322872838 

YGR259C  0.011111111 0.225042301 

YGR279C SCW4 6.54E-05 0.001427388 

YGR280C PXR1 0.036589426 0.12963187 

YGR282C BGL2 0.003401231 0.023284721 

YHL009C YAP3 0.003666088 0.010811729 

YHL033C RPL8A 0.00595235 0.025918369 

YHR044C DOG1 0.003388282 0.012491814 

YHR046C INM1 0.006065903 0.019213892 

YHR077C NMD2 0.369997435 0.498792804 

YHR141C RPL42B 0.005964757 0.023013504 

YHR188C GPI16 0.031184647 0.081527833 

YHR193C EGD2 0.164488694 0.605981619 

YIL007C NAS2 0.006569672 0.021130266 
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Table 2.7 continued 

YIL017C VID28 0.00923542 0.039210808 

YIL027C EMC5 0.004163498 0.014042017 

YIL069C RPS24B 0.622061497 1.174620938 

YIL075C RPN2 0.159877858 0.216527083 

YIL077C  0.015714044 0.034936132 

YIL091C UTP25 0.035787633 0.064007449 

YIL096C BMT5 0.098202388 0.160097488 

YIL102C-A 0.024685728 0.058178714 

YIL127C RRT14 0.236049099 0.471622457 

YIL133C RPL16A 0.006509213 0.027863783 

YIL157C COA1 0.238423284 0.528661738 

YIR001C SGN1 0.167008462 0.593671032 

YIR030C DCG1 0.150476675 0.571235875 

YIR039C YPS6 0.251083322 0.627542494 

YJL011C RPC17 0.021357189 0.096447362 

YJL024C APS3 0.175953376 0.481690518 

YJL038C LOH1 0.065219259 0.391680482 

YJL072C PSF2 0.020243258 0.03325977 

YJL101C GSH1 0.014555924 0.05710477 

YJL124C LSM1 0.044497366 0.157153385 

YJL136C RPS21B 0.000833081 0.007440337 

YJL139C YUR1 0.006432017 0.024119158 

YJL147C MRX5 0.073041719 0.157799217 

YJL151C SNA3 0.073300324 0.169137896 

YJR049C UTR1 0.061354649 0.151694009 

YJR065C ARP3 0.082006714 0.205900326 

YJR067C YAE1 0.024943434 0.060551637 

YJR072C NPA3 0.004409705 0.011501914 

YJR076C CDC11 0.000248116 0.002508969 

YJR088C EMC2 0.003028248 0.016662599 

YJR100C AIM25 0.004526233 0.016085784 

YJR161C COS5 0.096837945 0.16038711 

YKL005C BYE1 0.110895422 0.273519537 

YKL006C-A SFT1 0.000673401 0.012186698 

YKL011C CCE1 0.022267597 0.043023845 

YKL013C ARC19 14.6031746 7.9625 

YKL017C HCS1 0.156610965 0.823755409 
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Table 2.7 continued 

YKL040C NFU1 0.074017957 0.26760061 

YKL046C DCW1 0.053303714 0.152589474 

YKL100C YPF1 0.03816092 0.136150687 

YKL128C PMU1 0.306048339 0.744328753 

YKL151C  0.073102159 1.375454119 

YKL159C RCN1 0.03176305 0.065581493 

YKL164C PIR1 0.079296984 0.28314521 

YKL174C TPO5 0.029332936 0.079317093 

YKL179C COY1 0.023327823 0.086126668 

YKL186C MTR2 0.003897141 0.031045215 

YKL197C PEX1 0.033781881 0.123556897 

YKL206C ADD66 0.000536226 0.002560352 

YKL209C STE6 0.042725042 0.162826346 

YKR005C  0.03828243 0.135430612 

YKR022C NTR2 0.048970283 0.107540404 

YKR043C SHB17 0.001918347 0.00866415 

YKR071C DRE2 0.010534973 0.044664405 

YKR092C SRP40 0.018951661 0.048209342 

YKR094C RPL40B 0.00543606 0.017456085 

YLL010C PSR1 0.000609385 0.007849573 

YLL013C PUF3 0.548000611 5.963675214 

YLL018C-A COX19 0.012090496 0.025023123 

YLR016C PML1 0.126813886 0.344539275 

YLR023C IZH3 0.002900502 0.019925892 

YLR055C SPT8 0.013713004 0.064416846 

YLR078C BOS1 0.077461787 0.17172525 

YLR082C SRL2 0.008487239 0.016555418 

YLR093C NYV1 0.066521423 0.237985148 

YLR110C CCW12 0.039094887 0.455173383 

YLR117C CLF1 0.01970392 0.087551761 

YLR120C YPS1 0.127272727 0.443191312 

YLR130C ZRT2 0.054246453 0.148163268 

YLR139C SLS1 0.009025025 0.063214789 

YLR147C SMD3 0.076550792 0.315316172 

YLR163C MAS1 0.003065189 0.028501646 

YLR192C HCR1 0.064008189 0.255264942 

YLR193C UPS1 0.239420412 0.687625719 
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Table 2.7 continued 

YLR215C CDC123 0.003646863 0.013871269 

YLR221C RSA3 0.001713085 0.004013662 

YLR239C LIP2 0.003300227 0.027263526 

YLR262C-A TMA7 0.006884211 0.026370022 

YLR287C  0.137405745 0.574321458 

YLR298C YHC1 0.013845348 0.03291438 

YLR316C TAD3 0.003004321 0.018603955 

YLR321C SFH1 0.006435572 0.025210755 

YLR325C RPL38 0.016776133 0.046585825 

YLR333C RPS25B 0.409572318 0.618925776 

YLR354C TAL1 0.320755727 0.599949864 

YLR361C DCR2 0.694201227 1.216393168 

YLR363C NMD4 0.080240544 0.335125448 

YLR370C ARC18 0.003002595 0.020217179 

YLR387C REH1 0.079029824 0.161515287 

YLR395C COX8 0.038103703 0.111546368 

YLR401C DUS3 0.123309363 0.451532091 

YLR406C RPL31B 0.310659486 0.87459091 

YLR421C RPN13 0.024602876 0.11473334 

YLR431C ATG23 0.002056802 0.016272435 

YLR452C SST2 0.208585848 0.609505541 

YML004C GLO1 0.000262467 0.004005194 

YML011C RAD33 0.25570538 0.433245271 

YML026C RPS18B 0.039710916 0.141519752 

YML043C RRN11 0.040092148 0.105022757 

YML073C RPL6A 0.145474464 0.307690588 

YML097C VPS9 0.025231498 0.09182237 

YML107C PML39 0.001296605 0.007587187 

YML110C COQ5 0.053137943 0.22860955 

YML115C VAN1 0.01317433 0.047199119 

YML120C NDI1 0.01660387 0.080161035 

YMR067C UBX4 0.022066375 0.060319886 

YMR097C MTG1 0.174911266 0.547695358 

YMR099C  0.011108932 0.052174419 

YMR126C DLT1 0.021577295 0.09266555 

YMR166C MME1 0.013886097 0.040464987 

YMR168C CEP3 0.047370454 0.108513271 
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Table 2.7 continued 

YMR187C  0.017693565 0.046642073 

YMR197C VTI1 0.112773805 0.235020417 

YMR201C RAD14 0.037829403 0.110636998 

YMR207C HFA1 0.086722463 0.32963859 

YMR216C SKY1 0.182520689 0.530672183 

YMR229C RRP5 0.244737957 0.679106162 

YMR235C RNA1 0.000480592 0.001375121 

YMR244C-A COA6 0.21627078 0.536173473 

YMR299C DYN3 0.130635693 0.343776951 

YNL003C PET8 0.044748422 0.109391012 

YNL005C MRP7 0.006373993 0.040941875 

YNL023C FAP1 0.035897024 0.091574079 

YNL024C-A KSH1 0.093876088 0.296057875 

YNL037C IDH1 0.009287674 0.035671432 

YNL047C SLM2 0.003937663 0.026145256 

YNL055C POR1 0.020529277 0.070419452 

YNL062C GCD10 0.046837532 0.181801545 

YNL064C YDJ1 0.079724883 0.275292747 

YNL069C RPL16B 0.054163017 0.114498228 

YNL074C MLF3 0.000850908 0.009088677 

YNL084C END3 0.025164009 0.089248385 

YNL104C LEU4 0.000859717 0.012433301 

YNL115C  0.117343653 0.254913004 

YNL118C DCP2 0.031126607 0.083316127 

YNL133C FYV6 0.009586868 0.16317085 

YNL156C NSG2 0.000504587 0.004429236 

YNL159C ASI2 0.058520888 0.170676104 

YNL164C IBD2 0.043566006 0.155953271 

YNL182C IPI3 1.001916209 4.700396825 

YNL196C SLZ1 0.025624989 0.094079329 

YNL221C POP1 0.024972421 0.06464853 

YNL255C GIS2 0.016148349 0.057341684 

YNL305C BXI1 0.040311879 0.082443606 

YNL313C EMW1 0.004345827 0.019286496 

YNL322C KRE1 0.005864362 0.018209394 

YNR011C PRP2 0.089325309 0.226217786 

YNR013C PHO91 0.133745976 0.454218809 
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Table 2.7 continued 

YNR029C  0.042891359 0.176056991 

YNR032C-A HUB1 0.136829983 0.321621883 

YNR053C NOG2 0.013608809 0.062581318 

YNR055C HOL1 0.000299491 0.011476984 

YNR061C  0.043350127 0.172707561 

YOL013C HRD1 0.026523255 0.101168911 

YOL018C TLG2 0.02114252 0.053336314 

YOL021C DIS3 0.022786929 0.055667703 

YOL040C RPS15 0.006084527 0.058314242 

YOL060C MAM3 0.037311761 0.091777483 

YOL070C NBA1 0.21715392 0.435048484 

YOL077C BRX1 0.005524333 0.012956205 

YOL101C IZH4 0.004301075 0.032491403 

YOL114C PTH4 0.127943707 0.347411453 

YOL124C TRM11 0.00153437 0.012560231 

YOL128C YGK3 0.006141195 0.031987128 

YOL159C-A  0.047703944 0.10648405 

YOR028C CIN5 0.013348959 0.124564197 

YOR038C HIR2 0.315178883 0.830507403 

YOR046C DBP5 0.408349532 1.605069251 

YOR048C RAT1 0.07105845 0.249244891 

YOR052C TMC1 0.01791198 0.051950535 

YOR074C CDC21 0.028960094 0.067311035 

YOR076C SKI7 0.011862171 0.031017765 

YOR081C TGL5 0.000498089 0.003293959 

YOR095C RKI1 0.109562565 0.593020851 

YOR100C CRC1 0.085882468 0.351749969 

YOR103C OST2 0.005471302 0.023412975 

YOR128C ADE2 0.12135269 0.421985461 

YOR129C AFI1 0.03456853 0.134853465 

YOR143C THI80 0.018268566 0.04888912 

YOR164C GET4 0.124461194 0.369113674 

YOR179C SYC1 0.117920597 0.463535185 

YOR207C RET1 0.01343727 0.060278568 

YOR209C NPT1 0.009169578 0.048817033 

YOR226C ISU2 0.025670072 0.068770328 

YOR245C DGA1 0.099739475 0.340462659 
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Table 2.7 continued 

YOR256C TRE2 0.003236973 0.010085327 

YOR259C RPT4 0.050777284 0.152774594 

YOR261C RPN8 0.045416239 0.078967389 

YOR270C VPH1 0.003694566 0.02432946 

YOR275C RIM20 0.003125892 0.006675619 

YOR279C RFM1 0.080448201 0.202396871 

YOR281C PLP2 0.180719197 0.627918013 

YOR290C SNF2 0.010565974 0.028318688 

YOR298C-A MBF1 0.094447694 0.290723195 

YOR304C-A BIL1 0.009681557 0.056940688 

YOR327C SNC2 0.098768003 0.393973305 

YOR344C TYE7 0.015808184 0.073831565 

YOR357C SNX3 0.01884437 0.03972271 

YOR369C RPS12 1.355555556 1.069047619 

YOR372C NDD1 0.004622181 0.019324268 

YPL002C SNF8 0.002597335 0.02049375 

YPL007C TFC8 0.213734395 0.884978136 

YPL011C TAF3 0.01532069 0.038062098 

YPL013C MRPS16 0.07730535 0.191303944 

YPL015C HST2 0.05957738 0.161375949 

YPL042C SSN3 0.040642642 0.103884158 

YPL053C KTR6 0.019374048 0.062622931 

YPL064C CWC27 0.760348339 1.296721249 

YPL069C BTS1 0.004066409 0.035214918 

YPL078C ATP4 0.004260147 0.011725534 

YPL083C SEN54 0.175738038 0.420899574 

YPL106C SSE1 0.026401965 0.141075829 

YPL115C BEM3 0.020742013 0.119817024 

YPL127C HHO1 0.038222151 0.140604363 

YPL137C GIP3 7.27E-05 0.002447289 

YPL140C MKK2 0.000213046 0.003340246 

YPL146C NOP53 0.002898551 0.010526573 

YPL151C PRP46 0.049705657 0.186182508 

YPL176C TRE1 0.002886167 0.012676643 

YPL186C UIP4 0.034781798 0.143827109 

YPL199C  0.057903806 0.198758351 

YPL202C AFT2 0.17977678 0.410103576 
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Table 2.7 continued 

YPL206C PGC1 0.037077375 0.084003365 

YPL217C BMS1 0.076092181 0.270401149 

YPL234C VMA11 0.031109458 0.170681449 

YPL264C  0.059787228 0.149759511 

YPR010C RPA135 0.273683679 0.735462621 

YPR022C SDD4 0.094075663 0.245140145 

YPR029C APL4 0.008322984 0.03893036 

YPR049C ATG11 0.006918915 0.037491805 

YPR085C ASA1 0.012302531 0.055348223 

YPR088C SRP54 0.023379212 0.170583581 

YPR107C YTH1 0.125340757 0.282052936 

YPR112C MRD1 0.054487827 0.254437486 

YPR144C NOC4 0.015205092 0.062231901 

YPR161C SGV1 0.016837501 0.036540014 

YPR179C HDA3 0.014570825 0.073667097 

YPR186C PZF1 0.516666667 2.67394095 

YPR190C RPC82 0.02230625 0.063596203 

YBL039W-B  0.004400166 0.031694008 

YBR056W-A  0.049901143 0.140535714 

YBR114W RAD16 0.028276907 0.08013501 

YDR033W MRH1 0.00440044 0.0349103 

YDR055W PST1 0.016048007 0.062475137 

YDR077W SED1 0.236128221 0.66093789 

YDR380W ARO10 0.043976697 0.11566897 

YDR489W SLD5 0.091015161 0.258744484 

YFL055W AGP3 0.010823847 0.040726085 

YFR022W ROG3 0.049324187 0.095889506 

YGL045W RIM8 0.001650915 0.009311732 

YGR198W YPP1 0.032604485 0.112520141 

YGR248W SOL4 0.015234876 0.033957818 

YGR271W SLH1 0.003715545 0.014883988 

YHL048W COS8 0.029194395 0.068167902 

YHR023W MYO1 0.088958441 0.259077927 

YHR137W ARO9 0.001930001 0.007277264 

YIL122W POG1 0.016003309 0.02854174 

YIL136W OM45 0.003921145 0.021523662 

YJL092W SRS2 0.110027946 0.208940124 
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Table 2.7 continued 

YJR092W BUD4 0.322842242 0.777788862 

YJR096W  0.478734602 1.579810705 

YJR152W DAL5 0.003581454 0.016674286 

YKL150W MCR1 0.003588181 0.028185018 

YLR174W IDP2 0.072454476 0.127188212 

YLR303W MET17 0.858962945 2.220768384 

YML042W CAT2 0.021101195 0.069790403 

YMR189W GCV2 0.040598992 0.142063114 

YMR251W-A HOR7 0.228397893 0.411474541 

YNL093W YPT53 0.066135388 0.208162428 

YNL160W YGP1 0.130793029 0.253843018 

YOL140W ARG8 0.007985598 0.0254751 

YOR220W RCN2 0.047177775 0.096373056 

YPL024W RMI1 0.003829984 0.009560061 

YPR111W DBF20 0.030583077 0.129082443 

YAR018C KIN3 0.005067055 0.014374885 

YBL045C COR1 0.070163128 0.198785597 

YBR085C-A  0.011505954 0.050134967 

YBR302C COS2 0.005179973 0.018899877 

YDL187C  0.255365789 0.485033578 

YDR529C QCR7 0.000677851 0.012801482 

YDR533C HSP31 0.024098401 0.08383949 

YER033C ZRG8 0.009125708 0.039568394 

YER054C GIP2 0.000263905 0.004222434 

YER172C BRR2 0.019836308 0.061298386 

YER184C TOG1 0.00909469 0.019081425 

YGR043C NQM1 0.503498508 1.235407759 

YGR086C PIL1 0.007524536 0.013654555 

YGR289C MAL11 0.092453411 0.601412684 

YHR003C TCD1 0.01020506 0.037391508 

YIR031C DAL7 0.007335924 0.037945127 

YJL165C HAL5 0.036870911 0.108776751 

YLR254C NDL1 0.004801878 0.022323288 

YML099C ARG81 0.03268265 0.121166621 

YMR077C VPS20 0.107471541 0.43720282 

YMR145C NDE1 0.070099375 0.274248982 

YNL058C  0.043571428 0.079420562 
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Table 2.7 continued 

YNL125C ESBP6 0.133342642 0.402413031 

YNL331C AAD14 0.004787785 0.024053317 

YOL052C-A DDR2 0.025468544 0.109029842 

YOL119C MCH4 0.00646305 0.02729526 

YOL136C PFK27 0.012371824 0.049298171 

YOR058C ASE1 0.004540172 0.020619418 

YOR161C PNS1 0.005051702 0.031489238 

YPL004C LSP1 0.014099901 0.061474225 

YPL089C RLM1 0.024313046 0.064434521 

YPL159C PET20 0.05739528 0.173164304 

YPL177C CUP9 0.0023098 0.013875625 
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Table 2.8. The contingency table for a Fisher’s exact test of the correlation between the list 

of transcripts bound by Dbp2 at the 3’ end and transcripts with read-through defects in 

dbp2∆ (related to Figure 2.5) 

 Read-through in dbp2∆ 

Yes No Total 

Dbp2-bound 

at 3’ end 

Yes 222 497 719 

No 602 2107 2709 

Total 824 2604 3428 
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Table 2.9. The list of transcripts with significant DBP2-dependent structural changes. 

YOR153W YPL263C YMR116C YKL143W YPL081W YGR175C 

YJR009C YOR271C YDL081C YGL148W YBR025C YHR179W 

YKL054C YHR027C YDR276C YNL121C YPL037C YAL012W 

YCR012W YDL161W YIL053W YPL249C-A YKL082C YDR133C 

YOR383C YHR019C YKL081W YGR145W YOR157C YNL007C 

YHL033C YPL217C YHR203C YPR103W YJL159W YOR164C 

YLR249W YLR060W YLR150W YGR245C YDR077W YDL084W 

YPR035W YLR175W YDR190C YDL065C YOL088C YOR209C 

YMR186W YDL126C YGR192C YHR193C YGL123W YMR318C 

YLL024C YGR211W YPL019C YGR103W YIL133C YDL099W 

YPL106C YKL060C YGR279C YDL148C YNL307C YDL014W 

YPL160W YHR089C YGL200C YJL115W YOL077C YOR007C 

YMR120C YPL043W YGR159C YPR163C YPR100W YLL008W 

YHR020W YKL029C YGR208W YMR246W YDR341C YBR164C 

YJR045C YOR375C YEL037C YMR108W YER002W YBR221C 

YGL253W YBL076C YFR037C YLR172C YER133W YDR381W 

YDL029W YGR189C YIL052C YPL094C YLR262C-A YER031C 

YPL198W YDL055C YOR254C YJR105W YHR064C YFR031C-A 

YER036C YML069W YER055C YAL036C YDL226C YLR048W 

YOR361C YAL003W YGL245W YJL124C YMR290C YLR350W 

YPL240C YBR249C YML074C YNR053C YPL210C YOL144W 

YPR145W YPR112C YBR189W YLR354C YNL079C YER177W 

YGR234W YGR162W YFL039C YIL078W YHL034C YER025W 

YDL153C YDR346C YAR015W YML063W YGR254W YOR298C-A 

YLR355C YKR001C YDL229W YDR427W YNR021W YOR234C 

YGL009C YOR052C YLR192C YMR217W YPR062W YEL002C 

YNL308C YLR300W YNL166C YKR092C YFR004W YNL302C 

YLR058C YLR259C YOR362C YCL064C YER048C YKL154W 

YKL164C YPR165W YER026C YOL086C YOR281C YDR037W 

YAL038W YPR074C YAL042W YJR072C YHR146W YFL038C 
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Table 2.9 continued 

YDR361C YFL010C YDR394W YHR025W YPR080W YAL025C 

YJL189W YOR259C YLR333C YMR307W YOL041C YKR081C 

YMR002W YLR449W YLR448W YJR076C YER126C YDR353W 

YDR496C YNL178W YKL152C YGL106W YKR025W YGR035C 

YER131W YDR454C YGL029W YMR014W YMR311C YJL104W 

YPL127C YBR011C YML073C YDR050C YLL045C YIL118W 

YOL111C YLR028C YGL221C YIL051C YJL158C YPL225W 

YDL020C YNL247W YOR232W YLR018C YNL208W YJR123W 

YLR429W YLR441C YLL018C YDL147W YLR147C YOL040C 

YNL281W YDR210W YJL140W YLR109W YGR180C YDR224C 

YPL204W YPL146C YLR340W YMR043W YHR026W YLR065C 

YBL002W YJR002W YDR120C YGR282C YIR026C YKL016C 

YOR206W YOR272W YKL013C YNL301C YDR226W YKL180W 

YGR229C YHR010W YNR051C YPL090C YGL078C YML125C 

YPL145C YGL037C YER092W YLR009W YJL190C YML026C 

YKL216W YGR020C YJL123C YNL175C YPR188C YPL004C 

YEL001C YMR194W YLR029C YGR167W YIL018W YOL127W 

YKL192C YKL099C YER178W YEL054C YIL127C YPL010W 

YMR143W YJL177W YFL026W YPR182W YMR235C YPL143W 

YPL218W YPR110C YGR135W YCR035C YGL103W YGL048C 

YDR002W YPR143W YOR340C YLR447C YOL093W YLR287C-A 

YDR450W YFR050C YKL033W-A YGL012W YIL069C YLR395C 

YGL105W YLR276C YDR098C YOR293W YMR260C YNL069C 

YOL120C YHR152W YGL135W YER057C YDR471W YNL050C 

YCL050C YOR230W YGR155W YOL097C YKR071C YHR066W 

YBL041W YBR290W YDR465C YGR214W YBL003C YCL009C 

YOR091W YKR042W YGR027C YEL009C YNR054C YKL160W 

YNL031C YBR014C YMR146C YLR293C YDR167W YEL046C 

YDL208W YNL002C YNL064C YOL143C YJL148W YER030W 

YDR092W YGR253C YJR104C YJL192C YGR083C YDR363W-A 
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Table 2.9 continued 

YPL013C YNL162W YER019C-A YBR109C YFR001W YEL026W 

YJL145W YPL181W YLR200W YMR269W YDL184C YDR378C 

YKL117W YMR005W YLR185W YER094C YBR010W YCR087C-A 

YGR148C YNL112W YNL156C YLR390W-A YNL004W YKR094C 

YCR031C YDR328C YLL014W YKR013W YDL100C YBR084C-A 

YNL113W YLR061W YBR247C YPR051W YGL226C-A YDL002C 

YOR189W YBR143C YLR167W YLR022C YLR421C YJL136C 

YOR224C YFR003C YDR064W YDL051W YOL016C YNL255C 

YOR369C YFR052W YGR086C YDR233C YPR187W YPL129W 

YDL143W YER120W YOL109W YDR012W YPR132W YHR200W 

YBR111C YLR435W YPR102C YER117W YAR002C-A YKR057W 

YHR062C YER159C YBR154C YBL092W YDR225W YER127W 

YGR034W YDR032C YJR145C YGL070C YGR005C YGR142W 

YER100W YMR072W YKR035W-A YML024W YJR085C YLR344W 

YNL248C YDR163W YGL020C YBR016W YCR028C-A YCL035C 

YER072W YPL059W YNL300W YPL078C YLR221C YBR279W 

YMR122W-A YER007C-A YBR048W YJR144W YBR269C YER009W 

YJL191W YKL156W YNL215W YNL155W YDL192W YGR081C 

YNL209W YDL191W YDR299W YIL065C YDL072C YMR202W 

YPR075C YLR110C YJR094W-A YOR115C YMR242C YOR287C 

YGR106C YLR243W YNL110C YGL030W YMR038C YLR068W 

YKL018C-A YMR039C YPL154C YOR252W YOL022C YDL097C 

YDL082W YHR143W-A YPR016C YMR183C YDL007W YOR327C 

YDR469W YOR261C YER102W YDL166C YER122C YLR075W 

YNL030W YJL122W YLR438C-A YOR226C YKR026C YPR133W-A 

YHR005C-A YIL091C YDR152W YBR009C YHR003C YOR194C 

YBL087C YMR236W YOL039W YDR382W YIL002W-A YOR096W 

YMR295C YHR065C YDR280W YGR161C YNL075W YOL133W 

YOL010W YOR312C YDL012C YER074W YKL006W YBL001C 

YDL130W YKL041W YIL008W YOR063W YPR028W YJL179W 
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Table 2.9 continued 

YDL167C YER050C YPL117C 

YPL079W YDR071C YOR265W 

YDL083C YLR325C YDR412W 

YDR139C YNL015W YPR148C 

YPL220W YPL243W YML022W 

YLR257W YKL122C YBR181C 

YOR276W YBL027W YBR162W-A 

YDR447C YKL096W-A YMR123W 

YGL054C YDR121W YOR004W 

YFR028C YER112W YCL058W-A 

YDR529C YPL199C YDR424C 

YNL036W YHR021C YDR461C-A 

YGR118W YLR388W  

YDL213C YDL121C  

YBR230C YNL190W  

YEL027W YPL064C  

YBR062C YLL050C  

YCL031C YNL056W  

YGR280C YLR051C  

YDL136W YDR418W  

YHR170W YOR046C  

YOR182C YML053C  

YLR406C YER056C-A  

YGR207C YGL147C  

YKL009W YDL061C  

YPR063C YOR163W  

YNL151C YGL011C  

YBR106W YDR461W  

YKR074W YER146W  

YLR264W YOL139C  
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Table 2.10. The contingency table for a Fisher’s exact test of the correlation between the 

list of Dbp2-bound transcripts and transcripts with significant DBP2-dependent structural 

changes 

 Significant DBP2-dependent structural changes 

Yes No Total 

Dbp2-

bound 

Yes 468 1107 1575 

No 144 2962 3106 

Total 612 4069 4681 
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Table 2.11. The contingency table for a Fisher’s exact test of the correlation between the 

list of transcripts with read-through defects in dbp2∆ and transcripts with significant 

DBP2-dependent structural changes (related to Figure 2.10) 

 Significant DBP2-dependent structural changes 

Yes No Total 

Read-through 

in dbp2∆ 

Yes 180 644 824 

No 321 2283 2604 

Total 501 2927 3428 
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CHAPTER 3. UNPUBLISHED RESULTS AND FUTURE WORK 

3.1 Dbp2 binding is correlated with RNAPII pausing at the 5’ end during transcription of 

protein-coding genes 

Previously, it has been shown that RNAPII pauses before termination (1, 2). Consistently, 

our analysis of RNAPII profiles in wild type cells revealed accumulation of RNAPII before 

termination sites of snoRNAs (Chapter 2, Figure 2.2B) and around the polyadenylation sites of 

mRNAs (within 200 bp, Chapter 2, Figure 2.5A), and loss of Dbp2 shifted the peak towards 

downstream, indicating a defect in termination. The promoter-proximal pausing of RNAPII can 

also be followed by premature termination of transcription (3). Intriguingly, by comparing RNAPII 

profiles in dbp2∆ and wild type at individual protein-coding genes, we observed a reduced level 

of RNAPII accumulation at 5’ ends in the absence of DBP2 (Chapter 2, Figure 2.6A). We then 

asked if this lack of RNAPII peak in dbp2∆ can be observed in meta-analysis that includes all 

protein-coding genes. Strikingly, RNAPII pausing at 5’ ends is somehow dependent on DBP2, as 

RNAPII signal is reduced in the proximity of the translational start site in dbp2∆ as compared to 

the wild type (Figure 3.1). Additionally, in the absence of DBP2, RNPII signal after 200 bp 

downstream of the translational start site does not drop as dramatically as observed in the wild 

type; instead, the change in RNAPII distribution is relatively mild within 500 bp (Figure 3.1). This 

suggests that RNAPII does not pause normally at the 5’ ends of protein-coding genes in cells 

lacking DBP2. Moreover, Dbp2 binding sites near the translational start site also align with 

RNAPII peak in wild type (Figure 3.1), suggestive of a role of Dbp2 in RNAPII pausing in the 

beginning of transcription. 

3.2 Dbp2 binding at 5’ end of mRNAs may be involved in premature termination by NNS 

NNS complex has been shown to prematurely terminate multiple protein-coding genes to 

regulate gene expression (4–6). It has been reported that Dbp2 physically interacts with Sen1 in 

the NNS complex (7). We also found that Dbp2 promotes efficient recruitment of Nrd1 in the NNS 

complex to the 5’ end of genes potentially targeted by premature termination (Chapter 2, Figure 

2.3E). Since premature termination can be a mechanism that regulates gene expression, and the 5’ 

binding of Dbp2 in mRNAs may be functional in premature termination, we then asked if Dbp2 
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and Nrd1 binding pattern differs in mRNAs that are differentially expressed in dbp2∆. mRNAs 

were analyzed in three groups: up-regulated, down-regulated, or no change in expression in the 

absence of DBP2 (Figure 3.2). Interestingly, transcripts that are up-regulated in dbp2∆ display a 

5’ cluster of Dbp2 and Nrd1 binding, and the 3’ peak observed in meta-analysis with all mRNAs 

is diminished in this specific group (Figure 3.2). This observation leads to a hypothesis that Dbp2 

functions in premature termination with NNS complex and repress expression of a subset of genes. 

This is also consistent with the RNAPII pausing at the 5’ ends of protein-coding genes that are 

impaired in the absence of DBP2, potentially due to reduced level of premature termination. 

3.3 Future work for study of Dbp2 in premature termination and promoter-proximal 

RNAPII pausing 

3.3.1 To Detect Prematurely Terminated Transcripts by Sequencing of Nascent RNAs in 

the Presence and Absence of DBP2 

Genome-wide methods have been developed to capture newly synthesized nascent RNAs, 

providing a snapshot of cellular transcription (8, 9). This is especially helpful in detection of 

unstable transcripts (8), including prematurely terminated mRNAs. Briefly, yeast cells are 

incubated with 4-thiouracil (4tU), an analog of natural uracil. These artificial nucleotides will then 

be incorporated during a specific timeframe of transcription. After extraction of RNAs, 

incorporated 4tU can be labeled with biotin and purified using streptavidin-coated magnetic beads. 

The purified RNA will then be subjected to library preparation and deep sequencing. By comparing 

4tU-seq data from dbp2∆ and wild-type cells, we will be able to determine whether loss of DBP2 

results in decreased level of prematurely terminated transcripts. 

3.3.2 To Determine How Dbp2 is Recruited to the 5’ ends of mRNAs 

3.3.2.1 Identification of sequence motifs enriched in Dbp2 binding regions at 5’ ends of mRNAs 

Previously, using HOMER (10), we identified enriched motifs that resemble sequences 

recognized by Nrd1 and Nab3 in Dbp2 binding regions within 3’ UTRs (Chapter 2, Figure 2.3C). 

This is consistent with the physical interaction between Dbp2 and Sen1. Similarly, HOMER can 

be used to test if there is any sequence motif preferentially targeted by Dbp2 at 5’ ends of mRNAs. 

This could provide information about the specificity of Dbp2 at the 5’ ends and may pinpoint 

candidate RNA binding proteins interacting with Dbp2. 
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3.3.2.2 To test if the recruitment of Dbp2 is dependent on post-translational modifications in the 

RNAPII C-terminal domain 

The C-terminal domain (CTD) of RNAPII is composed of conserved heptapeptide repeats 

of the sequence Tyr-Ser-Pro-Thr-Ser-Pro-Ser. Post-translational modifications on these amino 

acids can mark different states of transcription by modulating the interaction between transcription 

machinery and other proteins (11). Among these modification, Ser2, Thr4, and Tyr1 

phosphorylation have been shown to be critical for proper transcription termination of RNAPII 

transcripts (11, 12). It has also been found that Dbp2 preferentially interacts RNAPII with Thr4 

and Tyr1 phosphorylated in CTD compared to RNAPII at other states (13), consistent with a role 

of Dbp2 in transcription termination. 

It was proposed that the recruitment of NNS components may be dependent on the interaction 

between NNS components and the C-terminal domain (CTD) of RNAPII, and/or the binding of 

Nrd1 and Nab3 to specific sequence motifs (14, 15). Recently, the phosphorylation of Tyr1 on 

RNAPII CTD has been reported to be essential for the termination of snoRNAs and a small subset 

of protein-coding genes, as well as for RNAPII pausing at the 5’ end of protein-coding genes (12). 

Since snoRNAs are mainly terminated through NNS pathway (16), it is possible that Tyr1-

phosphoraylted CTD has a role in recruitment of NNS components. However, the recruitment of 

NNS was shown to be independent of their interaction with RNAPII, as mutation of the CTD 

interacting domain in Nrd1 and Sen1 does not abolish NNS recruitment to their target genes (12). 

Thus, it remains elusive how premature termination by NNS is regulated. 

Taken together, I hypothesize that the recruitment NNS components may be dependent on 

Dbp2, and Dbp2 can be recruited by interacting with Tyr1 at the 5’ ends of protein coding genes, 

facilitating RNAPII pausing and premature termination. This can be tested by analyzing Dbp2 

recruitment at 5’ ends of genes such as NRD1 and PCF11 in wild type and in mutant with Tyr1 

mutation in RNAPII CTD by ChIP of FLAG-tagged Dbp2. 

3.4 Loss of Dbp2 Results in Accumulation of Unspliced Pre-mRNAs 

RNA structures have been reported to impact splicing and alternative splicing in both yeast 

and mammalian cells (17–23). For example, formation of secondary structures near splice sites of 

tau pre-mRNAs has been shown to prevent the recognition of the splicing signals by small nuclear 

RNAs (snRNAs) or small nuclear ribonucleoproteins (snRNPs), thereby inhibiting splicing (24–
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26). DEAD-box helicases have been shown to regulate splicing through remodeling of RNA 

structures (24, 27–31).  Specifically, the helicase activity of human DDX5 is required to unwind 

the stem-loop structure at the 5’ splice site (5’ ss) of exon X in tau pre-mRNA. As a result, DDX5 

facilitates the recognition of 5’ss by U1 snRNA, thereby regulating alternative splicing (24). In S. 

cerevisiae, an earlier study also described a splicing defect in RPL18 transcript in the absence of 

DBP2 (32), consistent with the functional role of its ortholog DDX5 in humans. 

To study the role of Dbp2 in splicing, we first asked if Dbp2 associates with intron-

containing pre-mRNAs at specific regions, by analyzing the ~250 yeast genes containing one 

intron as a separate group. This revealed a distinct Dbp2-binding cluster within the second exon 

near the 3’ splice site (Figure 3.3A). Moreover, we found that more than half of the 257 intron-

containing mRNAs are Dbp2-binding targets. These observations suggest that Dbp2 may also 

function in regulation of splicing, similar to its human counterpart DDX5 (30, 33–35).  

We then asked if DBP2 is necessary for efficient splicing. To assess splicing efficiency, we 

calculated the intron accumulation index for intron-containing genes between wild type and dbp2∆ 

cells as previously described (36). Nearly half (43%) of the intron-containing transcripts in our 

RNA seq exhibit intron accumulation in the absence of DBP2 (Figure 3.3B). Importantly, Dbp2-

binding targets are significantly enriched in these defective transcripts, indicating a correlation of 

Dbp2 binding and splicing efficiency (Figure 3.3B, p-value = 3.58e-9). We also found evidence for 

improved splicing efficiency in dbp2∆ as compared to wild type, however, improved splicing was 

not well correlated with binding (Figure 3.3B). This improved splicing is reminiscent of the 

“hungry spliceosome” model (36), whereby reduced splicing of highly expressed pre-mRNAs 

enables the spliceosome to act more efficiently on less abundant, inefficiently spliced gene 

products. Consistently, over 56% of the pre-mRNAs exhibiting Dbp2-dependent splicing encode 

ribosomal proteins (Figure 3.3C-D), indicating that splicing improvement is indirect.   

Similar to transcription termination, not all intron-containing pre-mRNAs exhibit splicing 

defects in the absence of DBP2. One of the factors that impact splicing efficiency is intron size 

(37, 38). Thus, we plotted the distribution of splicing defective transcripts in dbp2∆ cells by the 

length of their respective introns (Figure 3.3E). Strikingly, transcripts with Dbp2-dependent 

splicing efficiency show a propensity to have long introns (median = 349 nt) compared to all single 

intron-containing pre-mRNAs (median = 148 nt). This is evident when plotting the quartile 

distribution of the intron size for intron-containing genes with defects in splicing in the absence of 
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DBP2 (Figure 3.3F). This suggests that there is an increased requirement for Dbp2 in pre-mRNA 

processing with long introns. 

3.5 Dbp2 Enzymatic Activity is Necessary for Efficient Splicing 

To independently validate splicing defects in dbp2∆, we conducted RT-qPCR to detect the 

ratio of unspliced pre-mRNA to total mRNA of selected transcripts RPL25 and RPL30. This 

revealed accumulation of reads from the intron in the absence of DBP2 (Figure 3.4A). Furthermore, 

we observed rescue of pre-mRNA splicing defects to wild type levels only when expressing a 

catalytically active Dbp2 and not the ATPase-deficient dbp2-E268Q variant (Figure 3.4B). 

However, we did observe a small, statistically significant decrease in the amount of unspliced 

RPL25 with the ATPase-deficient dbp2-E268Q variant relative to empty vector alone.  As the 

E268Q mutation is a Motif II mutation that allows ATP binding but inhibits hydrolysis and 

recycling from RNA (39), this could be due to partial rescue during a single round of duplex 

unwinding (40). 

3.6 Future Plans for Study of Dbp2 in Splicing 

3.6.1 To Characterize snRNA Expression in dbp2∆ Compared to WT  

Small nuclear RNAs (snRNAs) are essential for splicing reactions (41). In our iCLIP data, we 

found that all the five snRNAs in S. cerevisiae are identified as Dbp2 binding targets (Chapter 2). 

In addition, these RNAs are targeted by the Nrd1-Nab3-Sen1 (NNS) complex for the termination 

of transcription (16). Therefore, it is likely that Dbp2 functions in the termination and processing 

of snRNA by coupling with the NNS complex and thereby impacting splicing of pre-mRNAs. To 

test this possibility, RT-qPCR can be performed to study whether the expression levels of snRNAs 

are altered in the absence of DBP2. Northern blots can also be conducted to visualize the lengths 

of snRNAs in dbp2∆ and wild type to test if the processing of snRNA is dependent on Dbp2. 

3.6.2 To Compute the Folding Energy of Dbp2-Bound Introns Comparing to Introns 

Without Detectable Dbp2 Binding  

To test if Dbp2 targeted introns are more likely to form stable secondary structures than 

introns without Dbp2 binding, computational methods, such as RNAfold in the ViennaRNA 

package (42), can be utilized to calculate the structure with minimum free energy for each intron 
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sequence. We were unable to confirm structural rearrangement of pre-mRNAs in dbp2∆ cells using 

our Structure-seq data due to low read coverage across introns in wild type cells as a result of rapid 

degradation of unprocessed pre-mRNAs (43, 44). However, computational methods have been 

widely used to uncover the potential biological functions of RNA structures (45, 46), and therefore 

could also be used to find the common characteristics of Dbp2 targeted introns. 

3.6.3 To test Dbp2-dependent splicing of specific genes using the CUP1 reporter system  

The CUP1 reporter system used for our termination assay has been utilized to determine 

splicing efficiency previously (47). Therefore, by replacing the ACT1 exon-intron-exon region 

with sequences around and including the intron of RPL25 or RPL30, the two tested transcripts with 

DBP2-dependent splicing (Fig. 3.5), we would be able to determine the splicing efficiency in wild 

type and dbp2∆ with growth assay in copper containing media. Both RPL25 and RPL30 introns 

are predicted to form secondary structures using RNAfold (42). Thus, mutations that destabilize 

the structure can be introduced and in the reporter and test if the splicing defect in dbp2∆ can be 

rescued. This would indicate whether DBP2-dependent splicing involves RNA structural 

remodeling. 

3.7 Perspectives 

RNAPII pausing at 5’ end of genes can be a rate-limiting step in RNA synthesis, impacting 

mRNA abundance (49). In addition, premature termination at 5’ ends is also connected to RNAPII 

pausing, serving as a mechanism of gene regulation (50, 51). Our observation of DBP2-dependent 

RNAPII pausing and recruitment of Nrd1 at 5’ ends indicates that Dbp2 may have a role in 

regulating RNAPII kinetics through its function in transcription attenuation (Figure 3A). 

Characterization of the direct link between Dbp2 and RNAPII pausing will provide a new 

paradigm of how DEAD-box helicases determine gene expression at the initial stage of mRNA 

metabolism.  

Both Dbp2 and its human ortholog DDX5 have been found in pre-catalytic spliceosomes 

purified by affinity selection (52, 53). Furthermore, DDX5 associates with other splicing regulators 

(54) and may participate in alternative splicing by remodeling structures at splice sites, as shown 

in the tau and H-ras pre-mRNAs (30, 36). Consistently, our data argues that Dbp2 also promotes 

efficient pre-mRNA splicing (Figure 3.3), and this activity is dependent on the helicase activity 
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(Figure 3.4B). In addition to splice site remodeling, Dbp2 may remodel the structure of the intron, 

as studies have shown that secondary structures in introns can bring splicing signals in proximity 

to promote splicing (23, 55). This would be consistent with the preference for DBP2-dependent 

splicing of long introns (Figure 3.3E). Our study will provide the molecular mechanism of how 

Dbp2 functions in splicing, revealing a previously unknown factor involved in the processing of 

intron-containing pre-mRNAs. 
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Figure 3.1. Dbp2 binding correlates with RNAPII pausing at 5’ ends of protein-coding 

genes.  

Normalized RNAPII occupancy across translational start sites of mRNAs from RNAPII ChIP-

seq in the wild type (blue) and dbp2∆ (pink). Coordinates of translational start sites were 

obtained from SGD. Distribution of Dbp2 binding sites (black line) was derived from Dbp2 

iCLIP-seq data (Chapter 2).  
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Figure 3.2. Dbp2 and Nrd1 preferentially binds to the 5’ ends of mRNAs up-regulated in 

dbp2∆, and display diminished 3’ binding compared to the other mRNAs.  

Meta-analysis of Dbp2 (A) and Nrd1 (B) in mRNAs up-regulated (red), down-regulated (blue), 

without change in expression (black) in dbp2∆ as compared to the wild type. Dashed vertical 

lines mark boundaries of the coding region.  
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Figure 3.3. Dbp2 promotes efficient pre-mRNA splicing.  

(A) Meta-analysis of Dbp2 crosslinking sites across single intron- containing transcripts. (94% of 

intron-containing genes only have one intron.) Dashed vertical lines represent the start of the first 

exon, the 5’ splice site, the 3’ splice site, and the start of the 3’ UTR. (B) Analysis of the change 

in splicing efficiency in the absence of DBP2 compared to wild type. For each intron-containing 

mRNA, the intron accumulation index (IAI) was calculated by comparing the read counts in the 

intron and exon as previously described (20) and grouped into defective, improved, and 

unchanged in the absence of DBP2. The expected number of Dbp2 binding transcripts for the 

null hypothesis was calculated using the chisq.test function in R. A Fisher’s one-sided exact test 

was performed to test the enrichment of Dbp2 binding targets in each group (p-value, rightmost 

column). (C-D) Genomic tracks of aligned reads from intron-containing genes, RPL25 and 

RPL30, from RNA seq of dbp2∆ and wild type cells. Red boxes highlight regions with 

accumulated reads in the absence of DBP2. In B, the read coverage in the intron of RPL25 is 

magnified (inset) for visualization. (D) The distribution of intron lengths in all intron-containing 

genes (black) and mRNAs with a splicing defect (red) in dbp2∆. The shape of the distribution 

was produced using the Kernel density plot in R. (E) The quartile distribution of intron lengths as 

box plots. For (D) and (E), only transcripts with one intron are shown for simplicity. 
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Figure 3.4. The enzymatic activity of Dbp2 is required for efficient pre-mRNA splicing.  

(A) RT-qPCR analysis of the ratio of unspliced pre-mRNA versus total in wild type and dbp2Δ 

cells. Two primer sets, one in the intron (red) and the other in the second exon (blue), were used 

to detect the unspliced and total mRNA, respectively (schematic). (B) RT-qPCR of RPL25 

unspliced pre-mRNA/mRNA ratio of in wild type or dbp2∆ strains transformed with empty 

vector, or plasmids expressing wild-type DBP2 or an ATPase-deficient (E268Q) dbp2 allele. 

Values correspond to the average from three biological replicates ± one SD. Asterisks indicate a 

one- sided p-value of < 0.05.  
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Figure 3.5. Schematic representation of the splicing reporter.  

Sequences encompass the intron region of genes with DBP2-dependent splicing efficiency can 

be cloned to replace the ACT1 sequence in the original construct (30). The unspliced transcripts 

would be unstable and degraded. Thus, the splicing efficiency would be correlated with the level 

of copper resistance of cells.  
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