
 

 

 

 

 

 

 

 

Copyright 

by 

Lingna Wang 

2005 



 

 
The Dissertation Committee for Lingna Wang certifies that this is the 

approved version of the following dissertation: 
 

Characterization of factors involved in 3’ to 5’ mRNA degradation 

in yeast 

 

 

 

 

 

 
Committee: 

 
_______________________________ 
Arlen W. Johnson, Supervisor 
 
_______________________________ 
Scott W. Stevens 
 
_______________________________ 
Paul M. Macdonald 
 
_______________________________ 
David W. Hoffman 
 
_______________________________
Ellen Gottlieb 



 

 

Characterization of factors involved in 3’ to 5’ mRNA degradation 

in yeast 

 

 

by 

Lingna Wang, B.S. 

 

 

 

Dissertation 

Presented to the Faculty of the Graduate School of 

The University of Texas at Austin 

in Partial Fulfillment 

of the Requirements 

for the Degree of 

Doctor of Philosophy 

 

 

The University of Texas at Austin 

August, 2005 



 

iv

Acknowledgements 

I am deeply grateful to my husband, Dan Xu, for his love and years of physical 

and emotional support, for sacrificing his own career and for sharing my life 

experience. I thank my son, Austin Xu, for bringing happiness for us, for making me 

a mature and more responsible person and for persuading me to be successful. I also 

thank my family for raising me to believe in myself, to pursue whatever I have 

dreamed of and to know I have a family that is proud of me.  

 

I sincerely express thanks to those currently serving on my committee, Scott 

Stevens, Paul Macdonald, David Hoffman, Ellen Gottlieb, and especially my 

supervisor Arlen Johnson. In addition to the members of my committee, I appreciate 

the current and former members of the lab: Justin Brown, George Kallstrom, John 

Hedeges, Marc Lewis, Matthew West, Nai-jung (Ivy) Hung, Cyril Bussiere, Kai-yin 

Lo and the members of Stevens lab for insightful discussions and ideas. I also thank 

Nicolas Lin (Nick) and Ryan Chong for technical support. I am grateful for years of 

service from the administrative staff of Cellular & Molecular Biology. I am truly 

happy that I have many friends here in Austin to make me feel at home. 

 

As it pertains directly to the work presented hereafter, I thank Ambion for 

numerous reagents, R. Parker, M. Wickens, A. Van hoof, P. Mitchell, J. Bulter and M. 

Culbertson for various strains and plasmids. I greatly appreciate M. Lewis for the 

direct two hybrid results seen in Figure 2.1 and Nicolas Lin for the Ski7 dominant 

negative screen.  



 

v

Portion of this document are reprinted with implicit permission of the RNA 

society. This work was supported by National Science Foundation grant 

MCB-0321553 to A.W. Johnson. Additional support was provided by the Institute of 

Cellular & Molecular Biology, the School of Biological Sciences and the University 

of Texas at Austin. 

 



 

vi

Characterization of factors involved in 3’ to 5’ mRNA degradation 

in yeast 

 

Publication No.________________ 

 

 
Lingna Wang, Ph.D. 

The University of Texas at Austin, 2005 
 

Supervisor: Arlen Johnson 

 

The pathways for eukaryotic mRNA degradation are composed of numerous 

interconnected elements. I have characterized the general roles of factors involved in 

3’ to 5’ mRNA degradation pathway in the budding yeast Saccharomyces cerevisiae. 

The Ski2/3/8 complex [composed of a DEVH ATPase—Ski2p, a TPR 

(Tetratricopeptide Repeat) protein—Ski3p and a WD protein—Ski8p] and Ski7p (a 

putative GTPase) are essential to 3’ mRNA degradation. To better understand their 

role in mRNA decay, first, I explored the domain interactions within the Ski2/3/8 

complex and between the Ski2/3/8 complex and Ski7p using a directed two hybrid 

approach combined with IP (immunoprecipitation) experiments. A model that 

describes all the interactions identified is presented. Since Ski2p belongs to the 

DEVH RNA helicase family, I then demonstrated the biochemical activity of the 

Ski2/3/8 complex in vitro. My results indicate that the Ski2/3/8 is a hetrotrimeric 

complex with the stoichiometry of 1:1:1. The complex contains ATPase activity, 

which is specific to Ski2p. The Ski2/3/8 complex also possesses 3’ to 5’ RNA helicase 
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activity. The duplex unwinding activity is intrinsic to Ski2p and requires the ATPase 

activity of Ski2p. More importantly, the helicase acitivity of Ski2p is stimulated by 

the presence of a short poly(A) tail (A12). Interestingly, mutations in Ski2p changing 

DEVH to AEVA cause this protein to be dominant negative. The dominant negative 

phenotype is caused by outcompeting wildtype Ski2p for incorporation into the 

Ski2/3/8 complex and forming a large inactive complex with the exosome. To better 

understand the role of GTPase Ski7p in 3’ mRNA decay, a dominant negative screen 

of SKI7 was carried out. Further characterization of the identified dominant negative 

mutants of SKI7 revealed that these mutants altered the interaction with either the 

Ski2/3/8 complex or the exosome, supporting the idea that Ski7p functions as a 

mediator between the Ski2/3/8 complex and the exosome in 3’ to 5’ mRNA 

degradation. 
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CHAPTER ONE 

Introduction 

1.1 Overview 

The pathways for messenger RNA degradation involve a multiplicity of 

interrelated elements [reviewed in (Beelman and Parker 1995; Jacobson and Peltz 

1996; Pain 1996; Mitchell and Tollervey 2000; Parker and Song 2004)] . In 

eukaryotes, mRNA stability is controlled by various destabilizing cis-acting sequence 

elements within transcripts and by trans-acting factors responsible for degradation 

and remodeling mRNP structure. During the past ten years, the general pathways of 

eukaryotic mRNA decay have been described and many of the factors involved have 

been identified, primarily through genetic screens in yeast. Probing the cellular 

functions of these factors and developing a molecular understanding of how these 

factors and pathways interact remain to be the challenge for the field of mRNA 

turnover. Broadly, my dissertation work has focused on the characterization of the 

physical interactions of factors involved in the 3’-5’ mRNA degradation pathway, the 

in vitro characterization of the biochemical activities of those factors and their 

potential roles in the control of gene expression in the budding yeast Saccharomyces 

cerevisiae. 

 

1.2 A brief birth-to-death account of an mRNA 

Following transcription in the nucleus, eukaryotic mRNAs are modified 

post-transcriptionally to contain a 5’m7Gppp-cap and a 3’ poly (A) tail ranging in 

length from nearly 90 nucleotides (nt) in yeast to several hundred in higher 
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eukaryotes (Colgan and Manley 1997; Barabino and Keller 1999; Shatkin and 

Manley 2000; Proudfoot and O'Sullivan 2002; Proudfoot 2004). The process of 5’ 

capping and 3’ end formation are important for both the release of the transcript from 

the site of transcription and for its subsequent export to the cytoplasm (Eckner and 

Birnstiel 1992; Long, Elliott et al. 1995; Huang and Carmichael 1996; Custodio, 

Carmo-Fonseca et al. 1999; Brodsky and Silver 2000). Once in the cytoplasm, these 

structures are important for the formation of a protein bridge between poly(A) 

binding protein (Pab1p) bound to poly(A) and eIF4F (contaning eIF4E and eIF4G) 

bound to cap (Tarun and Sachs 1996; Gallie 1998)). This circularization is thought to 

promote efficient translation and stabilize the transcript (reviewed in (Hershey, Asano 

et al. 1996); (Tarun, Wells et al. 1997; Wells, Hillner et al. 1998). Ultimately, general 

mRNA decay begins with removal of the poly(A) tail, functionally inactivating the 

transcript, and the deadenlylated transcript is subjected to multiple exoribonuclease 

activities. 

 

1.3 Pathways of mRNA decay in Saccharomyces cerevisiae 

Four pathways of cytoplasmic mRNA degradation have been described in yeast 

[reviewed in (Decker and Parker 1994; Caponigro and Parker 1996; Jacobson and 

Peltz 1996; Mitchell and Tollervey 2000; Mitchell and Tollervey 2001; Parker and 

Song 2004)]. The primary pathway is initiated by deadenylation and involves 

subsequent degradation by a 5’ to 3’ exonuclease. A second but less robust 

deadenylation-dependent pathway utilizes 3’-exonuclease activities. A third, 

specialized deadenylation-independent pathway (the NMD pathway) is found 

ubiquitously in eukaryotes and removes aberrant transcripts containing premature 

nonsense codons (Ruiz-Echevarria, Czaplinski et al. 1996; Culbertson 1999; Hentze 
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and Kulozik 1999; Hilleren and Parker 1999; Gonzalez, Bhattacharya et al. 2001; 

Maquat and Serin 2001; Maquat 2002; Baker and Parker 2004; Conti and Izaurralde 

2005). Lastly, the recently described non-stop decay pathway (Frischmeyer, van Hoof 

et al. 2002) that degrades messages lacking stop codons utilizes the 3’-decay pathway. 

The following discussion will be focused on the first two general pathways that 

depend on deadenylation (see Illustration 1.1). 

Eukaryotic mRNA degradation is initiated by deadenylation that removes the 

Pab1p [Poly(A) binding protein] binding site from the mRNA (Shyu, Belasco et al. 

1991; Muhlrad, Decker et al. 1994; Milone, Wilusz et al. 2004). So far, two different 

enzyme complexes have been identified as mRNA deadenylases in yeast including 

CCR4/POP2/NOT complex—which is the predominant deadenylase complex in yeast 

and PAN2/PAN3 complex. (Brown, Tarun et al. 1996; Daugeron, Mauxion et al. 2001; 

Tucker, Valencia-Sanchez et al. 2001; Chen, Chiang et al. 2002; Tucker, Staples et al. 

2002; Thore, Mauxion et al. 2003; Parker and Song 2004). The release of Pab1p most 

likely leads to remodeling of the mRNP, exposing the 5’-end of the mRNA to 

decapping activities. Consistent with this model, the stability of a poly(A) minus 

mRNA can be rescued by tethering Pab1p to an internal site on an mRNA (Coller, 

Gray et al. 1998). After deadenylation, the loss of Pab1p, eIF4E and eIF4G correlates 

with the loading of the Lsm1-7p complex (Tharun, He et al. 2000; Tharun and Parker 

2001). Additional factors involved in remodeling include Pat1p/Mrt1p (Hatfield, 

Beelman et al. 1996) and Dhh1p (Coller, Tucker et al. 2001; Fischer and Weis 2002). 

Following deadenylation and mRNP remodeling, the mRNA is subject to two decay 

pathways.  

The first pathway, degradation from the 5’-end, is initiated by removal of the 
7mG cap by the decapping enzyme, leaving a 5’-monophosphate as a substrate for the 
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Illustration 1.1 Cartoon of the two general deadenylation-dependent mRNA 
decay pathways in yeast 
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abundant cytoplasmic 5’-exoribonuclease Xrn1p (Hsu and Stevens 1993; Muhlrad, 

Decker et al. 1995). Several observations suggest that the holoenzyme responsible for 

decapping consists of two subunits—Dcp1p and Dcp2p, with Dcp2p as the catalytic 

subunit (Beelman, Stevens et al. 1996; LaGrandeur and Parker 1996; LaGrandeur and 

Parker 1998; Dunckley and Parker 1999; Tucker and Parker 2000; Dunckley and 

Parker 2001; Steiger, Carr-Schmid et al. 2003). 

The second deadenylation-dependent decay pathway acts from the 3’-end of an 

mRNA. It requires the 3’ to 5’ exoribonulease activity of a multi-component complex, 

the exosome, along with Ski7p and the heterotrimeric complex of Ski2p, Ski3p and 

Ski8p (hereafter referred to as the Ski2/3/8 complex) (Jacobs Anderson and Parker 

1998; Brown, Bai et al. 2000; Araki, Takahashi et al. 2001). In this case, the resulting 

oligonucleotide cap structure is hydrolyzed by the DcpS scavenger decapping enzyme 

whose activity was described over 30 years ago (Nuss, Furuichi et al. 1975; Wang and 

Kiledjian 2001; Liu, Rodgers et al. 2002; Gu, Fabrega et al. 2004; Liu, Jiao et al. 

2004). 

Evidence from recent studies in the Parker lab and several other labs suggests 

that decapping and subsequent 5’ to 3’ exonucleolytic decay occurs in cytoplasmic 

foci, termed processing bodies (also called P bodies). In these foci, factors involved in 

mRNA decapping and degradation, including Dcp1p, Dcp2p, Dhh1p, the Lsm1-7p 

complex and Xrn1p were found to co-localize (Ingelfinger, Arndt-Jovin et al. 2002; 

Sheth and Parker 2003; Cougot, Babajko et al. 2004; Fillman and Lykke-Andersen 

2005; Teixeira, Sheth et al. 2005). Interestingly, while many of the proteins involved 

in 5’ to 3’ decay were found in P bodies, components of the deadenylase and the 3’ 

decay factors were not.  
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1.4 The Ski proteins and the exosome 

1.4.1 The SKI genes 

1.4.1.1 The identification of SKI genes 

Many of the genes in the 3’-5’ decay pathway (SKI2, SKI3, SKI4/CSL4, 

SKI6/RRP41, SKI7 and SKI8) were initially identified by mutations that led to 

increased expression from the endogenous double-stranded RNA “killer” virus in 

yeast (Toh, Guerry et al. 1978; Ridley, Sommer et al. 1984). This virus encodes a 

secreted toxin that kills yeast cells lacking the killer virus. Hence, superkiller mutants 

overexpress killer toxin. The killer virus transcript is not polyadenylated and it was 

shown by various means that the SKI genes repress translation of poly(A) minus RNA 

(Widner and Wickner 1993; Masison, Blanc et al. 1995; Benard, Carroll et al. 1998; 

Benard, Carroll et al. 1999; Searfoss and Wickner 2000), suggesting a similar 

function on the viral transcript. Although this led to a description of the SKI genes as 

a dedicated antiviral system, our lab demonstrated genetic interaction between two of 

the SKI genes (SKI2 and SKI3) and XRN1 (Johnson and Kolodner 1995). This genetic 

interaction was in the absence of the major dsRNA viruses, providing evidence that 

these genes have a general cellular function in gene expression (Johnson and 

Kolodner 1995). Subsequently, it was shown that mutations in the SKI genes inhibit a 

3’-decay pathway and that SKI4 and SKI6 encode components of the exosome 

(Jacobs Anderson and Parker 1998; van Hoof, Staples et al. 2000), an evolutionarily 

conserved multi-subunit complex of exoribonucleases related to various bacterial 

3’-exoribonucleases (Mitchell, Petfalski et al. 1997; Allmang, Petfalski et al. 1999; 

van Hoof and Parker 1999). It is found in the nucleus and cytoplasm with slightly 

different subunit compositions and is involved in numerous 3’-processing and mRNA 

decay reactions (van Hoof, Lennertz et al. 2000).  
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1.4.1.2 Domain structures of Ski2p, Ski3p, Ski7p and Ski8p 

A cartoon of the primary structures of Ski2p, Ski3p, Ski8p and Ski7p is shown 

in Illustration 1.2. 

 

1.4.1.2.1 Domain structure of Ski2p 

Ski2p is a putative ATPase of the DEVH family within helicase superfamily 2 

(Widner and Wickner 1993). It contains seven motifs which are conserved among the 

DEVH helicase family (Widner and Wickner 1993; de la Cruz, Kressler et al. 1999). 

Among these, motif I is a Walker A NTP-binding motif which binds the phosphates of 

the NTP. Motif Ia binds substrate through the sugar-phosphate backbone. Motif II is 

the Walker B NTP-binding motif that binds the beta and gamma phosphates through 

Mg2+ and coordinates NTP hydrolysis. Motif III is the helicase motif that couples the 

NTP hydrolysis with unwinding activity. Motifs IV, V and VI are the substrate 

binding motifs (de la Cruz, Kressler et al. 1999).  

Although Ski2p has been referred to as a putative RNA helicase, this has not 

been demonstrated biochemically. In addition to the core helicase region, Ski2p 

contains N-terminal and C-terminal extensions, which might confer substrate 

specificity, including protein and/or additional RNA recognition motifs and might 

direct the protein to its subcellular localizations. Although human Ski2w is localized 

primarily to the nucleolus, yeast Ski2p showed a cytoplasmic localization when 

expressed from a high-copy plasmid (Brown & Johnson, unpublished). The protein 

also contains a glycine-rich region (GAR or “RGG box”) that has been identified as 

an additional RNA-binding motif (Widner and Wickner 1993). 

Ski2p is a 146kD cytoplasmic protein in yeast and homologs are found in 

mammalian cells, suggesting a conserved function in mammalian cells as well. In 
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Illustration 1.2 Cartoon of the primary structures of Ski2p, Ski3p, Ski8p and 
Ski7p 
 
Lengths of the proteins are given to the right of each diagram. The motifs of the 
DEVH family of putative ATPase/RNA helicases are indicated by Roman numerals. 
TPR, tetratricopeptide repeat; WD, β-propeller repeat. 
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yeast, Mtr4p is a closely related nuclear protein thought to act as the adapter for the 

nuclear exosome (Jacobs Anderson and Parker 1996; Mitchell and Tollervey 2000).  

 

1.4.1.2.2 Domain structure of Ski3p 

Ski3p is a 164kD protein that contains seven TPR (Tetratricopeptide Repeat) 

motifs (Rhee, Icho et al. 1989). The TPR motif is a degenerate sequence of 34 amino 

acids that form two anti-parallel alpha helices separated by a turn (Goebl and 

Yanagida 1991). Multiple TPR domains are arranged at a regular angle and form a 

right-handed superhelix, which creates a groove with a large amount of surface area 

available for ligand binding (Goebl and Yanagida 1991). TPR motifs are commonly 

found in proteins within large complexes and are believed to be important for 

protein-protein interaction (Goebl and Yanagida 1991). Ski3p also contains an acidic 

patch near its N-terminus (350-410aa).  

 

1.4.1.2.3 Domain structure of Ski8p 

Ski8p is a 44kD protein. The crystal structure of Ski8p has been recently solved 

which reveals that it contains seven WD motifs (Matsumoto, Sarkar et al. 1993; 

Cheng, Liu et al. 2004; Madrona and Wilson 2004). The WD motifs form a 

β-propeller structure with seven blades where each blade is composed of a 

four-stranded anti-parallel beta-sheet. WD motifs are commonly involved in 

protein-protein interactions as well (Matsumoto, Sarkar et al. 1993; Cheng, Liu et al. 

2004; Madrona and Wilson 2004).  

The Ski8p crystal structure also reveals that a large hydrophobic patch 

consisting of residues F20, F89, W125, F188, W293, W311, and F358 is located on 

the top surface of the β propeller. Such a conserved patch of hydrophobic residues is 
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thought to be the site for protein-protein interaction (Cheng, Liu et al. 2004). 

 

1.4.1.2.4 Domain structure of Ski7p 

Ski7p is an 85kD protein that contains an elongation factor 1 alpha-like GTPase 

consensus sequence at its C-terminus (Benard, Carroll et al. 1999). Since Ski7p 

appears to belong to the eRF3/GSPT family of GTP-binding proteins, it has been 

suggested to act in translation (Benard, Carroll et al. 1999). However, the sequence 

similarity between these two proteins appears to be limited to their GTPase domains 

(van Hoof, Staples et al. 2000). Moreover, one member of this family—eRF3 has 

been demonstrated to function not only in translation termination but also in 

3’-poly(A) shorting by interacting with Pab1p (Hoshino, Imai et al. 1998; Hoshino, 

Hosoda et al. 1999; Hoshino, Imai et al. 1999). A similar separation of functional 

domains may be found in Ski7p. The N-terminus of Ski7p (aa 1-264) is necessary and 

sufficient for 3’ degradation, apparently the GTPase domain of Ski7p is dispensable 

for 3’ degradation (Araki, Takahashi et al. 2001). However, the GTPase domain of 

Ski7p is required in the degradation of transcripts without stop codons—a pathway 

referred to as nonstop decay (NSD) (Frischmeyer, van Hoof et al. 2002; van Hoof, 

Frischmeyer et al. 2002). Thus, the C-terminus of Ski7p may have some role in 

translation termination or in poly(A) shortening as suggested by others (Araki, 

Takahashi et al. 2001). Ski7p is thought to be a limiting factor in 3’-decay as its 

overexpression reduced the in vivo expression of viral or electroporated 

poly(A)-minus mRNA (Benard, Carroll et al. 1999). Sequence alignment of Ski7p 

revealed several homologs present in the human genome, suggesting that Ski7p 

function is conserved in higher eukaryotes (van Hoof, Frischmeyer et al. 2002). 
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1.4.1.3 The predicted function of Ski2p, Ski3p, Ski8p and Ski7p 

Ski2p shares 53% similarity with Suv3p, a yeast mitochondrial protein in the 

Ski2 subfamily of ATPases/RNA helicases (Stepien, Margossian et al. 1992). Suv3p is 

a component of the mitochondrial degradosome, which also contains the 3’ 

exoribonualease Dss1p/Msu1p (Dziembowski, Malewicz et al. 1998) and is required 

for intron degradation in mitochondria (Margossian, Li et al. 1996). Similarly, the E. 

coli degradosome, a complex containing RNaseE, polynucleotide phosphorylase, and 

the DEAD-box RNA helicase RhlB, is required for 3’ degradation of mRNA in E. coli 

(Py, Higgins et al. 1996; Carpousis, Vanzo et al. 1999; Coburn, Miao et al. 1999; 

Carpousis 2002; Khemici, Poljak et al. 2005). In vitro analysis of the E. coli 

degradosome indicates that RhlB is required for degradation past secondary structures 

(Py, Higgins et al. 1996). Mtr4p is another closely related protein with 54% similarity 

to Ski2p. It is required for the nuclear functions of the exosome (Jacobs Anderson and 

Parker 1996; van Hoof and Parker 1999; Mitchell and Tollervey 2000).  

Hence, the E. coli degradosome, the yeast mitochondrial degradosome and the 

nuclear form of the yeast exosome are 3’-exoribonuclease- containing protein 

complexes known to require RNA helicases, apparently to disrupt RNA secondary 

structure and possibly RNA-protein interactions (Margossian, Li et al. 1996; 

Carpousis, Vanzo et al. 1999; van Hoof and Parker 1999). This evidence has been 

taken to suggest that Ski2p, Ski3p, Ski8p and Ski7p either act as adaptors for the 

exosome, recruiting it to mRNA substrates or act on the mRNP to allow access by the 

exosome (Jacobs Anderson and Parker 1998; van Hoof and Parker 1999; Mitchell and 

Tollervey 2000; Parker and Song 2004) 
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1.4.2 The exosome 

1.4.2.1 The identity and function of the exosome  

While a large portion of cytoplasmic mRNA decay is catalyzed by Xrn1p, the 

5’ to 3’ exonuclease, mRNA decay still proceeds in its absence. This observation led 

to the discovery of a multiprotein complex called the exosome. The eukaryotic 

exosome contains at least eleven protein subunits most of which are 3’→5’ 

exoribonucleases that function in 3’ →5’ degradation of the mRNA body as well as a 

variety of nuclear RNA processing reactions (Decker 1998; Allmang, Kufel et al. 

1999; van Hoof and Parker 1999; Mitchell and Tollervey 2000; Butler 2002; Das, 

Butler et al. 2003; Raijmakers, Schilders et al. 2004). Based on the domains within 

the nine core exosome subunits, the exosome belongs to a nuclease complex family 

that forms ringlike structures and uses phosphate as attacking group during RNA 

digestion (Symmons, Williams et al. 2002; Parker and Song 2004). Of the nine core 

subunits, six (Rrp41p/Ski6p, Rrp42p, Rrp43p, Rrp45p, Rrp46p and Mtr3p) are 

homologues of E. coli RNase PH, a phosphorolytic enzyme related to PNPase 

(component of E. coli degradosome) domain (Moser, Holley et al. 1997). These six 

subunits of exosome form a central ring structure. The remaining three subunits 

(Rrp4p, Rrp40p and Ski4p/Csl4p) contain KH and S1-like RNA binding domains that 

form extensions beyond the central ring structure (Aloy, Ciccarelli et al. 2002; Parker 

and Song 2004). Consistent with this, the archaeal exosome crystal structure has been 

recently solved, which revealed that the core components of the archaeal exosome 

form a hexameric ring structure with three catalytic subunits (Lorentzen, Walter et al. 

2005). One additional subunit of exosome is Rrp44p/Dis3p, which is related to the 3’ 

hydrolases RNaseII and RNase R from E. coli (Moser, Holley et al. 1997). Consistent 

with its sequence, recombinant Rrp44p has 3’-5’ exonuclease activity that releases 
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nucleotide 5’ monophosphates (Mitchell, Petfalski et al. 1997; Brown and Johnson 

2001). This suggests that the exosome can function as either a hydrolase or a 

phosphorylase depending on the substrate it encounters. However, purified exosome 

complex exhibited only a distributive, hydrolytic activity in vitro with no processive 

or phosphorolytic activities observed (Mitchell, Petfalski et al. 1997). The exosome 

also associates with Rrp6p, which is primarily nuclear in yeast and affects nuclear 

RNA processing and degradation (van Hoof and Parker 1999; Butler 2002). Four 

components of the exosome have demonstrated 3’ to 5’ exoribonuclease activity in 

vitro: Rrp4p, Rrp6p, Ski6p/Rrp41p and Rrp44p (Mitchell, Petfalski et al. 1997; 

Burkard and Butler 2000; Brown and Johnson 2001).  

Depletion of any component of exosome other than RRP6 results in lethality, 

demonstrating that each component of the exosome is critical to the cell (Noguchi, 

Hayashi et al. 1996; Cherry, Ball et al. 1997; Mitchell, Petfalski et al. 1997; Baker, 

Harris et al. 1998; Belli, Gari et al. 1998; Allmang, Petfalski et al. 1999; Winzeler, 

Shoemaker et al. 1999; Capozzo, Sartorello et al. 2000; Lucau-Danila, Wysocki et al. 

2000). However, deletion of RRP6 leads to temperature sensitivity (Briggs, Burkard 

et al. 1998). 

In the nucleus, the exosome and its associated protein—Rrp47p are required for 

3’ processing of many stable RNAs, including 5.8 rRNA, snRNAs and snoRNAs 

(Mitchell, Petfalski et al. 1996; Decker 1998; Allmang, Kufel et al. 1999; van Hoof 

and Parker 1999; Zanchin and Goldfarb 1999; Allmang, Mitchell et al. 2000; 

Geerlings, Vos et al. 2000; Mitchell and Tollervey 2000; van Hoof, Lennertz et al. 

2000; Mitchell, Petfalski et al. 2003). In the cytoplasm, Rrp4p and Rrp41p have been 

demonstrated to be essential for 3’ mRNA degradation (Jacobs Anderson and Parker 

1998). However, several pieces of evidence suggest that the function of the exosome 
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in nuclear RNA processing is independent from its role in cytoplasmic mRNA 

degradation. Firstly, deletion of RRP6, which encodes the only nucleus-specific 

exosome component, had no effect on cytoplasmic mRNA decay rates (Burkard and 

Butler 2000). Furthermore, certain mutations in SKI4/CSL4 gene have been 

characterized to show separation of function for nuclear rRNA processing and 

cytoplasmic mRNA degradation (van Hoof, Staples et al. 2000). Thus, it is clear that 

the exosome is the exonucleolytic machinery essential for general 3’ mRNA 

degradation in the cytoplasm. 

 

1.4.2.2 Possible mechanisms of recruitment of the exosome to mRNA substrates 

The exosome seems to be recruited to mRNA substrates in different ways. In 

the general 3’ mRNA degradation pathway, the exosome interacts with the Ski2/3/8 

complex through Ski7p. It is suggested that Ski2p uses ATP hydrolysis either to 

remove RNA structure or proteins to allow exosome digestion, or to promote entry of 

the RNA into the central cavity of the exosome (van Hoof and Parker 1999; Mitchell 

and Tollervey 2000; Tanner and Linder 2001; Parker and Song 2004).  

In other situations, the exosome seems to be recruited to substrate via specific 

mRNA-protein interactions. The most common cis element responsible for rapid 

mRNA decay in mammalian cells is the AU-rich element (ARE), present within 3’ 

untranslated regions (UTRs) of short-lived cytokine, protooncogene, and growth 

factor mRNAs (Shaw and Kamen 1986; Chen and Shyu 1995; Bakheet, Frevel et al. 

2001). In the ARE-mediated exosome degradation, specific ARE binding proteins 

such as TTP (encoding for tristetraprolin, a zinc finger protein involved in T 

lymphocyte IL-2 mRNA decay) and HuR (encoding for Human antigen R, an mRNA 

binding protein) physically interact with the exosome and recruit it to RNA substrate 
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(Chen, Gherzi et al. 2001; Lykke-Andersen and Wagner 2005).  

In principle, the exosome could also be recruited to a specific transcript through 

preferred RNA-binding sites on any of the exosome subunits with RNA-binding 

potential (Mitchell and Tollervey 2000; Parker and Song 2004). Consistent with this 

hypothesis, biochemical evidence suggests that the human exosome subunit, 

PM-Scl75, may directly target the exosome to ARE-containing transcripts (Mukherjee, 

Gao et al. 2002). 

 

1.4.3 Interactions within the Ski2/3/8 complex and between the Ski2/3/8 complex 

and the exosome 

1.4.3.1 Interactions within the Ski2/3/8 complex 

Recently, our lab has shown that Ski2p, Ski3p and Ski8p form a heterotrimeric 

complex in vivo (Brown, Bai et al. 2000). Ski3p serves as a scaffold protein, stable 

interaction between Ski3p and Ski8p was observed without the presence of Ski2p. 

However, Ski2p did not associate with Ski3p in the absence of Ski8p, nor did Ski2p 

associate with Ski8p in the absence of Ski3p (Brown, Bai et al. 2000). Consistent 

with our findings, the crystal structure of yeast Ski8p has been solved (Cheng, Liu et 

al. 2004; Madrona and Wilson 2004) and mutational analysis suggests that a 

hydrophobic patch on the top surface of the β-propeller of Ski8p is involved in 

binding Ski3p directly (Cheng, Liu et al. 2004). 

Ski2p, Ski3p and Ski8p form a stable complex in cytoplasm, however, how 

these proteins interact with each other and with other proteins in the 3’ decay pathway 

haven’t been determined yet. A predicted interaction model proposed by Aloy et al 

suggests that Ski2p mediates the interaction between Ski3p and Ski8p while no direct 

contact between Ski3p and Ski8p has been suggested (Aloy, Bottcher et al. 2004). 
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Because the Ski2/3/8 complex was not available for Cryo-EM study, this model was 

based entirely on predicted protein structures and pairwise interactions of apparently 

related proteins with known structures. 

 

1.4.3.2 Interaction between the Ski2/3/8 complex and the exosome 

Recently, the multi-domain protein Ski7p was shown to interact with the 

Ski2/3/8 complex as well as the exosome via its N-terminus (1-264aa)(Araki, 

Takahashi et al. 2001). Further truncation studies of Ski7p mapped the Ski2/3/8 

complex interacting domain spanning aa 1-80 on Ski7p while the rest of its 

N-terminus (aa 81-264) apparently is responsible for exosome interaction (Takahashi, 

Araki et al. 2003). In addition, complex formation of Ski2p, Ski3p and Ski8p is 

required for the interaction with Ski7p (Araki, Takahashi et al. 2001). This interaction 

is thought to bridge the interaction between Ski2/3/8 complex and the exosome. 

However, a stable complex containing both the Ski2/3/8 complex and the exosome 

has not been observed suggesting that the Ski2/3/8 complex and exosome act 

sequentially on a transcript or the interaction between Ski2/3/8 and exosome is 

transient or unstable. 

 

1.5 Role of the Ski2/3/8 complex and Ski7p in the mRNA degradation pathways 

1.5.1 The establishment of the role of the SKI genes in general 3’-5’ mRNA 

degradation 

The SKI genes (SKI2, SKI3, SKI4/CSL4, SKI6, SKI7 and SKI8) were first 

described from mutations that led to increased killer toxin production encoded by the 

endogenous double-stranded RNA “killer” virus, demoted as M, a satellite of the 

dsRNA virus L-A in yeast. Each virus produces a single mRNA that is neither capped 
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nor polyadenylated. Thus, it was postulated that the SKI genes may function in 

mRNA translation by conferring specificity for poly(A) mRNA possibly by recruiting 

translation factors or modifying the ribosome (Toh, Guerry et al. 1978; Toh and 

Wickner 1980; Ridley, Sommer et al. 1984; Wickner 1996; Wickner, Ridley et al. 

1996). Further evidence was gained by the ski6-2 mutant, which shows a 60S 

ribosomal subunit biogenesis defect (Benard, Carroll et al. 1998). Moreover, ski 

mutations can suppress the loss-of-killer-virus phenotype of many mak (maintenance 

of killer virus) mutants, several of which have been shown to be required for efficient 

60S ribosomal subunit synthesis (Wickner, Ridley et al. 1982; Carroll and Wickner 

1995; Ohtake and Wickner 1995; Ohtake and Wickner 1995; Edskes, Ohtake et al. 

1998; Peltz, Hammell et al. 1999). The human Ski2p ortholog, Ski2w, is localized 

primarily to the nucleolus with a small amount in the cytoplasm in apparent 

association with 40S ribosomal subunits (Qu, Yang et al. 1998), suggesting a direct 

role in ribosome assembly and function.  

However, the role of Ski proteins in 3’ mRNA degradation is well established. 

Firstly, mutations in Ski genes cause the accumulation of 3’ decay intermediates 

(Jacobs Anderson and Parker 1998; Araki, Takahashi et al. 2001). Secondly, SKI4 and 

SKI6 are known to encode subunits of exosome, a protein complex necessary for 3’ 

RNA processing in nucleus and for 3’ mRNA degradation in the cytoplasm (see 

section 1.4.4.1). The defect in 60S ribosomal subunits biogenesis observed in ski6-2 

mutant is due to the defect in exosome’s function in nuclear rRNA processing which 

is independent from its effect on cytoplasmic mRNA degradation (see section 1.4.4.1). 

Thirdly, although human Ski2p ortholog is localized primarily the nucleolus with 

small amount in the cytoplasm associated with 40S ribosomal subunits, yeast Ski2p 

seems to be localized in the cytoplasm with no apparent association with ribosome 
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(Brown & Johnson, unpublished). Lastly, and most importantly, our lab has shown 

that an mRNA with oligo(G) inserted in the 3’-UTR to inhibit 3’-degradtion 

phenocopies a superkiller mutant. That is, an oligo(G)-containing mRNA is translated 

as efficiently in wild-type cells as is poly(A) minus mRNA in a superkiller mutant 

which indicates that the SKI gene products act directly in a 3’-mRNA degradation 

pathway (Brown and Johnson 2001).  

 

1.5.2 Role of the Ski2/3/8 complex and Ski7p in Nonsense-Mediated mRNA 

degradation (NMD) 

In addition to their role in general mRNA decay, the Ski2/3/8 complex, Ski7p 

and the exosome also function in Nonsense-Mediated mRNA degradation (NMD) in 

yeast. NMD is a process in which the aberrant mRNAs containing a premature 

translational stop codon are recognized and degraded. In yeast, certain cis-acting 

elements called downstream elements (DSE) need to be present within 150 

nucleotides 3’ of the premature stop codon to induce NMD efficiently. This pathway 

of mRNA decay involves a series of proteins called Upf1p, Upf2p and Upf3p that 

form a surveillance complex (Czaplinski, Ruiz-Echevarria et al. 1998; 

Ruiz-Echevarria, Gonzalez et al. 1998). Upf1p has been shown to interact with the 

termination release factors eRF1 and eRF3 (Czaplinski, Ruiz-Echevarria et al. 1998). 

Once this process occurs, the ‘nonsense-containing’ transcripts are degraded either by 

deadenylation-independent decapping followed by 5’ to 3’ exonuleolytic digestion in 

which the normal prerequisite for poly(A) shortening before decapping is bypassed, 

or by accelerated deadenylation and 3’ to 5’ exonucleolytic digestion (Muhlrad and 

Parker 1994; Lejeune, Li et al. 2003; Mitchell and Tollervey 2003; Takahashi, Araki 

et al. 2003). The Ski2/3/8 complex, Ski7p and the exosome are required for the 3’ to 
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5’ degradation of the transcripts containing pre-mature stop condons (Mitchell and 

Tollervey 2003; Takahashi, Araki et al. 2003). 

 

1.5.3 Role of the Ski2/3/8 complex and Ski7p in Nonstop-Mediated mRNA 

degradation (NSD) 

In a recently defined process referred to as nonstop decay (NSD), mRNAs 

lacking translation termination codons are recognized and rapidly degraded 3’ to 5’ by 

the cytoplasmic exosome (Frischmeyer, van Hoof et al. 2002). The exosome 

associated Ski7p as well as the Ski2/3/8 complex is required for the degradation of 

nonstop transcripts. Different from its role in general 3’ degradation, the C-terminus 

of Ski7p, which resembles the GTPase domain of the translation factors EF1α and 

eRF3, is required in NSD. Thus, it has been proposed that when the ribosome reaches 

the 3’ end of an mRNA lacking a termination codon, the carboxy-terminal GTPase 

domain of Ski7p binds to the empty ribosome A site presumably recruiting ribosomal 

releasing factor to release the stalled ribosome. The amino-terminal domain of Ski7p 

recruits the cytoplasmic exosome as well as the Ski2/3/8 complex to degrade the 

transcript by a 3’-5’ decay pathway (Frischmeyer, van Hoof et al. 2002; Maquat 

2002). 

Interestingly, in eubacteria, transcripts that lack a termination codon are also 

recognized and the stalled ribosomes are recycled by tmRNA. The bacterial tmRNA, 

also called SsrA RNA, is a unique RNA molecule that acts both as a tRNA and as an 

mRNA (Keiler, Waller et al. 1996; Himeno, Ushida et al. 1997). In this process, the 

tmRNA is recruited to the empty A site of ribosome. The tmRNA acts first as an 

alanyl-tRNA to transfer its charged alanine to the nascent polypeptide chain, then as 

an mRNA to replace the faulty message with an open reading frame encoded within 
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tmRNA. This co-translation reaction releases both the ribosome and the tagged 

polypeptide (Karzai, Roche et al. 2000). The tagged protein is recognized and 

degraded by several ATP-dependent proteases. This reaction also facilitates the 

degradation of truncated mRNAs by removing stalled ribosome thus allowing 3’ to 5’ 

exonucleases to access the free mRNA 3’ end (Himeno, Ushida et al. 1997).  

 

1.5.4 The Ski2/3/8 complex and the exosome are also involved in degradation of 

mRNAs targeted by RISC in RNA interference in higher eukaryates 

RNA interference (RNAi) belongs to a family of related process that lead to the 

silencing of gene expression by double stranded RNA molecules. The process of 

RNAi is triggered by the presence of long dsRNA molecules in the cell. During the 

initiation step of RNAi, the dsRNA molecules are cleaved into small interfering RNA 

duplexes (siRNAs) by the RNase III-like enzyme Dicer (Bernstein, Caudy et al. 2001; 

Elbashir, Harborth et al. 2001; Grishok, Pasquinelli et al. 2001; Hutvagner, 

McLachlan et al. 2001). During the effector step of RNAi, the siRNAs are 

incorporated into a multimeric complex, RISC (RNA induced silencing complex), 

where they serves as guides to select complementary mRNA substrates for 

degradation (Hammond, Boettcher et al. 2001; Schwarz, Hutvagner et al. 2002). 

Degradation of mRNAs targeted by the RNAi pathway is initiated by 

endonucleolytic cleavage of the mRNA within the region complementary to the 

siRNA (Elbashir, Harborth et al. 2001; Nykanen, Haley et al. 2001). Following the 

endonucleolytic cleavage, the resulting 5’ fragment is degraded by the exosome, 

whereas the 3’ fragment is degraded by Xrn1p. Degradation of the 5’ fragment is 

prevented in cells depleted of Drosophila homologs of the yeast proteins Ski2p, Ski3p 

and Ski8p, suggesting that the role of these proteins in 3’ to 5’ mRNA decay is 
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conserved (Orban and Izaurralde 2005). 

 

1.6 Dissertation Objectives 

This dissertation addresses several questions. As described above, the Ski2/3/8 

complex (composed of Ski3p, Ski8p and the DEVH ATPase Ski2p) is a central 

component of the 3'-5' cytoplasmic mRNA degradation pathway in yeast. Recently, 

our lab has shown that Ski2p, Ski3p and Ski8p exist as a stable cytoplasmic complex 

in vivo, which is consistant with a role in 3’ mRNA degradation. However, how these 

proteins interact with each other and with other proteins in the 3’ decay pathway 

haven’t been determined yet. In Chapter 2, I explore interactions within the Ski2/3/8 

complex and between the Ski2/3/8 complex and Ski7p using a directed two-hybrid 

approach combined with co-immunoprecipitation experiments. Results indicate that 

interactions within the Ski2/3/8 complex do not follow a previous model built on 

predicted protein structures. In addition, results show that inactivating the Ski2/3/8 

complex by mutating the conserved residuals in Ski2p (DEVH→AEVA), which 

inactivates the protein in vitro and in vivo, does not abrogate its interaction with 

Ski7p. 

Ski2p belongs to the DEVH family of ATPases. Some members of this protein 

family have been shown to have RNA helicase or protein displacement activities. 

However, the biochemical activities of Ski2p have not been documented yet. As a 

first step toward understanding the molecular and biochemical mechanism of 3’ 

mRNA degradation, I have overexpressed and purified the Ski2/3/8 complex from a 

yeast extract. In Chapter 3, I have characterized its ATPase activity, helicase activity 

and nucleic acid binding properties. The stoichiometry of the complex is also 

examined. 
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Mutation of the Ski2p ATPase motif DEVH to AEVA inactivates the protein 

function in vivo as was demonstrated by both being unable to complement a wildtype 

Ski2 in an xrn1Δski2Δ double deletion strain and accumulating 3’ decay intermediates 

in vivo. The mutant protein is also defective in ATPase and helicase activities in vitro 

as demonstrated in the in vitro biochemical assays. However, it can be efficiently 

incorporated into the Ski2/3/8 complex and interact with Ski7p (see results in chapter 

2). This raises the possibility that Ski2p (DEVH→AEVA) would be dominant 

negative when overexpressed on top of wildtype Ski2p. A model has been proposed to 

explain the dominant negative phenotype of the mutant protein as well.  

Ski7p is thought to be a limiting factor in 3’ degradation, which mediates the 

interaction between Ski2/3/8 complex and exosome. Sequence alignment of Ski7p 

reveals that it contains an elongation factor 1α like GTPase consensus sequence at its 

C-terminus. To better understand the mechanism of Ski7p in 3’ mRNA degradation, 

we carried out a screen for dominant negative SKI7 mutants. Although identification 

of mutants in the GTPase domain was an appealing prospect, most of the mutants 

identified from this screen affect the interaction with Ski2/3/8 complex or exosome. 

The analysis of dominant mutations in Ski2p and Ski7p is presented in Chapter 4. 
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CHAPTER TWO 

Domain interactions within the Ski2/3/8 complex and between the 
Ski2/3/8 complex and Ski7p 

 

2.1 Background 

The Ski2/3/8 complex (composed of Ski3p, Ski8p and the DEVH ATPase 

Ski2p) is a central component of the 3'-5' cytoplasmic mRNA degradation pathway in 

yeast (Jacobs Anderson and Parker 1998; Brown, Bai et al. 2000; Parker and Song 

2004). Although the proteins of the complex interact with each other as well as with 

Ski7p to mediate degradation by exosome, a 3’-exonuclease complex, the nature of 

these interactions is not well understood (Brown, Bai et al. 2000; Araki, Takahashi et 

al. 2001). Here, I explored interactions within the Ski2/3/8 complex and between the 

Ski2/3/8 complex and Ski7p using a directed two-hybrid approach, which was 

initiated by Marc Lewis in our Lab, combined with co-immunoprecipitation 

experiments. I also tested the functional significance of these interactions in vivo. The 

study of the protein interaction pattern among these factors will provide insights into 

the function of each protein and help understand the possible recruitment pattern of 

these factors in 3’ mRNA decay pathway. It can also establish an interaction platform 

for proteins with similar domain structure as well. 
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2.2 Materials and methods 

2.2.1 Strain constructions and media 

The yeast strains used are described in Table 2.1. 

Yeast strain AJY2045, AJY2052, AJY2055, AJY2057, AJY2062 and AJY2074 

were made by mating the appropriate single deletion mutants (Research Genetics) 

followed by sporulation and tetrad dissection. To confirm the disruption of SKI genes 

with Kanamycin Cassette, the genomic locus of SKI genes are checked by PCR. SKI2 

genomic locus disruption was checked by PCR using AJO160 

(5’-CGCAATTGCCATGGCACA) and AJO163 

(5’-CCAGCACCTCTTGAACCTCCA). SKI3 disruption was confirmed by PCR 

using AJO528 (5’-GTAGTCCTGCGTAAGTTGGTTAAAC) and AJO307 

(5’-GCGAAGCTTGGCCTCGAAACGTGAGTC). AJO440 

(5’-CTGCGTCGACGTTGTGTAACCCGGACCAG) and AJO307 are used for 

checking SKI7 disruption while AJO398 

(5’-GCCATCGATGTCCAAAGTGTTTATTGC) and AJO399B 

(5’-CGTGCCTGCAGTTTACCGCCAGCTTCTCT) for SKI8 disruption. 

Each liter of synthetic complete(SC) medium contained 6.7g yeast nitrogen 

base without amino acids, 60mg each adenine, arginine, histidine, methionine, 

tryptophan and uracil, 90mg each lysine and tyrosine, 150mg phenylalanine, 180mg 

leucine, 20g glucose and 20g agar. An example of SC dropout medium used in this 

study is denoted “SC-Leu-Trp-His+6mM 3-AT”; it contained all amino acids listed 

above except leucine, trptophan and histidine, and supplemented with 6mM of 3-AT 

(3-amino-1, 2, 4-triazole). Each liter of YPD was composed of 10g yeast extract, 20g 

peptone, 20g glucose and 20g agar. Yeast transformations were performed in the 

presence of 0.1M LiOAc, 40% polyethylene glycol (PEG 3350, sigma) and 50μg of 
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Table 2.1 Yeast strains used in Chapter 2 
 

Strain Genotype Source 
AJY245 MATa ade2 ade3 leu2-3,112 ura3-52 lys2-801SKI3HA:KanR 

ski8::KanR 
a 

AJY1478 MATa leu2-3,112 ura3-52 his3-200 ski2::KanR Resgen 
AJY2045 MATa trp1-901 leu2-3,112 ura3-52 his3-200 ski3::KanR ski8::KanR This study 
AJY2052 MATa trp1-901 leu2-3,112 ura3-52 his3-200 ski2::KanR ski3::KanR This study 
AJY2055 MATa trp1-901 leu2-3,112 ura3-52 his3-200 ski7::KanR ski8::KanR This study 
AJY2057 MATa trp1-901 leu2-3,112 ura3-52 his3-200 ski3::KanR ski7::KanR This study 
AJY2062 MATa trp1-901 leu2-3,112 ura3-52 his3-200 ski2::KanR ski7::KanR This study 
AJY2074 MATα trp1-901 leu2-3,112 ura3-52 his3-200 ski2::KanR 

ski3::KanR ski7::KanR ski8::KanR 
This study 

PJ69-4A MATa trp1-901 leu2-3,112 ura3-52 his3-200 gal4∆ 
gal80∆LYS2::GAL1-HIS3 GAL2-ADE2 met2::GAL7-lacZ 

b 

RDKY2055 MATa ade2 ade3 leu2 lys2-801 ura3-52 xrn1∆ ski2-2-18/pRDK297 c 
RDKY2067 MATa ade2 ade3 leu2 lys2-801 ura3-52 xrn1∆ ski3-3-21/pRDK252 c 

 
a (Brown, Bai et al. 2000) 
b (James, Halladay et al. 1996) 
c (Johnson and Kolodner 1995) 



 

26

herring sperm single-stranded DNA (ssDNA, Gibco) carrier as described elsewhere 

(Gietz, Schiestl et al. 1995). 

 

2.2.2 Plasmid constructions 

Plasmids used in this Chapter are listed in Table 2.2 

All two-hybrid constructs (pAJ951~pAJ966) were made by PCR amplification 

of the corresponding fragment from the respective genomic locus and cloning into the 

appropriate two hybrid vector containing GAL4 binding domain or GAL4 activation 

domain.   

pAJ705 was made by replacing XRN1 in pRDK304 (Page, Davis et al. 1998): 

The 5’-end of SKI2 was amplified by PCR using oligos AJO234 

(5’-CTCGCTCGAGAAAAAATGTCTGAGGGATTCAGTA) and AJO163 

(5’-CCAGCACCTCTTGAACCTCCA), digested with XhoI and ligated with a 

XhoI-XbaI fragment from pAJ159 (Brown, Bai et al. 2000) containing the 3’-end of 

SKI2 into XhoI-NheI-cut pRDK304.  

pAJ703 was made from pAJ705 by replacing the myc tag-containing 

SphI-NdeI fragment with the wild-type sequence from pAJ39 (Brown, Bai et al. 

2000). 

pAJ709 was made by three-part ligation: the 3xHA tag as a PstI-BglII fragment 

from PCR amplification of genomic SKI3::HA from AJY245 (Brown, Bai et al. 2000) 

using oligos AJO375 (5’-CGCGAATTCAGGCCTGATCTTTCTCAAGGTATT) and 

AJO369 (5’-GCGGATCCAAGCTTTGATTGACTATCTCGA); SKI3 as a KpnI-PstI 

fragment from pAJ270; and vector as a KpnI-BamHI fragment from pAJ270. 

pAJ270 is a GAL1::SKI3 derivative of pRS424. 

pAJ819 and pAJ820 were made from pAJ159 and pAJ705, respectively, by 
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Table 2.2 Plasmids used in Chapter 2 
 

Plasmid Description  Source 
pAJ39 SKI2-2μ-LEU2 a
pAJ159 SKI2-3xmyc-2μ-LEU2 a
pAJ263 SKI3-LEU-CEN This study 
pAJ267 GAL-SKI8-2μ-URA3 a
pAJ270 GAL-SKI3-2μ-TRP1 This study 
pAJ689 GAL-GST-2μ-URA3 This study 
pAJ703 GAL-SKI2-2μ-LEU2 This study 
pAJ705 GAL-SKI2-3xmyc-2μ-LEU2 This study 
pAJ706 GAL-GST-SKI8-2μ-URA3 This study 
pAJ709 GAL-SKI3-3xHA-2μ-TRP1 This study 
pAJ819 SKI2(DEVH→AEVA)-3xmyc-2μ-LEU2 This study 
pAJ820 GAL-SKI2(DEVH→AEVA)-3xmyc-2μ-LEU2 This study 
pAJ832 ski2∆N-3xmyc-2μ-LEU2 This study 
pAJ833 GAL-ski3∆C(aa 2-1206)-3xHA-2μ-TRP1 This study 
pAJ840 ski3∆C-LEU-CEN This study 
pAJ951 SKI2 ORF in pGAD-C(1) This study 
pAJ952 ski2(nt 1-840) in pGAD-C(1) This study 
pAJ953 ski2(nt 841-1584) in pGAD-C(1) This study 
pAJ954 ski2(nt 1585-2589) in pGAD-C(1) This study 
pAJ955 ski2(nt 2590-3868) in pGAD-C(1) This study 
pAJ956 SKI3 ORF in pGBD-C(1) This study 
pAJ957 ski3(nt 1-1047) in pGBD-C(1) This study 
pAJ958 ski3(nt 1048-1230) in pGBD-C(1) This study 
pAJ959 ski3(nt 1231-1923) in pGBD-C(1) This study 
pAJ960 ski3(nt 1924-2895) in pGBD-C(1) This study 
pAJ961 ski3(nt 2896-3618) in pGBD-C(1) This study 
pAJ962 ski3(nt 3619-4299) in pGBD-C(1) This study 
pAJ963 SKI7 ORF in pGAD-C(1) This study 
pAJ964 SKI8 ORF in pGAD-C(1) This study 
pAJ965 SKI8 ORF in pGBD-C(1) This study 
pAJ966 SKI7 ORF in pGBD-C(1) This study 
pAJ1201 GAL-FLAG-SKI7-2μ-LEU2 This study 
pAJ1206 GAL-FLAG-SKI7-2μ-URA3 This study 
pAJ1224 pNMD3-ski3(aa 1207-1432)-3xHA-2μ-URA3 This study 
pAJ1225 pNMD3-ski3(aa 966-1432)-3xHA-2μ-URA3 This study 
pAJ1226 pNMD3-ski3(aa 642-1432)-3xHA-2μ-URA3 This study 
pAJ1227 pNMD3-ski3(aa 411-1432)-3xHA-2μ-URA3 This study 
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pAJ1228 pNMD3-ski3(aa 350-1432)-3xHA-2μ-URA3 This study 
pAJ1229 pNMD3-ski3(aa 2-1432)-3xHA-2μ-URA3 This study 
pAJ1231 GAL-3xHA-2μ-TRP1 This study 
pAJ1233 GAL-ski3(aa 2-349)-3xHA-2μ-TRP1 This study 
pAJ1234 GAL-ski3(aa 2-410)-3xHA-2μ-TRP1 This study 
pAJ1235 GAL-ski3(aa 2-641)-3xHA-2μ-TRP1 This study 
pAJ1238 GAL-ski3(aa 1207-1432)-3xHA-2μ-TRP1 This study 
pAJ1241 GAL-ski2(aa 1-279)-13xmyc-2μ-LEU2 This study 
pRDK297 YEp420-XRN1-ADE3-URA3-2μ b
pRDK252 YCp50-XRN1 -URA3-CEN b
pRP469 GAL-PGK1-pG-2μ-URA3 c 

 
a (Brown, Bai et al. 2000) 
b (Johnson and Kolodner 1995) 
c (Muhlrad and Parker 1994) 
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changing three nucleotides in the SKI2 ORF (A1331C C1339G A1340C).  

pAJ832 was made by three-part ligation: the promoter and 5’-portion of SKI2 

as a XmaI-ClaI fragment from PCR amplification of pAJ159 using oligos AJO525 

(5’-AGCGGATAACAATTTCACACAGGA) and AJO587 (5’- 

GGCATCGATCATTAATTAAGTATTAGTACAGTAAATTTTG); the ski2∆N 

fragment as a ClaI-NdeI fragment from pAJ159; and vector as a XmaI-NdeI fragment 

from pAJ159. 

pAJ833 was made from pAJ709 by replacing the ClaI-XmaI fragment of SKI3 

with the ski3∆C fragment as a ClaI-XmaI fragment from PCR amplification of 

genomic SKI3 using oligos AJO373 

(5’-CGCGAATTCAGGCCTAAAGACCATTTGAGGGCC) and AJO380 

(5’-CGCGGATCCCCCGGGAGCGTTTTCAATAGAGAG.) 

pAJ689 was made from pEG(KT) by EcoRI partial digestion and fill-in to 

disrupt LEU2. 

pAJ706 was made from three parts: GAL UAS and GST on an NcoI-NcoI 

fragment from pAJ261 (Brown, Bai et al. 2000); SKI8 on an NcoI-HindIII fragment 

from pAJ261; and NcoI-HindIII cut of pRS424. 

pAJ1201 was made by replacing XRN1 in pRDK304 with FLAG-SKI7 as a 

SalI-HindIII fragment from PCR amplification of genomic SKI7 using oligos AJO625 

(5’-GCGCCCCGGGTCGACATGGACTACAAAGACGATAAATTAATTAAATCGT

TATTAGAGCAATTA) and AJO626 

(5’-GCGCGAAGCTTGATATGTGTAAAATGG.) 

pAJ1206 was made by moving GAL-FLAG-SKI7 as a SpeI-HindIII fragment 

from pAJ1201 into the same sites of pRS426. 

pAJ1224 was made by replacing NMD3 in pAJ409 (Ho and Johnson, 
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unpublished) with ski3-C-terminus-3XHA as a EcoRI-KpnI fragment from PCR 

amplification of genomic SKI3::HA from AJY245 using oligos AJO375 

(5’-CGCGAATTCAGGCCTGATCTTTCTCAAGGTATT) and AJO748 

(5’-CCAGATATCTCGAGGTACCTCAGCACTGAGCAGCGTAATC). 

pAJ1225, pAJ1226, pAJ1227, pAJ1228 and pAJ1229 were made in the same 

fashion as pAJ1224 except the 5’ oligos for PCR amplification were: AJO374 

(5’-CGCGAATTCAGGCCTCAGTATAGAGATGCTGCT) for pAJ1225, AJO373 

(5’-CGCGAATTCAGGCCTAAAGACCATTTGAGGGCC) for pAJ1226, AJO372 

(5’-CGCGAATTCAGGCCTGTCACTGTATTGAGGGAG) for pAJ1227, AJO371 

(5’-CGCGAATTCAGGCCTACGGAGAAGGAAACAGAT) for pAJ1228 and 

AJO370 (5’-CGCGAATTCTCGGATATTAAACAGCTA) for pAJ1229.  

pAJ1231 was made by replacing the GAL1-10 SKI3-containing KpnI-XmaI 

fragment of pAJ709 with the GAL1-10 region amplified by PCR, using oligos 

AJO755 (5’-CGATCGGTACCGACCTTTTTTCTCCTTGACG) and AJO756 

(5’-GCGCTCCCGGGATCGAATTCCATGGTCGTCGACGAGCTCAATTCCTTGA

ATTTTCAAAAATTC). 

pAJ1233 was made by cloning ski3 (aa 2-349) as a EcoRI-XmaI fragment from 

PCR amplification of yeast genomic DNA using oligos AJO370 

(5’-CGCGAATTCTCGGATATTAAACAGCTA) and AJO376 

(5’-CGCGGATCCCCCGGGCTTTTTATGGCCTTCAGG) into the same sites of 

pAJ1231.  

pAJ1234 and pAJ1235 were made similar to pAJ1233 except the 3’ oligos for 

PCR amplification were: AJO377 

(5’-CGCGGATCCCCCGGGAACCTCTTCCTCTAATAA) for pAJ1234, AJO378 

(5’-CGCGGATCCCCCGGGATAATAGTGGCAATAAAT) for pAJ1235. 
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pAJ1238 was made by cloning ski3 (aa 1207-1432) as a EcoRI-XmaI fragment 

from PCR amplification of yeast genomic DNA using oligos AJO375 

(5’-CGCGAATTCAGGCCTGATCTTTCTCAAGGTATT) and AJO758 

(5’-CGCGGATCCCCCGGGGAAACATTCGTTTAGCGC) into the same sites of 

pAJ1231.  

pAJ1241 was made by replacing NMD3 in pAJ544 with ski2(1-279aa) as a 

NcoI-PacI fragment from PCR amplification of genomic Ski using oligos AJO794 

(5’-GCGCCCGGGGTCGACCTTTCTCTTCTTTGGGATCCGCTGCAGAAGTTGG

TCTCTGTAGT) and AJO793 

(5’-CGGTTAATTAACCCGGGTAATAGTTCATCGATTTC). 

 

2.2.3 Directed yeast two hybrid 

Pair-wise interactions were tested by transforming different combinations of 

bait and prey plasmids into strain pJ69-4A (James, Halladay et al. 1996). Leu+ Trp+ 

transformants were selected on appropriate plates and then plated onto leu- trp- his- 

triple dropout medium supplemented with 6mM of 3-AT (3-amino-1, 2, 4-triazole). 

 

2.2.4 Immunoprecipitation experiments 

All cell extracts were prepared by growing cells to mid-log phase in 100ml of 

appropriate SC selective medium. Cells were collected and washed once with ice-cold 

extraction buffer [20mM Tris-HCl (pH7.5), 40mM NaCl, 10% glycerol, 1mM EDTA, 

1mM PMSF, 1μM leupeptin, 1μM pepstatin A], resuspended in 0.5ml of ice-cold 

extraction buffer and protein extracts were prepared by disruption with glass beads. 

The extract was removed, the beads washed once with 0.15ml of extraction buffer and 

the extract and wash were combined. The sample was clarified by centrifugation 
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twice at 15,000g at 4°C for 5 minutes. Clarified extract was mixed with certain 

amount of extraction buffer to make the final volume at 500μl supplemented with 

0.1% NP40. 50μl of BSA-blocked Protein A agarose (Invitrogen) was added and the 

samples were incubated at 4°C with rocking. After 30 minutes, the beads were 

removed by centrifugation at 2000g for 20 seconds. The supernatant was recovered 

and the appropriate primary antibody was added, followed two hour later by the 

addition of 50μl of BSA-blocked Protein A agarose beads. After one hour rocking at 

4°C, the beads were collected by centrifugation and washed three times with 

extraction buffer. Proteins were eluted from the beads by heating at ~100°C in 

1xLaemmli buffer [62.5mM Tris-HCl (pH6.8), 10% glycerol, 1%β-mercaptoethanol, 

2% SDS and 0.02mg/ml bromophenol blue]. 

 

2.2.5 Western blotting analysis 

Protein samples were separated on a SDS-PAGE and transferred onto 

nitrocellulose membrane (0.45μm, Bio-Rad Laboratories) using a Trans-Blot SD 

semi-dry transfer cell (Bio-Rad Laboratories) at 15V for 1 hour in 1xTowbin buffer 

(25mM Tris, 192mM Glysine, 20% methanol). The membrane was blocked in 1% 

blotting grade dry milk (Bio-Rad Laboratories) in 1xTBS [10mM Tris-HCl (pH8.0) 

and 150mM NaCl] for 1 hour. The membrane was probed as following: primary 

antibody in 1xTBST [10mM Tris-HCl (pH8.0), 150mM NaCl and 0.05% Tween-20] 

for 4 hours, three 5-minutes washes in 1xTBST, secondary antibody in 1xTBST for 

30 minutes. After twice 5-minutes washes in 1xTBST then twice 5-minutes wash in 

1xTBS, 2ml of Western blotting luminal reagent (Santa Cruz Biotechnology) was 

added onto the membrane and incubated for 1 minute then decanted. The membrane 

was subjected to ISO-MAX x-ray film (SciMart) exposure. 
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2.2.6 Northern blotting analysis 

Cells were grown at 30°C to mid-log phase (OD600=0.5) in 

galactose-containing selective medium. RNA was prepared by vortexing in the 

presence of LETS [100mM LiCl, 10mM EDTA, 10mM Tris(pH 7.5), 0.2% SDS] and 

0.5-mm acid-washed glass beads (BioSpec Products, Inc.). The aqueous phase was 

extracted twice in phenol:chloroform then supplemented with an additional 0.8M 

LiCl. After precipitation at -20°C with two volumes of ethanol, the RNA pellet was 

washed in 70% ethanol and resuspended in DEPC (Diethypyrcarbon, MP 

Biomedicals)-treated water. 10µg of each RNA sample was separated on a 8% 7M 

urea/polyacyrimide gel and transferred to Zeta probe membrane (Bio-Rad 

Laboratories) by electro-blotting at 15V for 1 hour in 0.5xTBE (45mM Tris base, 

45mM boric acid and 1mM EDTA) using the Trans-Blot SD semi-dry transfer cell 

(Bio-Rad Laboratories). Membranes were cross-linked in a Stratalinker 1800 

(Strategene) then probed in 1mM EDTA, 7% SDS, 0.5M sodium phosphate(pH 7.2). 

Probe was prepared by kinasing the appropriate oligo in the presence of [γ-32P]ATP 

(PerkinElmer). Probed membranes were visualized by phosphoimaging [Institute for 

Cellular and Molecular Biology Core Facility, University of Texas at Austin, 

(hereafter referred to as ICMB CF, UT)]. 
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2.3 Results 

2.3.1 Domain interactions identified by direct yeast two hybrid 

Our lab showed previously that efficient Ski2p interaction with Ski8p depends 

on the presence of Ski3p, however Ski3p and Ski8p interacted in the absence of Ski2p 

(Brown, Bai et al. 2000). These results suggested that Ski3p provides the scaffold for 

the interaction of Ski8p and Ski2p. To further examine the protein interactions within 

the Ski2/3/8 complex, Marc Lewis in our lab initially used a directed 2-hybrid 

approach to identify the protein interaction domains of Ski2p and Ski3p that are 

important for complex formation. 

A series of SKI3 “bait” plasmids was made by fusing the GAL4 binding-domain 

to six regions of SKI3 spanning the entire protein. The boundaries of these regions 

were selected based on apparent boundaries of domains identified from secondary 

structure prediction and hydrophilicity plots. Among the six SKI3 fragments used as 

bait proteins, all contained at least one TPR domain with the exception of the fusion 

spanning amino acids 350 to 410, which encompassed a highly acidic patch. A set of 

SKI2 fusions was made in a similar fashion. The N-terminal (aa 1-279) and 

C-terminal (aa 863-1286) fragments of SKI2 correspond to the N-terminal and 

C-terminal extensions, beyond the central ATPase and helicase domains, that are 

suggested to be important for protein-protein interaction and/or subcellular 

localization (de la Cruz, Kressler et al. 1999). The second SKI2 fusion (aa 280-527) 

contained the ATPase and helicase domains (domains I to V) that are responsible for 

enzymatic activity, while the third SKI2 fusion (aa 528-862) contained the RNA 

binding domain VI which is important for substrate recognition. Fusions of intact 

SKI2, SKI3, SKI7 and SKI8 were made as well. (See Illustration 2.1 for a summary of 

the constructs). All “bait” and “prey” constructs were tested for pair-wise interactions 
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Illustration 2.1 Diagram of all the constructs made for the directed two hybrid 
experiment 
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in a strain developed for yeast 2-hybrid. Figure 2.1 shows a subset of the interactions 

tested. All pair-wise combinations not shown did not reveal interactions. 

Strong interaction was observed between the C-terminus of Ski3p (aa 

1206~1432) and Ski8p (Figure 2.1). Weak interactions were observed between the 

N-terminus of Ski2p (aa 1-279) and Ski8p (Figure 2.1), and the N-terminus of Ski2p 

(aa 1-279) and the sub C-terminus of Ski3p (aa 966-1206) (Figure 2.1).  

 

2.3.2 Confirmation of two hybrid interactions within the Ski2/3/8 complex by 

immunoprecipitaion 

To verify the protein-protein interaction information obtained from 2-hybrid, I 

carried out immunoprecipitation (IP) experiments. Functional epitope-tagged Ski2, 

Ski3, Ski7, Ski8 proteins were made. I also made partial deletions of SKI2 (ski2-∆N) 

by deleting the N-terminal putative Ski3p interaction domain (aa 1~279) and SKI3 

(ski3-∆C) that removed the C-terminus (aa 1206~1432) of Ski3p which, according to 

the 2-hybrid result, is responsible for Ski8p binding. These mutant proteins were 

expressed pair-wise in wild-type cells with epitope-tagged wild-type copies of each 

Ski protein. All proteins were assayed for interaction by immunoprecipitation of the 

bait protein and by Western blotting for the presence of the second protein. 

As the two-hybrid analysis was carried out in a strain wild-type for the SKI 

genes, interactions that were identified could be direct or bridged by the endogenous 

wild-type proteins. Consequently, co-immunoprecipitations were also done in a yeast 

strain containing simultaneous deletions of SKI2, SKI3, SKI7 and SKI8, in which 

bridging interactions between Ski proteins would be eliminated. Because these genes 

all act in the same non-essential cytoplasmic pathway, the quadruple mutant is viable 

and has no noticeable growth defect. For domain-domain interactions within the 
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Figure 2.1 Interactions within Ski2/3/8 complex identified by direct two-hybrid 
 
Pair-wise interaction was determined by transforming yeast strain PJ69-4A with 
different GAD (GAL4 activation domain) and GBD (GAL4 binding domain) 
plasmids: pAJ964 (GAD-SKI8) together with different GBD plasmids containing 
different fragments of SKI3 (Upper panel), pAJ965 (GBD-SKI8) with different GAD 
plasmids containing different fragments of SKI2 (Middle panel), pAJ951 (GAD-SKI2) 
together with different GBD plasmid containing different fragments of SKI3 (Lower 
panel). Transformants were patched onto trp- leu- his- triple dropout plates and 
incubated at 30°C. 
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Ski2/3/8 complex, pair-wise IPs with or without the presence of the third protein in 

this complex were carried out in the quadruple deletion strain. 

 

2.3.2.1 The N-terminus of Ski2p (aa 1-279) is required and sufficient for Ski3p 

interaction 

I first examined the interaction between Ski2p and Ski3p to follow up the two 

hybrid interaction between the N-terminus of Ski2p (aa 1-279) and the sub 

C-terminus of Ski3p (aa 966-1206).  

A strain with SKI3 genomically tagged with the hemaglutinin (HA) epitope was 

transformed individually with non-tagged SKI2, myc tagged SKI2 (SKI2-myc), or 

ski2-∆N-myc. I also introduced a SKI2-myc ATPase mutant (DEVH→AEVA), in 

which the canonical DEVH has been changed to AEVA. Cell extracts were prepared 

and IPs were performed with anti-HA antibody, followed by SDS PAGE and Western 

blotting using anti-myc antibody. As seen in Figure 2.2A, Ski2-myc was specifically 

associated with Ski3-HA while no signal was observed when immunoprecipitations 

were performed with untagged Ski2p or with the N-terminal deletion of Ski2p 

(deleted of aa 1-279). These data suggest that the N-terminus of Ski2p is necessary 

for interacting with Ski3p, which is consistent with the direct two hybrid result. 

Interestingly, the DEVH→AEVA mutation of Ski2p, which inactivates the protein in 

vivo (see below) and destroys the ATPase activity of Ski2p in vitro (see chapter 3) 

immunoprecipitated Ski3p as efficiently as did wild-type Ski2p. This result indicates 

that the ATPase activity of Ski2p is not required for its association with Ski3p. 

Similar results were also observed when utilizing anti-myc antibody for IP and 

anti-HA for Western blotting (data not shown). 

I next asked whether the Ski2p and Ski3p interaction that I observed through 
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Figure 2.2 The N-terminus of Ski2p (aa 1-279) is required for Ski3p interaction 
 
(A) Extracts from strain AJY245 (SKI3-HA) carrying pAJ39 (SKI2), pAJ160 
(SKI2-myc), pAJ819 [SKI2 (DEVH→AEVA)-myc] or pAJ832 (ski2-∆N-myc) 
respectively, were immunoprecipitated with anti-HA antibody followed by Western 
blotting with anti-myc antibody. (B) Immunoprecipitations were performed on 
extracts from AJY2074 (quadruple mutant) carrying pAJ703 (GAL-SKI2), pAJ705 
(GAL-SKI2-myc), pAJ820 [GAL-SKI2 (DEVH→AEVA)-myc] or pAJ832 together with 
pAJ709 (GAL-SKI3-HA) with anti-myc antibody. Western blots were carried out 
using anti-HA antibody. 
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2-hybrid and the above IP was direct or was bridged by Ski8p. To answer this I 

carried out the IP experiments in the quadruple mutant strain. Non-tagged SKI2, 

SKI2-myc, SKI2 (DEVH→AEVA)-myc or ski2-∆N-myc were transformed individually 

into the quadruple mutant strain together with SKI3-HA. Cell extracts were prepared 

and IPs were carried out using anti-myc antibody, Western blots were performed 

using anti-HA antibody. Without the presence of Ski8p, both full-length Ski2p and the 

AEVA mutant of Ski2p could pull down Ski3p, while no Ski3p was detected with 

non-tagged Ski2p and the N-terminal deletion of Ski2p (Figure 2.2B). Similar results 

were obtained when using anti-HA antibody for IP and anti-myc for Western blotting 

(data not shown). 

Next, I tested if the N-terminus of Ski2p by itself was sufficient for interaction 

with Ski3p. Different combinations of SKI2 together with SKI3 were transformed into 

a ski2∆ski3Δdouble mutant strain, and anti-HA IP was performed on the extracts. In 

Figure 2.3, the N-terminus of ski2p by itself was sufficient to co-immunoprecipitated 

with Ski3p which is consistent with our two hybrid data and strongly suggests that 

Ski2p interacts with Ski3p via its N-terminus (1-279aa). 

Taken together, these data argue that Ski2p and Ski3p interact via the 

N-terminus (aa 1-279) of Ski2p independent of Ski8p and that N-terminus of Ski2p is 

sufficient for interaction with Ski3p.In addition, active Ski2p is not required for this 

interaction.  

 

2.3.2.2 The C-terminus of Ski3p (aa 1206-1432) is important and sufficient for 

efficient Ski8p interaction  

The strong two hybrid interaction between the C-terminus (aa 1206-1432) of 

Ski3p and Ski8p was tested by immuno-precipitation. Different combinations of 
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Figure 2.3 The N-terminus of Ski2p (aa 1-279) is sufficient for Ski3p interaction 
 
Anti-HA IPs were performed on extracts from AJY2052 transformed with different 
combinations of SKI2 (pAJ703, pAJ705 or pAJ1241) and SKI3 (pAJ270 or pAJ709), 
followed by Western blotting against myc.  
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SKI2, SKI3 together with GST-SKI8 and a wild-type SKI7 were transformed into the 

quadruple mutant strain. Glutathione agarose beads were added to the cell extracts to 

pull-down GST-Ski8 and anti-HA Western blotting was carried out to check the 

co-purification of Ski3p. GST-Ski8 was specifically associated with full-length 

Ski3-HA, no matter whether full-length Ski2p or the N-terminal deletion of Ski2p 

was present (Figure 2.4A). The C-terminal deletion of Ski3p did not efficiently 

interact with GST-Ski8 as the ski3-∆C-HA signal was significantly reduced. These 

data support the two hybrid observation that the C-terminus of Ski3p is responsible 

for Ski8p interaction. Moreover, full-length Ski3p can interact with Ski8p in the 

presence of Ski2∆N (which has presumably lost interaction with Ski3p and Ski8p), 

suggesting that the Ski3p and Ski8p interaction is direct and independent of Ski2p.  

To further verify that the interaction between the C-terminus of Ski3p and 

Ski8p was direct, I repeated the co-IPs in the quadruple mutant strain in the absence 

of Ski2p. As seen in Figure 2.4B, without Ski2p, GST-Ski8 was specifically 

immunoprecipitated with full length Ski3-HA. This interaction was lost with the 

C-terminal truncation of Ski3p.  

As I observed a very strong two hybrid interaction between C-terminus of 

Ski3p and Ski8p, I tested if the C-terminus of Ski3 by itself was sufficient for 

interaction with Ski8p. Different combinations of SKI3 together with GST-SKI8 were 

transformed into a ski3∆ski8Δ double mutant strain, and a GST-pull down or anti-HA 

IP was performed on the extracts. I found that the C-terminus of Ski3p 

co-immunoprecipitated with Ski8p, and that Ski8p can also pull-down the C-terminus 

of Ski3p (Figure 2.5). These data indicate that Ski3p can interact with Ski8p via its 

C-terminus independently of Ski2p. C-terminus of Ski3p is sufficient for interaction 

with Ski8p. Subsequent subcloning of the C-terminus of SKI3 indicates that the 
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Figure 2.4 The C-terminus of Ski3p (aa 1206-1432) is required for Ski8p 
interaction 
 
(A) Extracts from strain AJY2074 carrying different combinations of SKI2 (pAJ705 
or pAJ832), SKI3 [pAJ709 or pAJ833 (ski3-ΔC-HA)] together with pAJ706 
(GST-SKI8) were prepared. Glutathione agrose beads were added to the cell extracts 
to pull-down GST-Ski8 and anti-HA Western blotting was carried out to monitor the 
co-sedimentation of Ski3p. (B) GST pull-downs were performed on extracts from 
AJY2074 transformed with different combinations of SKI8 [pAJ267 (SKI8) or 
pAJ706] and SKI3 (pAJ709 or pAJ833), followed by Western blotting against HA. 
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Figure 2.5 The C-terminus of Ski3p (aa 1206-1432) is sufficient for Ski8p 
interaction 
 
Anti-HA IPs (left) or GST pull-downs (right) were performed on extracts from 
AJY2045 transformed with different combinations of SKI8 (pAJ267 or pAJ706) and 
SKI3 [pAJ709 or pAJ1238 (ski3-C terminus-3xHA)], anti-GST or anti-HA Western 
was followed by Western blotting with the indicated antibodies 
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extreme 123 amino acids are sufficient for strong 2-hybrid interaction with Ski8p. 

 

2.3.2.3 The N-terminus of Ski2p (aa 1-279) is required for interaction with Ski8p 

and this interaction is mediated by Ski3p 

I next examined the Ski2p and Ski8p interaction via IP as the N-terminus of 

Ski2p (aa 1-279) and Ski8p showed weak interaction through directed two hybrid. 

The quadruple mutant strain was transformed with different combinations of SKI2, 

SKI3 constructs and together with GST-SKI8 expression vector individually (Figure 

2.6A). Full length Ski2-myc associated specifically with GST-Ski8 only in the 

presence of full length Ski3p, while no significant Ski2∆N-myc signal was observed 

even in the presence of full length Ski3p (Figure 2.6A). Surprisingly, Ski2p and Ski8p 

interaction was disrupted when the C-terminus of Ski3p was removed. As the 

C-terminus of Ski3p interacts with Ski8p, these data suggest that the Ski2p and Ski8p 

interaction observed by two-hybrid and by IP was bridged by Ski3p. 

To test the requirement for Ski3p, IPs were carried out in the quadruple mutant 

but in the absence of Ski3p. As expected, Ski2p and Ski8p interaction was totally 

abolished in the absence of Ski3p (Figure 2.6B). Together, these results suggest Ski2p 

and Ski8p interaction is bridged by Ski3p, and that the N-terminus (aa 1-279) of 

Ski2p is responsible for Ski3p interaction and thus required for Ski2p and Ski8p 

interaction. 

 

2.3.3 Interactions between the Ski2/3/8 complex and Ski7p  

By directed two hybrid I did not identify any interactions between the 

individual components of the Ski2/3/8 complex and Ski7p. This would be explained 

if stable Ski7p interaction requires Ski2/3/8 complex formation and would be 
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Figure 2.6 The interaction of the N-terminus of Ski2p (aa 1-279) with Ski8p is 
mediated by Ski3p 
 
(A) Extracts from strain AJY2074 carrying different combinations of SKI2 (pAJ703, 
pAJ705 or pAJ832), SKI3 (pAJ709 or pAJ833) together with pAJ706 were prepared. 
GST pull-downs were performed, followed by Western blotting against myc. (B) GST 
pull-downs were performed on extracts from AJY2074 transformed with different 
combinations of SKI8 [pAJ689 (GST), pAJ267 or pAJ706] and SKI2 (pAJ703, 
pAJ705 or pAJ832), followed by Western blotting against HA. 
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consistent with work by Araki et all (Araki, Takahashi et al. 2001) showing that Ski2p 

interacted with Ski7p in the presence of wild-type Ski3p and Ski8p, but not in the 

absence of Ski8p. Thus, the interaction of Ski7p with Ski2/3/8 complex may require 

complex formation or it could be mediated by Ski8p or Ski3p. To discriminate 

between these possibilities, I carried out immuno-precipitation experiments to test the 

interaction of Ski7p with Ski2p, Ski3p or Ski8p individually in the presence or the 

absence of the other two proteins. If Ski7p interaction requires Ski2/3/8 complex 

formation, then Ski7p would not interact with any component of Ski2/3/8 complex 

without the presence of the other two Ski proteins of this complex. If Ski8p is 

mediating the interaction of Ski7p with Ski2p, then one would expect to see direct 

interaction between Ski7p and Ski8p even in the absence of Ski2p and Ski3p. 

 

2.3.3.1 Ski2p and Ski7p interact in the presence of Ski3p and Ski8p 

Non-tagged SKI2, SKI2-myc, SKI2 (DEVH→AEVA)-myc or ski2∆N-myc were 

each co-transformed with FLAG-SKI7 into the quadruple deletion mutant or a 

ski2∆ski7∆ double mutant strain. Immuno-precipitations using anti-myc antibody 

were performed, followed by Western blotting using anti-FLAG antibody to detect 

Ski7p. 

No specific FLAG-Ski7 signal was observed when immunoprecipitations were 

performed in the absence of Ski3p and Ski8p (Figure 2.7A). Full length Ski2-myc 

co-immunoprecipitateded with FLAG-Ski7 in the ski2∆ski7∆ double mutant strain 

(expressing Ski3p and Ski8p), while the N-terminal deletion of Ski2p (which has lost 

the ability to interact with Ski3p and thus Ski8p) could not (Figure 2.7B). 

Interestingly, the ski2 (DEVH→AEVA) mutant protein also co-immunoprecipitated 

Ski7p, indicating that Ski2p activity is not required for its interaction with Ski7p. 
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Figure 2.7 Ski2p and Ski7p coimmunoprecipitation requires the N-terminus of 
Ski2p (aa 1-279) and both Ski3p and Ski8p 
  
(A) Extracts from strain AJY2074 carrying pAJ703, pAJ705, pAJ820 or pAJ832 
together with pAJ1206 (FLAG-SKI7) were immunoprecipitated with anti-myc 
antibody, followed by Western blotting with anti-FLAG antibody. (B) The same 
immunoprecipitations described in A were carried out in AJY2062. 
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These data suggest that Ski2p and Ski7p interact indirectly, probably mediated by 

either Ski3p or Ski8p or both via the N-terminus of Ski2p. To identify which protein 

is mediating Ski2p and Ski7p interaction, I carried out similar IPs for Ski3p, Ski7p 

and also Ski7p, Ski8p. 

 

2.3.3.2 Ski8p and Ski7p can interact directly independent of Ski2p and Ski3p 

GST alone, Non-tagged SKI8 or GST-SKI8 were transformed together with 

FLAG-SKI7 into the quadruple mutant strain or a ski8∆ski7∆ double mutant strain and 

IPs were carried out using anti-FLAG antibody. GST-Ski8 bound FLAG-Ski7 with or 

without the presence of Ski2p and Ski3p (Figure 2.8), indicating that Ski8p and Ski7p 

can interact with each other directly. Similar results were also observed using 

glutathione beads to bind Ski8p (data not shown). 

 

2.3.3.3 Ski3p and Ski7p interaction 

2.3.3.3.1 Ski3p and Ski7p can interact directly independent of Ski2p and Ski8p 

I next looked at Ski3p and Ski7p interaction in the presence or absence of 

Ski2p and Ski8p. Non-tagged SKI3, SKI3-HA or ski3-∆C-HA were transformed 

together with FLAG-SKI7 into the quadruple mutant strain or a ski3∆ski7∆ double 

mutant strain. IPs using anti-FLAG antibody were performed, followed by Western 

blotting to detect Ski3-HA. Both full-length Ski3-HA and Ski3-∆C-HA associated 

with FLAG-Ski7 with or without Ski2p and Ski8p (Figure 2.9B and Figure 2.9A), 

indicating that Ski3p and Ski7p can interact with each other directly. The C-terminus 

(aa 1206~1432) of Ski3p is not important for interaction with Ski7p. Similar results 

were also observed using anti-HA antibody to pull-down Ski3-HA followed by 

Western blotting to detect FLAG-Ski7 (data not shown). 
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Figure 2.8 Ski8p and Ski7p can interact in the absence of Ski2p and Ski3p 
 
(A) Extracts from strain AJY2074 carrying pAJ689, pAJ267 or pAJ706 together with 
pAJ1206 were immunoprecipitated with anti-FLAG antibody, followed by Western 
blotting with anti-GST antibody. (B) The same immunoprecipitations as described in 
A were carried out in AJY2055. 
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Figure 2.9 Ski3p and Ski7p can interact in the absence of Ski2p and Ski8p 
 
(A) Extracts from strain AJY2074 carrying pAJ270, pAJ709 or pAJ833 together with 
pAJ1206 were immunoprecipitated with anti-FLAG antibody, and followed by 
Western blotting with anti-HA antibody. (B) The same immunoprecipitations as 
described in A were carried out in AJY2057. 
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2.3.3.3.2 Defining domain(s) in Ski3p that are responsible for Ski7p interaction 

I have shown that different domains of Ski3p are responsible for interacting 

with Ski2p and Ski8p separately. I was also interested in finding the domains in Ski3p 

that are responsible for Ski7p interaction. Two series of ski3 truncations starting from 

N-terminus or C-terminus (Figure 2.10B) were made under control of the GAL10 or 

NMD3 promoters. The interaction between each truncation with Ski7p was tested in a 

ski3∆ ski7∆ double deletion strain. 

In Figure 2.10A, only full length but not the N-terminal truncations of Ski3p 

was able to co-immunoprecipitated Ski7p, which suggests that the N-terminus of 

Ski3p (aa 2-349) is required for Ski7p interaction. In addition, the region of Ski3p 

spanning from aa 641 to 1206 is also important for interaction with Ski7p, as a ski3 

truncation containing aa 2-1206 aa was able to pull down Ski7p while further 

truncations were not. Taken together, multiple domains in Ski3p appear to be 

responsible for Ski7p interaction, including the N-terminus of Ski3p (aa 2-349) and 

aa 641-1206. This is consistent with our directed two hybrid data, as I did not observe 

interactions between Ski7p and the individual regions of Ski3p. 

 

2.3.4 Complex formation is important for its function 

2.3.4.1 ski2-∆N, Ski2 (DEVH→AEVA) and ski3-∆C mutants are non-functional 

As the interactions identified from directed two hybrid were confirmed by 

Co-IPs, I next tested the functional consequence of deleting these interacting domains. 

Plasmid-shuffling experiments were performed to determine whether SKI2 and SKI3 

deletion mutants can functionally substitute for the corresponding wild-type proteins 

in vivo. Deletion of SKI2, SKI3 or SKI8 by themselves blocks 3’ decay but confers no 

obvious growth defect on yeast. However, these deletions are lethal when combined 
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Figure 2.10 Domains in Ski3p that are responsible for Ski7p interaction  
 
(A) Extracts from strain AJY2057 carrying pAJ1201 together with different 
fragments of SKI3 [pAJ1224 (aa 1207-1432), pAJ1225 (aa 966-1432), pAJ1226 (aa 
642-1432), pAJ1227 (aa 411-1432), pAJ1228 (aa 350-1432), pAJ709 (aa 2-1432), 
pAJ1233 (aa 2-349), pAJ1234 (aa 2-410), pAJ1235 (aa 2-641), pAJ833 (aa 2-1206) 
or an empty vector] were immunoprecipitated with anti-HA antibody, followed by 
Western blotting with anti-FLAG antibody. Asterisks denote the Ski3p truncations. (B) 
Diagram of the different SKI3 constructs and their ability to interact with Ski7p. 
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with a deletion of XRN1, encoding the 5’ exoribonuclease responsible for most 

cytoplasmic RNA degradation. Consequently, the function of a given mutation can be 

assessed by its ability to support growth of a double mutant with xrn1Δ. Yeast strain 

RDKY2055 (ski2∆xrn1∆) containing XRN1 on a centromeric URA3 plasmid, was 

transformed individually with pAJ832 (ski2-∆N-LEU-CEN), pAJ819 [SKI2 

(DEVH→AEVA)-LEU-CEN], pAJ159 (SKI2-LEU-CEN) or pRS315 (LEU-CEN). 

Leu+ transformants were selected on appropriate plates and then re-streaked on a 

5-FOA plate to select for the loss of the XRN1-URA3 plasmid. 

Cells transformed with control wild-type SKI2 grew on 5-FOA as expected 

(Figure 2.11A). Cells transformed with either ski2-∆N-LEU-CEN, SKI2 

(DEVH→AEVA)-LEU-CEN or an empty LEU vector (pRS315) as a negative control, 

failed to grow on 5-FOA. The functional defect of the mutant Ski2 proteins was not 

due to reduced expression of the mutant protein (data not shown). Similarly, 

plasmid-shuffle was carried out to check the function of SKI3 mutants in a ski3∆ 

xrn1∆ double mutant strain. Cells transformed with wild-type SKI3 grew on 5-FOA, 

while cells transformed with ski3-∆C and empty vector failed to grow (Figure 2.11B). 

As ski2-∆N is deficient for interaction with Ski3p and thus Ski8p, and ski3-∆C has 

lost interaction with Ski8p, these results suggest that the assembly of Sk2p, Ski3p and 

Ski8p into a complex is required for their function.  

 

2.3.4.2 ski2-∆N, Ski2 (DEVH→AEVA) and ski3-∆C mutants are defective in 3’-5’ 

mRNA degradation 

To confirm that the loss of function reflects a defect in 3’-degradation I 

examined the effects of these mutants on 3’-decay in vivo using a published 

procedure (Jacobs Anderson and Parker 1998). This assay examines the fate of a 
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Figure 2.11 ski2-∆N and ski3-∆C are non-functional  
 
(A) Yeast strain RDKY2055 (ski2∆xrn1∆/pXRN1-URA3) was transformed 
individually with pAJ832, pAJ819, pAJ159 or pRS315. Leu+ transformants were 
selected and re-streaked on a 5’-FOA. (B) Yeast strain RDKY2067 (ski3∆ 
xrn1∆/pXRN1-URA3) was transformed individually with pAJ840, pAJ263 or pRS315 
Leu+ transformants were streaked onto 5’-FOA. (C) Yeast strain AJY1478 was 
transformed with pAJ832, pAJ159, pAJ819 or pRS315 together with pRP485, 
expressing PGK1 with an oligo(G) tract in its 3’-UTR. Transformants were grown at 
30°C to mid-log phase (OD600=0.5) in galactose-containing medium. RNA was 
extracted and subjected to Northern blotting using oligonucleiotide oRP140, specific 
for the oligo(G) insert. 
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3’-terminal fragment of a transcript resulting from inhibition of the 5’-decay pathway 

with a short (18 nt) oligo(G) tract. PGK1, containing oligo(G) in its 3’ untranslated 

region, was expressed under control of a galactose-inducible and glucose-repressible 

promoter. Transcription of the reporter is induced by growing cells in the presence of 

galactose and is abruptly shut off by the addition of glucose. In mutants defective for 

3’-decay, degradation intermediates extending from the oligo(G) to the 3’-end of the 

transcript accumulate and can be detected by Northern blotting. Loss of function of 

the SKI genes will lead to accumulation of these intermediates. 

The ski2-∆N and SKI2 (DEVH→AEVA) mutants accumulated a higher level 

than wild-type cells of the poly(G) →3’ end fragment from the PGK1pG transcript 

(Figure 2.11C). In addition, a number of smaller RNA species also accumulated. 

Notably, the oligo G tract, degraded from both the 5’ and 3’ ends was apparent only in 

wild-type cells. Similar results were obtained with ski3-∆C (data not shown). These 

results indicate that Ski2/3/8 complex formation is required for efficient 3’ to 5’ 

degradation of mRNAs. 



 

57

2.4 Discussion 

2.4.1 Model for the domain interactions within the Ski2/3/8 complex and 

between the Ski2/3/8 complex and Ski7p 

In this study, I have investigated the domain-domain interactions within the 

Ski2/3/8 complex and the interaction between the Ski2/3/8 complex and Ski7p. A 

model summarizing these interactions is shown in Illustration 2.2. In this model, the 

N-terminus (aa 1-279) of Ski2p is responsible for interaction with the sub C-terminus 

(aa 966-1206) of Ski3p, and the C-terminus of Ski3p (aa 1207-1433) interacts with 

Ski8p. Ski2p and Ski8p do not interact directly, but rather their interaction is bridged 

by Ski3p. Ski7p interacts with both Ski3p and Ski8p and the interaction between 

Ski2p and Ski7p is mediated by Ski3p and Ski8p. Although these experiments were 

carried out in cell extracts, it is likely that these interactions among Ski2p, Ski3p and 

Ski8p are direct because co-overexpression of these proteins allows for the 

purification of a complex that sediments at approximately 370-380 kDa on glycerol 

gradients and does not contain other proteins at stoichiometric levels (see section 

3.2.3). This interaction model is consistent with our previous work showing that 

Ski3p and Ski8p can interact independently of Ski2p (Brown, Bai et al. 2000) and 

with that of Araki et al (Araki, Takahashi et al. 2001) showing that Ski2p interaction 

with Ski7p requires either Ski3p or Ski8p. However, this arrangement of proteins is 

different from and not compatible with that in a recent prediction of the 

oligomerization of the proteins within the Ski2/3/8 complex (Aloy, Bottcher et al. 

2004). In that work, Ski2p was suggested to bridge the interaction of Ski3p and Ski8p, 

with no obvious direct contacts between Ski3p and Ski8p. Because the Ski2/3/8 

complex was not available for electron microscopy, this modeling was based entirely 

on predicted protein structures and pairwise interactions of apparently related proteins  
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Illustration 2.2 Cartoon of the domain interactions within Ski2/3/8 complex and 
the interaction between Ski2/3/8 and Ski7p.  
 
See text for description of the model. 
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with known structures. A cryoEM structure combined with the protein contact 

information presented here should be useful for improved modeling of this complex. 

More recently, the crystal structure of yeast Ski8p has been solved by two groups 

(Cheng, Liu et al. 2004; Madrona and Wilson 2004). Mutational analysis suggests 

that a hydrophobic patch on the top surface of the β-propeller of Ski8p is involved in 

binding Ski3p (Cheng, Liu et al. 2004). Based on our deletion analysis, a 

corresponding hydrophobic loop or surface should be present in the C-terminus of 

Ski3p (aa 1207-1432). 

 

2.4.2 Active Ski2p is not required for Ski2/3/8 complex formation and Ski7p 

association 

A point mutation in Ski2p that inactivates the ATPase activity in vitro (see 

section 3.3.3) and renders the protein inactive in vivo does not prevent Ski2/3/8 

complex formation. This is consistent with the notion that Ski2p, Ski3p and Ski8p 

form a stable complex in cells (Brown, Bai et al. 2000) and that complex assembly is 

not a dynamic process dependent on substrate. On the other hand, it is somewhat 

surprising that inactive Ski2/3/8 complex interacts efficiently with Ski7p. This 

suggests that the interaction of Ski7p with the Ski2/3/8 complex does not depend on 

molecular signaling from the Ski2/3/8 complex indicating the presence of an active 

helicase complex to recruit additional factors in the 3’-decay pathway. Ski7p is 

suggested to be the limiting factor in 3’ to 5’ mRNA degradation (Benard, Carroll et 

al. 1999; Araki, Takahashi et al. 2001). Since the binding of mutant Ski2/3/8 complex 

to Ski7p was as efficient as that of wild-type complex, the mutant complex may 

compete with the wild-type Ski2/3/8 complex for the limiting Ski7p, thereby 

inhibiting for 3’ to 5’ mRNA degradation.  
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CHAPTER THREE 

Purification and characterization of the Ski2/3/8 complex: A complex 
involved in 3’ mRNA degradation in yeast 

 

3.1 Background  

The Ski2/3/8 complex plays a pivotal role in the 3’—5’ cytoplasmic mRNA 

degradation pathway in yeast. Ski2p belongs to the DEVH family of ATPases 

(Widner and Wickner 1993; de la Cruz, Kressler et al. 1999), of which some members 

have been shown to have RNA helicase or protein displacement activities (Jankowsky, 

Gross et al. 2000; Jankowsky, Gross et al. 2001). However, the biochemical activities 

of Ski2p have not been documented yet. As a first step toward understanding the 

molecular and biochemical mechanism of 3’ mRNA degradation, I overexpressed and 

purified the Ski2/3/8 complex from a yeast extract and characterized its ATPase 

activity, helicase activity and nucleic acid binding properties. The demonstration of 

the biochemical activity of the Ski2/3/8 complex is crucial to the understanding of the 

function of the complex in mRNA decay in vivo.  
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3.2 Materials and methods 

3.2.1 Strains, media and plasmids 

The yeast strains BJ5464 (MATα ura3-52 trp1 leu2Δ1 his3Δ200 pep4::HIS3 

prb1Δ1.6R can1 GAL) and AJY1487 (MATα ura3-52 trp1 leu2Δ1 his3Δ200 

pep4::HIS3 prb1Δ1.6R can1 ski2::KanR GAL) were used in this study. Yeast strain 

AJY1487, in which the genomic locus of SKI2 was replaced by Kanamycin resistance 

gene (KanR), was constructed as follows. pAJ465 (pUC19-ski2::KanMX6) was 

digested with XbaI and NheI. The resulting DNA fragment containing KanMX6 

replacing part of SKI2 ORF was gel purified and transformed into strain BJ5464. 

Resultant Kanamycin resistant transformants were selected on YPD supplemented 

with G418 (Geneticin, Gibco) at 200ug/ml. The disruption of genomic SKI2 locus by 

KanMX6 was confirmed by PCR using oligos AJO160 and AJO163 (see oligo 

sequences for AJO160 and AJO 163 at Section 2.2.1) 

Plasmids are listed in Table 3.1. Construction of pAJ705, pAJ706, pAJ709 and 

pAJ820 were described in Section 2.2.2.  

Standard media including synthetic complete medium (SC) were described in 

Section 2.2.1. Yeast transformations were performed in the presence of LiOAc, PEG 

and ssDNA carrier as described elsewhere (Gietz, Schiestl et al. 1995) 

 

3.2.2 Protein purification 

3.2.2.1 Expression and purification of Ski2/3/8 wildtype and mutant complexes 

and Ski8p from yeast 

For expressing wildtype Ski2/3/8 complex, yeast strain BJ5456 was 

transformed with pAJ705, pAJ709 and pAJ706. For expressing mutant Ski2/3/8 
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Table 3.1 Plasmids used in Chapter 3 
 

Plasmid Description Source 
pAJ106 pT7-LUC-minus-3’UTR-poly(A)50-AmpR (E.coli) a 
pAJ705 GAL-SKI2-3xmyc-2μ-LEU2 This study 
pAJ706 GAL-GST-SKI8-2μ-URA3 This study 
pAJ709 GAL-SKI3-3xHA-2μ-TRP1 This study 
pAJ820 GAL-SKI2(DEVH→AEVA)-3xmyc-2μ-LEU2 This study 
pGEX2T pT7-GST-AmpR(E.coli) Invitrogen 

 

a (Brown and Johnson 2001) 
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complex and GST-Ski8, yeast strain AJY1487 was transformed with pAJ820, pAJ706 

and pAJ709 or pAJ706 respectively. Transformants were grown at 30°C in the 

appropriate SC medium supplemented with 1% raffinose to an OD600 of 0.5, induced 

with 2% galactose for 5 hours at 30°C. Cell lysis and protein purification were 

performed at 4°C. A crude extract was prepared by washing a thawed cell pellet with 

extract buffer [20mM Tris-HCl (pH7.5), 100mM NaCl, 10% glycerol, 0.1% NP40, 

1mM EDTA, 1mM PMSF,1μM Leupeptin and 1μM Pepstatin A], resuspending the 

cell pellet in an equal volume of extract buffer and lysing the cells using glass beads. 

The lysate was recovered, the beads were washed once with an equal volume of 

extract buffer and the wash was combined with the lysate. The extract was clarified 

by centrifugation for 20min at 15,000g. Pre-washed glutathione sepharose beads 

(Amersham Biosciences) in extract buffer was added into the clarified extract at a 

ratio of 1:20 (beads: extract) and the sample was incubated at 4°C with rocking. After 

4h, the sample was loaded into a 10ml Bio-Rad column by gravity. The beads were 

washed three times with 10ml wash buffer [20mM Tris-HCl (pH7.5), 100mM NaCl, 

1mM EDTA, 1mM PMSF, 1μM Leupeptin and 1μM Pepstatin A] and the bound 

protein was eluted by applying one bed column of elution buffer [20mM Tris-HCl 

(pH7.5) and 50mM Glutathione] five times. 5μl of each elution was electrophoresed 

in an 8% SDS-PAGE gel followed by commassie staining. The fractions containing 

the Ski2/3/8 complex were pooled together and dialyzed in storage buffer [20mM 

Tris-HCl (pH7.5), 100mM NaCl, 10% glycerol and 1.5 mM MgCl2]. Protein 

concentration was determined by Bradford assay and dialyzed protein was aliquoted 

into 30μl aliquots and stored at -80°C. 
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3.2.2.2 Expression and purification of GST from E. coli 

E. coli strain BL21 (DE3) rna::kan rne131 (Lopez, Marchand et al. 1999) was 

transformed with pGEX2T (Smith and Johnson 1988), which encodes GST. 

Transformants were grown at 37°C to OD600 of 0.3, treated with 

isopropyl-β-D-thiogalactopyranoside (IPTG) at a concentration of 0.5mM then 

incubated three hours further at room temperature. Cell lysis and protein purification 

were performed at 4°C. A crude extract was prepared by washing a thawed cell pellet 

with extract buffer [20mM Tris-HCl (pH7.6), 300mM NaCl, 5mM MgCl2,10% 

glycerol, 0.1% NP40, 1mM EDTA, 1mM PMSF,1μM Leupeptin and 1μM Pepstatin 

A], resuspending the cell pellet in an appropriate amount of extract buffer and lysing 

the cells using sonication. Purification was performed by affinity chromatography 

using glutathione Sepharose 4B (Amersham Biosciences). 

 

3.2.3 Glycerol gradient sedimentation 

All steps were performed at 4°C. 40μg of purified Ski2/3/8 complex in gradient 

buffer (20mM HEPES-KOH pH7.5, 100mM KCl, 1.5mM MgCl2 and 0.02% NP40) 

was loaded onto a 12.0 ml 10%~20% glycerol gradient. 200μg of aldolase, catalase 

and ferritin in 1xPBS (pH 7.4, 137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, and 2 

mM KH2PO4) were loaded together onto a separate gradient as molecular weight 

markers. After centrifugation at 29,000g in a Beckman SW-40 roter for 18h, 400μl 

fractions were collected by a density gradient fractionator (ISCO 640) and assayed by 

coomassie blue staining and immunoblotting of a SDS-PAGE gel. 

 

3.2.4 Assay for ATPase activity 

Reaction mixtures contained different amounts of purified proteins as indicated 
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in the figure legends (Figure 3.3), 50μM ATP, 1μCi of [γ-32P]ATP (PerkinElmer) in 

20μl total volume in assay buffer [50mM Tris-HCl (pH7.5), 50mM KCl, 5mM MgCl2 

and 1mM DTT]. After 20 min at 30°C, an aliquot (1.5μl) was removed from the 

reaction and spotted onto a PEI cellulose TLC (Thin Layer Chromatography) plate 

(J.T.Baker), and developed with 0.5M NH4HCO3. The position of the radioactive 

species were visualized by phosphoimaging (ICMB CF, UT). 

 

3.2.5 Nucleic acid binding assay 

3.2.5.1 Preparation of single-stranded nucleic acid binding assay substrates 

A uniformly labeled 83-nt RNA was made by in vitro transcription of a DNA 

template generated from PCR amplification of pAJ106 

[pT7-LUC-minus-3’UTR-poly(A)50] (Brown and Johnson 2001) with AJO525 

(5’-AGCGGATAACAATTTCACACAGGA) and AJO747 

(5’-TTTTTTTTTTTTGCGGTTCCATCCTCTAGAGG) using T7 RNA polymerase. 

In vitro transcription was carried out in the presence of [α-32p]CTP (3000Ci/mmol, 

PerkinElmer) using MEGAshortscript kit (Ambion) with a modified protocol. ATP, 

GTP and UTP were at 7.5 mM each while CTP concentration was reduced to 20μM. 

After DNase I digestion, the RNA was extracted with acid phenol:chloroform then 

chloroform. The aqueous phase was then subjected to a Quick Spin (TE) G-50 

Sephadex column (Boehringer Mannheim) to get rid of unincorporated nucleotides. 

 

3.2.5.2 Nucleic acid binding assay 

The ability of Ski2/3/8 to bind nucleic acid was determined using a filter 

binding assay (Wong and Lohman 1993).The nitrocellulose membrane was presoaked 

in 0.4M KOH for 10 min followed by rinsing in Milli-Q H2O until pH returned to 
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neutral. The membrane was then equilibrated and set in a Bio-Rad dot-blotting 

apparatus. Binding reactions were performed in 50mM Tris-HCl (pH7.5), 50mM KCl, 

3mM MgCl2 and 1mM DTT in a volume of 20ul with the amount of Ski2/3/8 

complex as indicated in Figure 3.4. Fifty femtomoles of [α-32p]CTP (PerkinElmer) 

labeled in vitro transcribed RNA corresponding to 3’ UTR of LUC, which is subject 

to 3’ decay when introduced into yeast (Brown and Johnson 2001), was added and 

reactions were incubated for 30 min at room temperature. Immediately before 

filtering each set of samples, the wells were flushed with 100ul of binding buffer. 

Samples were then loaded, and the vacuum was applied. The wells were washed three 

times with 300ul of binding buffer each time. The membrane was then exposed for 

autoradiography.  

 

3.2.6 Helicase Assay 

3.2.6.1 Preparation of RNA helicase substrates 

Two unlabeled transcripts with or without poly(A) tail were prepared by in 

vitro transcription with T7 RNA polymerase from PCR products as templates. The 

DNA templates to make transcripts with or without poly(A) tail were amplified from 

pAJ106 by PCR using oligos 5’-AGCGGATAACAATTTCACACAGGA (AJO525) 

and 5’-TTTTTTTTTTTTGCGGTTCCATCCTCTAGAGG [AJO747 for transcripts 

with poly(A) tail] or  oligos 5’-AGCGGATAACAATTTCACACAGGA (AJO525) 

and 5’-GCGGTTCCATCCTCTAGAGG [AJO746 for transcripts without poly(A) 

tail]. The 5’ and 3’ radio labeled short RNAs annealed to the RNA transcripts were 

made by kinasing the corresponding RNA oligos with [γ-32P] ATP (PerkinElmer) (the 

5’ oligo 5’-rGrGrCrGrUrCrUrUrCrCrArUrGrGrUrCrGrArCrArArGrCrUrUrArGrG 

and the 3’ oligo 5’-rGrCrGrGrUrUrCrCrArUrCrCrUrCrUrArGrArGrGrArUrArGrA). 
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Equal molar amounts of unlabeled transcript and kinased oligo were combined and 

heated to 100°C for 3 min and subsequently cooled to room temperature for 3h. 

 

3.2.6.2 RNA helicase assay 

Helicase activity was examined using a standard displacement assay (Rozen, 

Edery et al. 1990). Helicase assays were performed in 20ul reactions with 20mM 

Tris-HCl (pH7.5), 50mM KCl, 3mM MgCl2, 1mM DTT, 1mM ATP (except where 

otherwise indicated), with the amount of Ski2/3/8 complex (wild-type or mutant) used 

in each experiment as indicated. 100fmol (5nM final concentration) of helicase 

substrate was added into the reactions and the mixtures were incubated at 30°C for 

30min. Reactions were stopped by the addition of 5ul stop/loading buffer (50% 

glycerol, 0.5%SDS, 10mM EDTA, 0.1% bromophenol blue, 0.1% xylene cyanol). 

Samples were electrophoresed in a 10% polyacrylamide gel in 0.5xTBE at 33°C for 2 

hr. The gels were dried and autoradiographed. 
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3.3 Results 

3.3.1 Purification of Ski2/3/8, Ski2 (DEVH→AEVA)/3/8 and GST-Ski8 

I initially attempted to purify Ski2p from E. coli to determine how Ski3p and 

Ski8p affect Ski2p function. However, this effort was unsuccessful. Consequently, I 

expressed and purified the wild-type and mutant Ski2/3/8 complex from yeast. SKI2, 

SKI3 and SKI8 each was cloned into a different selectable high copy yeast vector such 

that each protein contained a different epitope tag [Wang, Lewis et al, 2005 (in press)]. 

A 3xmyc tagged SKI2 ATPase mutant (DEVH→AEVA) was also made by 

mutagenesis on the wildtype Ski2 vector [Brown and Johnson 2001;Wang, Lewis et al, 

2005 (in press)]. As the mutant Ski2p can also efficiently incorporate into Ski2/3/8 

complex [Wang, Lewis et al, 2005 (in press)], I purified the mutant complex to serve 

as a control for in vitro assays. Each SKI gene was regulated by a galactose-inducible 

promoter and each protein was expressed as a functional epitope-tagged protein. 

Ski2p was tagged with c-myc, Ski3p with the hemmaglutinin HA epitope and Ski8p 

was expressed as a fusion to glutathione S-transferase (GST). The epitope tags allow 

monitoring expression and do not interfere with the assembly of the Ski2/3/8 complex 

(Brown, Bai et al. 2000). Proteins were expressed in a protease-deficient yeast strain 

(BJ5464) to reduce problems due to proteolysis; the mutant complex was expressed in 

the same strain except the genomic SKI2 locus had been deleted to avoid any 

contamination of wildtype Ski2p into the complex. Under these conditions, I have 

been able to purify the wildtype Ski2/3/8 and mutant complex in a single purification 

step on glutathione beads (Figure 3.1A). Western blotting against Ski2-myc and 

Ski3-HA is shown in Figure 3.1B. As an additional control, free GST-Ski8 was 

overexpressed and purified from a strain deleted for SKI2 (AJY1487) to avoid any 

contamination of other Ski proteins. 
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Figure 3.1 Purification of Ski2/3/8 complex  
 
Cytoplasmic extracts were prepared from cells expressing wild-type Ski2-myc, 
Ski3-HA, Ski8-GST or mutant Ski2 (DEVH→AEVA)-myc, Ski3-HA, Ski8-GST and 
subjected to one step glutathione Sepharose chromatography purification. Purified 
wild-type Ski2/3/8 complex and mutant complex were analyzed by SDS-PAGE and 
either (A) stained with coomassie blue or (B) immunoblotted using antibody against 
myc for detecting Ski2-myc or antibody against HA for detecting Ski3-HA  



 

70

3.3.2 Ski2/3/8 forms a complex with the stoichiometry of each component as 

1:1:1 in solution 

Ski2p is a putative RNA helicase and belongs to the helicase superfamily II 

(Widner and Wickner 1993; de la Cruz, Kressler et al. 1999). Although three 

previously characterized RNA helicases: RNA helicase A, p68 and vaccinia virus 

NPH-II protein sediment as monomers (Hirling, Scheffner et al. 1989; Lee and 

Hurwitz 1992; Shuman 1993), many other helicases function as multimers. For 

example, the Rep protein of E.coli dimerizes upon DNA binding (Chao and Lohman 

1991). Both the SV40 Large T Antigen and E.coli Rho factor function as a hexamers 

(Finger and Richardson 1982; Mastrangelo, Hough et al. 1989). Other helicases such 

as RecBCD, RuvAB, and eIF-4A function in heteromutimeric complexes (Dykstra, 

Prasher et al. 1984; Rozen, Edery et al. 1990; Tsaneva, Muller et al. 1993). Previous 

data from our lab suggests that Ski2p, Ski3p and Ski8p form a stable complex (Brown, 

Bai et al. 2000). However, whether the complex oligomerises to form a higher order 

structure as some of the helicase family proteins do was not known. To test this 

possibility, I overexpressed and purified the complex from yeast (Figure 3.1) and 

subjected it to glycerol gradient sedimentation to determine the size of the purified 

complex in solution. Purified complex possessed ATPase activity in vitro (see below) 

indicating that the purified complex was active. Components of the Ski2/3/8 complex 

co-sedimented at the size between 240kD (catalase) and 440kD (ferritin) with an 

estimated molecular weight (MW) of 380kD (Figure 3.2). The excess GST-Ski8 

resulting from the higher expression level of this fusion protein led to a pool of free 

GST-Ski8 at the top of the gradient (Figure 3.2). These data strongly suggest that 

Ski2/3/8 complex exists as a monomer, the stoichiometry of Ski2, Ski3 and Ski8 is 

1:1:1. 
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Figure 3.2 Sedimentation of purified Ski2/3/8 complex in glycerol gradient 
 
Purified Ski2/3/8 complex (40μg) was centrifuged for 18h at 29,000g through a 10% 
to 20% glycerol gradient in 20mM HEPES-KOH (pH7.5), 100mM KCl, 1.5mM 
MgCl2 and 0.02% NP40. 200μg of marker proteins including aldolase, catalase and 
ferritin were mixed together and subjected to a separate identical gradient. 10μl of 
each fraction was analyzed on a 10% SDS PAGE gel and stained with coomassie blue 
for marker proteins (A) or immunoblotted using antibody against myc, HA or GST 
for detecting Ski proteins’ sedimentation (B). 
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3.3.3 Characterization of the ATPase activity of the Ski2/3/8 complex 

3.3.3.1 The Ski2/3/8 complex contains ATPase activity 

Ski2p is a putative ATPase based on the presence of 7 conserved motifs found 

in this protein family (Widner and Wickner 1993; de la Cruz, Kressler et al. 1999), 

however the ATPase activity of Ski2 has not been documented previously. Here, I 

took a biochemical approach to investigate the ATPase activity of Ski2/3/8 complex. 

Wild-type Ski2/3/8 complex was purified from yeast. As controls, GST was purified 

from E. coli and GST-Ski8 was purified from yeast cells deleted of the genomic SKI2 

ORF to eliminate wild-type Ski2p contamination. ATP hydrolysis was assayed 

according to a published procedure (Czaplinski, Weng et al. 1995). Free phosphate 

was resolved by thin layer chromatography (TLC) followed by phosphoimaging. As 

shown in Figure 3.3 wild-type Ski2/3/8 showed significant ATPase activity compared 

to the control proteins. This represents 12 mol of ATP hydrolyzed per mol of Ski2/3/8 

per minute. GST and GST-Ski8 did not show activity significantly above background. 

These data indicate that the Ski2/3/8 complex is an ATPase. 

 

3.3.3.2 The ATPase activity of Ski2/3/8 complex is specific to Ski2p 

A variant of Ski2p in which the highly conserved aspartic acid (D) and histidine 

(H) residues in the Walker B NTP binding and hydrolysis motif (DEVH) were 

changed to alanines (DEVH→AEVA) was also efficiently incorporated into Ski2/3/8 

complex (Wang & Johnson, 2005). I purified the mutant complex from cells deleted 

of the genomic SKI2 ORF to eliminate wild-type Ski2p from the mutant complex. 

The ATPase activity of the mutant complex was assayed as described above. Unlike 

wild-type Ski2/3/8 complex, the mutant complex did not display ATPase activity 

significantly above background. This result strongly suggests that the ATPase activity 



 

73

 
 

 

 
 
Figure 3.3 Characterization of the ATP hydrolysis activity of Ski2/3/8 complex 
 
(A) The ability of CIP(Calf Intestinal Alkaline Phosphatase) (Lane1), GST (Lane2-5), 
GST-Ski8 (Lane6-9),mutant Ski2/3/8 complex (Lane10-13) and Ski2/3/8 complex 
(Lane14-17) to hydrolyze ATP was tested using a TLC assay under standard buffer 
conditions with amount of enzyme used indicated, 50μM of ATP and 1μCi of [γ-32P] 
ATP. The phosphorimage of the TLC plate was show in left panel. The diagram 
showing the percentage of ATP hydrolysis was present in right panel. (B) The similiar 
experiments in (A) were carried out with the presence of different RNA or DNA 
oligos 
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of Ski2/3/8 is specific to Ski2p and it confirms that the conserved residues in the 

DEVH Walker B motif are essential for Ski2p ATPase activity. 

 

3.3.3.3 The ATPase activity of Ski2/3/8 complex was not stimulated by the 

presence of a RNA substrate 

Several members of DEAD box helicase proteins show RNA dependent ATP 

hydrolysis activity such as Upf1p—a factor involved in the degradation of nonsense 

codon-containing transcripts (Czaplinski, Weng et al. 1995). In the absence of RNA 

substrate, Upf1p does not contain detectable ATP hydrolysis ability. However, the 

ATPase activity of Upf1p is greatly stimulated by the presence of poly (rU) indicating 

that Upf1p harbored a nucleic acid-dependent ATPase activity (Czaplinski, Weng et al. 

1995). I tested the RNA dependency of the ATPase activity of the Ski2/3/8 complex 

using various RNAs and oligos including yeast total RNA, tRNA, in vitro transcribed 

luciferase (LUC) transcripts without poly (A) tails which has been shown to be 

susceptible to 3’ degradation (Brown and Johnson 2001) and oligo dT. 

Surprisingly, the ATPase activity of Ski2/3/8 complex was not greatly 

stimulated by the presence of a RNA substrate I tested. I observed a maxium 

stimulation of 20% when using in vitro transcribed RNA. This could be explained by 

the fact that the binding of Ski2/3/8 to transcript is weak (see below) or transient. In 

this case, only very small population of the complex may be bond to the transcript 

and stimulated.  

 

3.3.4 Characterization of the nucleic acid binding activity of Ski2/3/8 complex 

3.3.4.1 Wild-type Ski2/3/8 binds nucleic acid with weak affinity 

As Ski2p contains two RNA binding motifs (motif VI and the RGG box), it 
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suggests that Ski2/3/8 binds to nucleic acid. The ability of the Ski2/3/8 complex to 

bind RNA was measured using a nitrocellulose filter binding assay (Wong and 

Lohman 1993). Radiolabeled in vitro transcribed RNAs with and without poly(A) 

were used as binding substrates. The transcript used for these experiments 

corresponds to the 3’-end of the LUC reporter RNA that our lab has previously used 

for electroporation experiments and shown to be susceptible to Ski2p-dependent 

inactivation in vivo (Brown and Johnson 2001) and degradation in vitro by Rrp44p, a 

subunit of the exosome (Brown and Johnson 2001). 

The results demonstrate that wildtype Ski2/3/8 complex has weak affinity for 

the in vitro transcribed RNA template, corresponding to 1/10th of the binding affinity 

of Xrn1p to the same transcript (Figure 3.4). The observed nucleic acid binding 

ability of the Ski2/3/8 complex is likely specific to Ski2p as the control GST-Ski8 

showed only residual binding. Several other in vitro transcribed RNAs were also 

tested to investigate if Ski2/3/8 complex binds certain RNA substrates more tightly. 

However, none of the RNA substrates tested enhanced Ski2/3/8 complex binding.  

 

3.3.4.2 Mutant Ski2/3/8 complex also binds nucleic acid with similar affinity as 

wild-type complex 

The ability of mutant Ski2/3/8 complex to bind RNA was also examined. Since 

the mutant Ski2p was made by changing only DEVH to AEVA in the Walker B motif, 

it was expected that the mutant complex would have similar RNA binding affinity as 

wildtype Ski2/3/8 complex. However, it was also possible that the binding of Ski2p 

onto an RNA substrate requires its ATP hydrolysis ability. In this situation, the mutant 

complex wouldl not bind to an RNA substrate as efficiently as wildtype. In Figure 3.4 
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Figure 3.4 Characterization of the nucleic acid binding ability of Ski2/3/8 
complex 
 
A nitrocellulose-filter binding method was used to determine the ability of the 
Ski2/3/8 complex to bind to single stranded RNA substrate. Fifty femtomoles of radio 
labeled in vitro transcribed RNA were incubated under standard buffer conditions 
with increasing amounts of Xrn1p (Row 1), GST-Ski8 (Row 2), wildtype Ski2/3/8 
(Row 3) or mutant Ski2/3/8 (Row 4) and incubated for 30 min at room temperature. 
Reactions were then filtered through a nitrocellulose membrane. Transcripts that bind 
protein are retained on the membrane and subject to autoradiography.  
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mutant Ski2/3/8 complex bound RNA with similar affinity as wild-type. These data 

suggest that the ATP hydrolysis is not required for Ski2p binding with RNA 

substrates. 

 

3.3.5 Characterization of the helicase activity of Ski2/3/8 complex 

3.3.5.1 Ski2/3/8 complex is a 3’-5’ RNA helicase 

Often referred as member of RNA helicase suferfamily II, Ski2p was assumed 

to be an RNA helicase. However, the helicase activity of Ski2p has not been 

documented before. Ski2/3/8 was assayed for helicase activity using a published 

procedure (Rozen, Edery et al. 1990). This assay has been used successfully for the 

analysis of Upf1p which interacts with Upf2p during nonsense mediated decay in 

yeast (Czaplinski, Weng et al. 1995). This assay monitors the displacement of an 

RNA oligonucleotide annealed to a longer single-stranded RNA. The polarity of 

helicase activity could be determined in these assays by using oligonucleotides 

annealed to the 3’ or 5’-end of the longer template mRNA. In Figure 3.5, wildtype 

Ski2/3/8 complex was unable to unwind an RNA duplex, which had a 5’-overhang. In 

contrast, the Ski2/3/8 complex was able to unwind the duplex containing a 

3’-overhang, although at a relatively low level. These data suggest that the Ski2/3/8 

complex is a 3’ to 5’ RNA helicase with relatively low unwinding activity.  

 

3.3.5.2 Adding short oligoA tail to the 3’end of the helicase substrate stimulates 

the helicase activity of Ski2/3/8 complex 

As recent study from the Tollervey lab has shown that the exosome’s activity in 

RNA degradation is promoted by a nuclear polyadenylation complex (termed the 

TRAMP complex) containing a known exosome cofactor, the RNA helicase Mtr4p; a  
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Figure 3.5 Characterization of RNA unwinding ability of Ski2/3/8 complex 
 
Fifty femtomoles of different radio labeled helicase substrates [as described in 
Materials and Methods, A: 5’ overhang-noA12 (left), 5’ overhang-A12 (Right); B: 3’ 
overhang-noA12 (left), 3’ overhang-A12 (Right)] were incubated under standard buffer 
conditions with increasing amounts of wildtype Ski2/3/8 or mutant Ski2/3/8 and 
incubated for 30 min at room temperature. Half of each reaction was then separated 
on a 10% acrylamide/7M urea gel and visualized by phosphorimagery. 
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poly(A) polymerase, Trf4p; and a zinc knuckle protein, Air2p (LaCava, Houseley et 

al. 2005). Thus, it has been suggested that adding a short poly(A) tail makes the RNA 

a preferred substrate for 3’ to 5’-decay (LaCava, Houseley et al. 2005). In cytoplasm, 

such a preference could be simply explained by the fact that the short poly(A)12 tail 

corresponds to the approximate oligo(A) tail left on an mRNA subsequent to 

deadenylation, a point at which it is depleted of the last Pab1p associated with 

transcript and is likely subject to 3’-decay. I then used a transcript with or without an 

A12 tail to see if the addition of A12 would stimulate the helicase activity of Ski2/3/8 

likewise. The Ski2/3/8 complex showed weak duplex unwinding activity in Figure 

3.5, however, adding an A12 tail to the 3’-end of the transcript stimulated the helicase 

activity of Ski2/3/8 by roughly 5 fold (Figure 3.5). This data is consistent with the in 

vitro work of exosome. 

 

3.3.5.3 The helicase activity of Ski2/3/8 is specific to Ski2p and requires the ATP 

hydrolysis of Ski2p 

Next, I examined if the helicase activity of Ski2/3/8 is specific to Ski2p. Since 

helicase is a catalytic activity, small amounts of a contaminating helicase could 

account for observed activity. I have previously shown that mutation of the Ski2p 

ATPase motif DEVH to AEVA inactivates the protein function in vivo (see section 

2.3.4.1) and makes this protein defective in ATP hydrolysis in vitro (Figure 3.3). I 

then tested if this AEVA mutant would abolish its helicase activity as well. In Figure 

3.5, the mutant ski2/3/8 complex was unable to unwind the RNA duplex even in the 

presence of A12 tail suggesting the unwinding activity is intrinsic to Ski2p. Moreover, 

the helicase activity of Ski2/3/8 requires ATP hydrolysis, as in a reaction without ATP, 

no unwinding activity was observed. 
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Altogether, these data indicate that the Ski2/3/8 complex is a 3’ to 5’ RNA 

helicase, the RNA unwinding activity of Ski2/3/8 requires ATP hydrolysis, and it is 

stimulated by a short oligoA tail, which mimics the in vivo substrate for 3’-decay. 
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3.4 Discussion 

3.4.1 Ski2/3/8 complex is a 3’ to 5’ RNA helicase which is consistent with its role 

in 3’ to 5’ mRNA degradation 

To degrade cytoplasmic mRNA from 3’ end, the exosome interacts with the 

heterotrimeric complex of Ski2p, Ski3p and Ski8p (Jacobs Anderson and Parker 1998; 

Brown, Bai et al. 2000). Ski2p is a member of the DEVH ATPase and helicase family, 

members of which use the energy of ATP hydrolysis to promote RNA-RNA or 

RNA-protein rearrangement (de la Cruz, Kressler et al. 1999; Tanner and Linder 

2001). This suggests that Ski2p uses ATP hydrolysis to remove RNA structures or 

proteins to allow exosome digestion. My results are consistent with the role of Ski2p 

in mRNA decay. Further, coordinated unwinding of mRNA with exosomal 

degradation would predict that the Ski2/3/8 complex is a 3’ to 5’ helicase, initiating 

unwinding on the 3’-end and proceeding into the body of the transcript. Indeed, the 

Ski2/3/8 complex possesses 3’ to 5’ RNA helicase activity, which is consistent with 

its role as an adaptor for exosome in 3’ to 5’ mRNA degradation.  

Adding oligo(A)12 to the end of the transcript stimulated the helicase activity of 

Ski2p by five folds. This is consistent with a recent study from the Tollevey lab 

showing that adding short poly(A) tail to the end of the transcript can stimulate 

exosome-mediated degradation in vitro. In their work, they showed that the nuclear 

exosome adaptor Mtr4p co-purified with Trf4p and Air2p in low salt conditions and 

that the purified complex contained poly(A) polymerase activity (LaCava, Houseley 

et al. 2005). The Mtr4p/Trf4p/Air2p complex may stimulate RNA degradation by 1) 

making it a better substrate via the synthesis of a single-stranded oligo(A) tail, 2) 

unwinding secondary structure due to the helicase activity of Mtr4p and 3) direct 

recruitment of the exosome through interaction with Mtr4p. The observation that 
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adding oligo A stimulates the helicase activity of the Ski2/3/8 complex suggests that a 

transcript with a short oligo A is a preferred substrate for the Ski2/3/8 complex as A12 

resembles the approximate oligo(A) tail left on an mRNA after deadenylation and 

depleted of the last bound Pab1p.  

All together, these data suggest that a short poly(A) tail may allow highly 

processive degradation by the activated exosome in vivo. Interestingly, 

polyadenylation of bacterial RNAs has been shown to promote their rapid 

degradation. Specifically, polyadenylation facilitates the action of both PNPase and 

RNaseII. PNPase is the 3’ to 5’ exonuclaese of the E. coli degradosome while 

RNaseII is the major 3’ to 5’ exonucleases in E. coli. Thus, it has been suggested that 

the ancestral role of polyadenlation in RNA degradation may have been conserved 

throughout evolution.  

 

3.4.2 The weak RNA binding ability of both wildtype Ski2/3/8 and mutant 

Ski2/3/8 complex is probably due to the disruption of the RGG box presented in 

Ski2p 

I observed very weak nucleic acid binding ability for both wildtype Ski2/3/8 

complex and mutant complex. Although it is somewhat unexpected, it could be 

explained by several facts. It is possible that the nature of the complex binding with 

RNA is transient and unstable, facilitating the dynamic assembly of the complex on 

and off the transcript. However, it is also possible that insertion of the three copies of 

myc tag, which replaced a portion of the RGG box in SKI2, interferes with its RNA 

binding ability. Tagging Ski2p at either N-terminus or C-terminus rendered the 

protein non-functional (Widner and Wickner 1993). Consequently, we tagged SKI2 

randomly through out the ORF and screened for clones which were functional. The 
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tagged protein, in which a portion of the RGG box in Ski2p was disrupted, was 

functional suggesting the entire RGG box is not important for Ski2p function. Since 

Ski2p has another RNA recognition motif, motif VI, in the core helicase domains, the 

RNA recognition function of Ski2p could be efficiently carried out by this motif itself. 

However, disruption of the RGG box may reduce the RNA binding ability of Ski2p. 

In attempts to purify the Ski2/3/8 complex with non-tagged Ski2p, we found that the 

efficiency of incorporation of untagged Ski2p into the complex was much lower. We 

are currently testing if the RGG box affects the ability of Ski2p to be incorporated 

into complex with Ski8p and Ski3p. 

 

3.4.3 The order of the assembly of Ski proteins and the exosome on transcripts 

targeted for decay  

The order of the assembly of the Ski2/3/8 complex, Ski7p and the exosome on 

an mRNA has not been established. Based on the biochemical activities of Ski2/3/8 

complex in this study, three different scenarios can be envisioned. First, the Ski2/3/8 

complex may initiate binding to the transcript through its RGG motif. The Ski2/3/8 

complex could then remodel the mRNP to allow access by the exosome. In this 

scenario, Ski7p would serve simply as a bridging factor. Alternatively, the exosome 

could bind a deadenylated transcript first in an inactive form via the predicted RNA 

binding domains presented in Rrp4p, Rrp40p and Csl4p (Mitchell and Tollervey 

2000). Subsequent association with the Ski2/3/8 complex via Ski7p would stimulate 

the exosome by facilitating disassembly of the mRNP or by allosterically activating 

the exosome (Mitchell and Tollervey 2000). In the third model, Ski7p is first recruited 

to a transcript via its interaction with the ribosome or through interaction with 

ribosome associated factors. This idea has gained support from recent work 
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suggesting that the EF1alpha-like GTPase domain of Ski7p could be recruited to the 

ribosomal A site on ribosomes stalled on “non-stop” transcripts lacking a stop codon 

(Frischmeyer, van Hoof et al. 2002). Ski7p has also been shown to interact directly 

with the nonsense-mediated decay factor Upf1p (Takahashi, Araki et al. 2003), again 

suggesting initial recruitment of Ski7p. Since Ski7p binds both the Ski2/3/8 complex 

and the exosome (Araki, Takahashi et al. 2001), it could then actively recruit the 

degradation machinery. A favorable model was discussed in chapter 4 based on the 

results presented in the following chapter. 
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CHAPTER FOUR 

Characterization of SKI2 and SKI7 dominant negative mutants 
 

4.1 Background 

The Walker B motif (Motif II) in DEAD box RNA helicases is important for 

binding Mg2+ and coordinating NTP hydrolysis (Walker, Saraste et al. 1982; de la 

Cruz, Kressler et al. 1999; Cordin, Tanner et al. 2004). Mutation of Ski2p in the 

characteristic sequence DEVH of Walker B motif to AEVA inactivates the protein 

function in vivo as was demonstrated by both being unable to complement a wildtype 

Ski2 in an xrn1Δski2Δ double deletion strain and accumulating 3’ decay intermediates 

in vivo (see section 2.3.4). The mutant protein is also defective in ATPase and 

helicase activities in vitro as demonstrated in the in vitro biochemical assays (see 

section 3.2.4 and section 3.2.6). However, the mutant protein can be efficiently 

incorporated into the Ski2/3/8 complex and interact with ski7p (see section 2.3.2.1 

and section 2.3.3.1). This raises the possibility that Ski2 (DEVH→AEVA) would act 

dominant negatively when overexpressed in the presence of wildtype Ski2p. Indeed, 

the mutant Ski2p is dominant negative (see below). The Ski2/3/8 complex has been 

established to be the adaptor for exosome-mediated degradation (van Hoof and Parker 

1999; Mitchell and Tollervey 2000). However, a larger complex containing both the 

Ski2/3/8 complex and the exosome was not observed (Brown, Bai et al. 2000; Araki, 

Takahashi et al. 2001), suggesting that the recruitment of the Ski2/3/8 complex and 

the exosome onto a transcript is sequential or that the interaction between the 

Ski2/3/8 complex and the exosome is transient. Since the mutant Ski2p was 

incorporated into complex efficiently and interacted with Ski7p as efficiently as 



 

86

wildtype, I tested if it showed stable interaction with the exosome. The observation of 

a large inactive complex containing both the mutant complex and the exosome would 

explain the in vivo dominant negative effect of the mutant. 

Ski7p is thought to be a limiting factor in 3’ degradation (Benard, Carroll et al. 

1999), which mediates the interaction between the Ski2/3/8 complex and the exosome 

(Araki, Takahashi et al. 2001). Sequence alignment of Ski7p reveals that it contains 

an elongation factor 1α like GTPase consensus sequence at its carboxyl-terminus 

(Benard, Carroll et al. 1999). To better understand the GTPase domain’s function in 3’ 

mRNA degradation, I carried out a dominant negative screen for SKI7. Dominant 

negative mutations provide a useful reagent to decipher the function of the gene by 

mutating the multiple functional sites of a given gene independently. Ski7p is a good 

candidate because it apparently contains two different functional domains: the 

N-terminal protein interacting domain, which is responsible for binding to the 

Ski2/3/8 complex, the exosome and Upf1p and the C-terminal GTPase domain which 

presumably has enzymatic activity (Araki, Takahashi et al. 2001; Takahashi, Araki et 

al. 2003). A previous dominant negative screen of LSG1 (Large Subunit GTPase 1) in 

our lab has identified a number of mutations in the consensus GTPase domain that 

have provided useful reagents for understanding the role of Lsg1p in ribosome 

biogenesis (Hedges, West et al. 2005; West, Hedges et al. 2005). Identification of 

similar mutations in the GTPase domain of Ski7p is an appealing prospect, which 

would suggest that the GTPase activity is important for Ski7’s function in 3’ 

degradation. However, mutations that affect the interaction with Ski2/3/8 complex or 

exosome are also expected, because it has been shown that only the N-terminus of 

Ski7p (1-264aa) is necessary and sufficient for 3’ mRNA decay. The elongation factor 

1α like GTPase consensus sequence appears to be dispensable for Ski7p’s function in 
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3’ decay (Araki, Takahashi et al. 2001).  
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4.2 Materials and methods 

4.2.1 Strains, media and plasmids 

Yeast strains used in this chapter are listed in Table 4.1. Plasmids are listed in 

Table 4.2. Standard media including synthetic complete medium (SC) were described 

in Section 2.2.1. Yeast transformations were performed in the presence of LiOAc, 

PEG and ssDNA carrier as described in section 2.2.1. 

AJY544 was made by mating CH1305 with RDKY2050 (Johnson and 

Kolodner 1995). AJY2003, AJY2008, AJY2010, AJY2013, AJY2017, AJY2022, 

AJY2047, AJY2057 and AJY2062 were tetrads dissected from the cross of a 

ski2Δski3Δ double deletion strain with a ski7Δski8Δ double deletion strain. The 

ski2Δski3Δ strain was made by mating AJY1487 with AJY1480. The ski7Δski8Δ was 

made by mating AJY1482 with AJY1485. BPKAN (rrp6::KanR) was a generous gift 

from the Butler lab. AJY2081 was made by mating AJY1484 with AJY544, diploids 

were selected and transformed with pRDK297 (pXRN1-URA3-ADE3-LEU-CEN) and 

then dissected. 

pAJ190 (YCpGAL-ProtA-RRP43-URA3) was a generous gift from the 

Goldfarb lab. pAJ703, pAJ705, pAJ820 and pAJ1206 were described in section 2.2.1. 

pAJ1203 was made by moving GAL-FLAG-SKI7 as a XmaI-HindIII fragment from 

pAJ1201 into the same sites of pRS315. pAJ1223 (pRS316-UPF1-3xHA -URA3-CEN) 

was a generous gift from the Culbertson lab (Atkin, Schenkman et al. 1997). pAV174 

and pAV175 were generous gifts from the van Hoof lab (van Hoof, Frischmeyer et al. 

2002). 

 

4.2.2 IgG beads pull-down 

All cell extracts were prepared by growing cells to mid-log phase in 100ml of 
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Table 4.1 Yeast strains used in Chapter 4 
 

Strain Genotype Source 
AJY544 MATα ade2 ade3 leu2 lys2-801 ura3-52 xrn1∆ This study 
AJY1478 MATa leu2-3,112 ura3-52 his3-200 ski2::KanR Resgen 
AJY1480 MATa leu2-3,112 ura3-52 his3-200 ski3::KanR Resgen 
AJY1482 MATa leu2-3,112 ura3-52 his3-200 ski8::KanR Resgen 
AJY1485 MATα leu2-3,112 ura3-52 his3-200 ski7::KanR Resgen 
AJY1487 MATα ura3-52 trp1 leu2-1 his3-200 pep4::HIS3 prb1Δ1.6R Section 3.2.1 
AJY2003 MATa leu2-3,112 ura3-52 his3-200 ski3::KanR This study 
AJY2008 MATα leu2-3,112 ura3-52 his3-200 ski7::KanR This study 
AJY2010 MATα leu2-3,112 ura3-52 his3-200 ski2::KanR ski7::KanR This study 
AJY2013 MATa leu2-3,112 ura3-52 his3-200 This study 
AJY2017 MATa leu2-3,112 ura3-52 his3-200 ski2::KanR This study 
AJY2022 MATα leu2-3,112 ura3-52 his3-200 ski8::KanR This study 
AJY2047 MATa leu2-3,112 ura3-52 his3-200 ski7::KanR This study 
AJY2057 MATa leu2-3,112 ura3-52 his3-200 ski3::KanR ski7::KanR This study 
AJY2062 MATa leu2-3,112 ura3-52 his3-200 ski2::KanR ski7::KanR This study 
AJY2081 MATα leu2-3,112 ura3-52 his3-200 ski7::KanR This study 
AJY2085 MATa leu2-3,112 ura3-52 his3-200 upf1::KanR Resgen 
AJY2306 MATa leu2-3,112 ura3-52 his3-200 RRP40-TAP::HIS3 Resgen 
BPKAN MATα ade1 ade2 lys2 gal1 ura3-52 rrp6::KanR a 
CH1305 MATa ade2 ade3 leu2 lys2-801 ura3-52 b 
RDKY1977 MATa ade2 ade3 leu2 lys2-801 ura3-52 xrn1∆ c 
RDKY2050 MATa ade2 ade3 leu2 lys2-801 ura3-52 xrn1∆ c 

 

a (Briggs, Burkard et al. 1998) 

b (Kranz and Holm 1990) 

c (Johnson and Kolodner 1995) 
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Table 4.2 Plasmids used in Chapter 4 
 

Plasmid Description Source 

pAJ190 YCpGAL-ProtA-RRP43-URA3 a 
pAJ703 GAL-SKI2-2μ-LEU2 This study 
pAJ705 GAL-SKI2-3xmyc-2μ-LEU2 This study 
pAJ820 GAL-SKI2(DEVH→AEVA)-3xmyc-2μ-LEU2 This study 
pAJ1203 GAL-FLAG-SKI7-CEN-LEU2 This study 
pAJ1206 GAL-FLAG-SKI7-2μ-URA3 This study 
pAJ1223 pRS316-UPF1-3xHA-CEN-URA3 b 
pAV174 GAL-PGK1-2μ-URA3 c 
pAJ175 GAL-PGK1nonstop-2μ-URA3 c 
pRDK297 YEp420-XRN1-ADE3-CEN- URA3 d 

 

a (Zanchin and Goldfarb 1999) 

b (Atkin, Schenkman et al. 1997)  

c (van Hoof, Frischmeyer et al. 2002)  

d (van Hoof, Frischmeyer et al. 2002) 
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appropriate SC selective medium. Cells were collected and washed once with ice-cold 

extraction buffer [20mM Tris-HCl (pH7.5), 40mM NaCl, 10% glycerol, 1mM EDTA, 

1mM PMSF, 1μM leupeptin, 1μM pepstatin A], resuspended in 0.5ml of ice-cold 

extraction buffer and protein extracts were prepared by disruption with glass beads. 

The extract was removed, the beads washed once with 0.15ml of extraction buffer and 

the extract and wash were combined. The sample was clarified by centrifugation 

twice at 15,000g at 4°C for 5 minutes. 5 OD260 units of clarified extract were diluted 

into extraction buffer to make the final volume 500μl, supplemented with 0.1% NP40. 

50μl of mouse IgG agarose beads (Sigma-Aldrich), pre-washed with extract buffer, 

was added and the samples were incubated at 4°C with rocking for two hours. The 

beads were then collected by centrifugation and washed three times with 500μl of 

extraction buffer. Proteins were eluted from the beads by heating at ~100°C in 30μl 

1xLaemmli buffer for 3 minutes. 

 

4.2.3 Sucrose gradient sedimentation 

4.2.3.1 Preparation of extracts for sucrose gradient sedimentation 

Cells were cultured to OD600 ~ 0.4 (~1.2x107 cells/ml) and cycloheximide was 

added to a final concentration of 150 ug/ml and mixed thoroughly. Cell cultures were 

immediately poured into centrifuge bottles containing ice and cells were pelleted by 

centrifugation at 5,000g for 5 minutes at 4°C. Cell pellets were washed once in 

1xLysis Buffer [10mM Tris-HCl (pH7.5), 10mM MgCl2, 6mM β-Mercaptoethanol 

(BME), 150 ug/ml cycloheximide, 100mM KCl, 1mM PMSF, 1uM leupeptin and 

1uM pepstatin A] and were lysed by vortexing with glass beads for four cycles of 30 

seconds at maximum speed with 30 seconds interval on ice. Lysates were clarified via 

centrifugation at 15,000g in a 4°C micro-centrifuge. 
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4.2.3.2 Sucrose gradient sedimentation 

10 OD260 units of extracts were loaded onto 7% to 47% sucrose gradients 

prepared in lysis buffer and centrifuged at 4°C for 2.5 hrs at 40,000g. Fractions were 

collected at 2.0 ml/min by a density gradient fractionator (ISCO 640). The absorbance 

at 254 nm was monitored continuously and recorded by an absorbance monitor (ISCO 

UA-5) with paper speed of 1cm/min.  

 

4.2.3.3 Protein sample preparation after sucrose gradient sedimentation 

Proteins were precipitated with 10% trichloroacetic acid (TCA) for 30 minutes 

on ice then pelleted by centrifugation at 15,000g in a 4°C micro-centrifuge. The 

protein pellet was washed with 500ul of ice-cold acetone and air-dried. The dried 

pellet was re-suspended in 50ul of 1xLaemmli buffer and boiled at 100°C for 3 

minutes before separating by SDS-PAGE. Western blotting, as described in section 

2.2.5, was performed to monitor the sedimentation of specific protein in the gradient. 

 

4.2.4 Immunoprecipitation and Western blotting 

Procedures were described in section 2.2.4 and 2.2.5. 

 

4.2.5 Dilution plating 

Yeast cells were grown into stationary phase in appropriate SC medium and cell 

optical density (OD) at 600 nm was measured. 10 fold serial dilutions were performed 

in a 96 well plate with the starting concentration of cells at OD=1. 10μl of cells from 

each dilution was manually dotted onto an appropriate plate and incubated at 30°C. 
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4.2.6 Dominant negative screen of SKI7 

A modified dominant negative screen was performed according to the 

previously described method (Leberer, Dignard et al. 1992)(see Illustration 4.1 for the 

flow chart for the screen). The general strategy was to PCR mutagenize N-terminal 

FLAG-tagged SKI7, introducing the mutants into a centromeric galactose inducible 

vector by in vivo recombination. The host strain was an xrn1 deletion mutant, in 

which SKI7 is essential.  

 

4.2.6.1 PCR mutagenesis of SKI7 

PCR mutagenesis of SKI7 ORF was carried out in 15 reactions of 50ul each. In 

each reaction, 100ng of PCR template pAJ1206 (GAL-FLAG-SKI7-URA3-CEN) was 

amplified by Taq (Gene Choice) using AJO217 (5’-CTTCTTTGCGTCCATCC) and 

AJO579 (5’-GTAAAACGACGGCCAGT) for 12 cycles. PCR reactions were carried 

out in Standard Reaction Buffer [10mM Tris-HCl (pH 8.5), 50mM KCl, 1.5mM 

MgCl2, 0.1% Triton-X-100] (Gene Choice) with 200μM dNTPs (Pharmacia, 

ultra-pure). All reactions were pooled and PCR products were purified after 

electrophoresis on a 1% TAE-agarose gel. 

 

4.2.6.2 Construction of SKI7 mutant library 

The mutant library was generated by co-transformation of the mutant 

FLAG-SKI7 PCR product together with a linearized centromeric vector with GAL1 

promoter. Homologous recombination between the 5’/3’ end of the PCR product and 

the 3’/5’ end of the linearized vector will place the mutant FLAG-SKI7 into the vector 

under control of GAL1 promoter to allow galactose-inducible expression. For efficient 

recombination, primers for amplification of SKI7 were designed so that when 



 

94

 

Stu I

Sph I

Cut with StuI + SphI 

Stu I

Sph I

Stu I Sph I 

Co-transform into an xrn1Δ 
strain 

Wash off transformants and 
make mutant library 

Glucose Galactose Candidate  

Replicate onto Glucose and 
Galactose 

Restreak onto Glucose and 
Galactose 

pAJ1203 

PCR mutagenesis of SKI7 

*



 

95

 

 
 
Illustration 4.1 The flow chart for the dominant negative screen of SKI7 
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amplified, there was 140nt and 220nt homology between the 5’/3’ end of the PCR 

products and the 3’/5’ of the linearized vector respectively. pAJ1203 

(GAL-FLAG-SKI7-LEU-CEN) was digested with StuI and SphI and the vector 

fragment was purified. 1ug of linearized pAJ1203 together with 750ng of purified 

PCR product were transformed into yeast strain RDKY1977 (xrn1Δ) using a high 

efficiency yeast transformation method. Roughly, 6000 total transforms were washed 

off by 3ml of 15% glycerol and saved as library stock at -80°C.  

 

4.2.6.3 Plating out library and picking candidates 

Cells from the stock were diluted in water and plated at an expected density of 

about 350~400 colonies per SC-Leu glucose plate. After incubating at 30°C for 2 

days, cells were first replicated onto SC-Leu galactose plates and then onto SC-Leu 

glucose plates. The replica plates were checked for colony size after 2 days’ 

incubation at 30°C. Mutations that were dominant negative were expected to give rise 

to small colonies on galactose indicating slow growth when overexpressed while no 

noticeable slow growth was observed on glucose. See table 4.3 for the number of 

screens performed, the number of mutagenized colonies screened and the number of 

colonies initially picked for analysis. The isolates that were restreaked on SC-Leu 

glucose and SC-Leu galactose and confirmed to show slow growth phenotype on 

galactose plate were preserved in 15% glycerol in 96 well plates at -80°C. 

 

4.2.6.4 Identifying mutant clones by sequencing analysis 

The potential SKI7 DN mutants were next patched on SC-Leu glucose plate and 

DNA was extracted. The yeast DNA was then transformed into E. coli to recover the 

plasmid DNA containing mutagenized SKI7. Selected plasmids were sequenced 
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Table 4.3 Summary of cfu screened 
 

screen 
name 

cfu 
screened 

cfu 
picked

cfu 
saved 

DNA recovered 
from E.coli 

DNA 
sequenced 

020604 14000 174 19 12 2 

040604 15000 33 12 2 2 

041404 15000 42 42 0 0 

051004 17500 176 176 98 28 

Total 61500 425 259 112 32 
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(ICMB CF, UT) using sequencing primers AJO217 (5’-CTTCTTTGCGTCCATCC), 

AJO728 (5’-CTTGAAAAACGATCCATG), AJO729 

(5’-CAGTAATTTGGATCCTTC), AJO730 (5’-CTGAAAACATCACAAAATC) and 

AJO731 (5’-CAAACGCACGCGCTAAGTG) to cover the whole SKI7 gene. To 

confirm that the plasmids were responsible for the growth phenotype, individual 

plasmid was re-transformed into the host strain to test for growth phenotype. 

 

4.2.7 Plasmid shuffle assay  

Yeast strain AJY2081 (ski7∆xrn1∆) containing XRN1 on a centromeric URA3 

plasmid, was transformed individually with different dominant negative SKI7 

plasmids. Leu+ transformants were selected on SC-Leu glucose plates and then 

re-streaked on a 5-FOA galactose plate to select for the loss of the XRN1-URA3 

plasmid and induce the expression of SKI7. 
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4.3 Results 

4.3.1 Ski2 (DEVH→AEVA) is dominant negative in an xrn1Δ background 

Previous work from our lab showed that mutant Ski2p in which the DEVH 

motif has been changed to AEVA is non-functional. Interestingly, this mutant is 

incorporated into the Ski2/3/8 complex as efficiently as wild-type Ski2p (see section 

2.3.2.1). I suspected that overexpression of this mutant on top of wild-type Ski2p 

would cause a dominant negative effect and would be lethal in cells in which the 5’ to 

3’ mRNA degradation pathway was disrupted. A strain in which the genomic locus of 

XRN1 had been disrupted was used to make SKI2 essential. Consequently, the effect 

of overexpressing of a given SKI2 mutant can be assessed in the xrn1 deletion strain. 

Yeast strain AJY544 (xrn1∆) was transformed individually with pAJ820 [GAL-SKI2 

(DEVH→AEVA)-LEU] or pAJ705 (GAL-SKI2-LEU). Cells transformed with mutant 

SKI2 (DEVH→AEVA) were unable to grow on galactose containing medium while 

cells transformed with wild-type SKI2 grew quite well (Figure 4.1A). The dominant 

negative effect of mutant Ski2p is only seen in an xrn1 mutation strain, as this growth 

defect is not observed in both a wildtype strain (CH1305) or a ski2 deletion strain 

(AJY1478) which is consistent with fact that SKI2 is nonessential for cell growth 

(Figure 4.1B). The observation that overexpressing an ATPase defective Ski2p is 

deleterious to the cells in which the 5’ to 3’ degradation pathway has been blocked is 

consistent with the ability of mutant Ski2p to assemble into a complex with Ski3p and 

Ski8p and interact with Ski7p (see section 2.3.2.1 and 2.3.3.1). The dominant 

negative effect of Ski2p (DEVH→AEVA) is probably due to the competition with 

wild-type Ski2p to form a stable non-functional ski2/3/8 at the expense of functional 

Ski2/3/8 complex. 
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Figure 4.1 A ski2 ATPase mutant (DEVH→AEVA) is dominant negative in an 
XRN1 deletion strain 
 
(A)Yeast strain AJY544 (xrn1∆) was transformed individually with pAJ820 or 
pAJ705. Transformants were re-streaked onto a leu- dropout plate with 2% glucose 
(left) or with 2% galactose (right). (B)Yeast strain CH1305, AJY1478 or AJY544 was 
transformed individually with pAJ820 or pAJ705. Series dilutions of transformants 
were performed and dotted onto a leu- dropout plate supplemented with 2% glucose 
(left) or with 2% galactose (right). 
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4.3.2 Ski2 (DEVH→AEVA) interacts with the exosome in a Ski7p and RNA 

dependent manner 

4.3.2.1 Ski2 (DEVH→AEVA) stably interacts with the exosome 

Ski2/3/8 complex is believed to act as an adaptor for the exosome. Interaction 

between the Ski2/3/8 complex and the exosome is mediated by Ski7p (Araki, 

Takahashi et al. 2001). However, a complex containing Ski2/3/8, Ski7p and the 

exosome has not been previously observed (Brown, Bai et al. 2000; Araki, Takahashi 

et al. 2001). This indicates that either the Ski2/3/8 complex and the exosome act 

sequentially on a transcript or that the interaction between Ski2/3/8 and the exosome 

is transient. As the mutant ski2p can also be efficiently incorporated into the complex, 

I tested if the inactive Ski2/3/8 complex could trap the exosome in a stable complex. 

Non-tagged SKI2, GAL-SKI2-myc and GAL-SKI2 (DEVH→AEVA)-myc were 

transformed individually into AJY1478 (ski2Δ) with or without GAL-RRP43-ProtA. 

RRP43 encodes an essential component of exosome (Mitchell, Petfalski et al. 1997; 

van Hoof and Parker 1999; Mitchell and Tollervey 2000; Butler 2002; Aloy, Bottcher 

et al. 2004). Cell extracts were prepared and IgG beads were added to IP Protein A 

tagged Rrp43p. Western blotting using anti-myc antibody was used to test for the 

presence of Ski2p. Mutant Ski2p (DEVH→AEVA) was efficiently co-precipitated 

with Rrp43p compared to wildtype Ski2p which only gives residual signal, not 

significantly different from background indicated in the lane where no Rrp43-ProtA is 

present (Figure 4.2 A).  

 

4.3.2.2 The interaction between Ski2 (DEVH→AEVA) and the exosome depends 

on Ski7p 

As Ski7p is reported to bridge the interaction between the Ski2/3/8 complex 
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Figure 4.2 Ski2 (DEVH→AEVA) stably interacts with the exosome 
 
(A) Extracts from strain AJY1478 (ski2Δ) carrying different combinations of SKI2 
(pAJ703, pAJ705 or pAJ820) together with RRP43-ProtA (pAJ190) or an empty 
vector (pRS416) were prepared. Mouse IgG agrose beads were added to the cell 
extracts to pull-down ProtA-Rrp43 and anti-myc Western blotting was carried out to 
monitor the co-sedimentation of Ski2p. (B) The same experiments as described in (A) 
were carried out in yeast strain AJY2062 (ski2Δski7Δ) (C) The experiments were 
carried out as described in (A) except the extract was treated with RNase A at 0.8 
unit/μl for 30 minutes at 30°C before adding IgG beads 
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and the exosome (Araki, Takahashi et al. 2001), I further tested if the strong 

interaction observed between mutant Ski2/3/8 complex and the exosome would be 

abolished in the absence of Ski7p. The same experiment was carried out in a 

ski2Δski7Δ strain (AJY2062). In Figure 4.2 B, the ability of Rrp43-ProtA to 

pull-down mutant Ski2p was dramatically reduced, almost to background, in the 

absence of Ski7p, which is consistent with previous data showing that Ski7p mediates 

the interaction between the Ski2/3/8 complex and the exosome (Araki, Takahashi et al. 

2001). 

 

4.3.2.3 The interaction between Ski2 (DEVH→AEVA) and the exosome requires 

the presence of RNA 

Next, I investigated whether or not the interaction between mutant Ski2/3/8 

complex and the exosome is dependent on RNA. An RNA dependent interaction 

would favor the recruiting model in which the Ski2/3/8 complex acts as an adaptor to 

recruit the exosome to the transcript. On the other hand, an RNA independent 

interaction would be supportive for the activation model in which the physical 

interaction between the exosome and Ski2/3/8, mediated by Ski7p, would be 

necessary to allosterically activate the exosome. To test these two possibilities, the 

same IP experiment was carried out except the extracts were treated with RNase A 

before IgG pull-down. Interestingly, the interaction between the mutant Ski2/3/8 

complex and the exosome was abolished with RNase A treatment, indicating that the 

interaction was mediated by RNA. The observation that the interaction between the 

mutant Ski2/3/8 complex and the exosome is mediated by RNA suggests that in 3’ 

mRNA decay pathway, the Ski2/3/8 complex is more likely to acts as an adaptor to 

recruit the exosome to the transcript. Taken together, these data suggest that a Ski2p 
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point mutant, which is defective in ATPase activity in vitro and non-functional in vivo, 

can be incorporated into complex and be trapped onto the transcript together with 

exosome.  

Thus, it appears that the dominant negative effect caused by overexpressing a 

mutant Ski2p is probably due to the trapping of the exosome on transcripts with an 

inactive Ski2/3/8 complex. The entrapment of the exosome (or the slow dynamics of 

the exosome on and off a transcript) likely titrates out the active exosome in the 

cytoplasm thus interfering with its function in general 3’ decay. Alternatively but not 

exclusively, the entrapment of the exosome can interfere with the exosome’s activity 

independent of the Ski2/3/8 complex and Ski7p. It is possible that the exosome can 

degrade some specific sets of transcript without the help of Ski2/3/8 complex and 

Ski7p. Consistent with this idea, the mammalian exosome has been shown to act 

directly on ARE containing transcripts (Mukherjee, Gao et al. 2002). However, low 

enzymatic exosome activity has been reported in an in vitro decay system (Mitchell, 

Petfalski et al. 1997; Allmang, Petfalski et al. 1999) indicating that some factors, 

likely including the Ski2/3/8 complex and Ski7p, are needed for stimulation of the 

exosome activity. It is also possible that depletion of free exosome in the cytoplasm 

affects the distribution of the exosome between the cytoplasm and the nucleus, and 

thus may interfere with nuclear exosome function. 

 

4.3.3 Using the non-stop decay system to decipher the dominant negative effect 

of Ski2 (DEVH→AEVA) 

If the dominant negative phenotype of Ski2 (DEVH→AEVA) is indeed caused 

by trapping of the exosome, it is likely that preventing entrapment of the exosome by 

deleting SKI7 in addition to SKI2 dominant mutation will partially reverse the 
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dominant negative phenotype. Ski2 (DEVH→AEVA) is dominant negative only in 

xrn1 deletion background. Deleting both SKI7 and XRN1 is lethal to the cell (Benard, 

Carroll et al. 1999), which made this genetic approach technically difficult. However, 

in a recently defined nonstop decay pathway, it has been demonstrated that 3’ decay 

factors including the Ski2/3/8 complex, Ski7 and the exosome appear to be the only 

machinery dedicated to degrade the nonstop transcripts. Thus, I can test the 

exosome-trapping model without encountering the lethality between deleting both 

XRN1 and SKI7. To do so, first, I need to test if accumulating non-stop transcripts is 

deleterious to the cell, providing a growth phenotype to score. Secondly, Ski2 

(DEVH→AEVA) would manifest its dominant negative phenotype in such a system 

as well. 

 

4.3.3.1 Overexpressing a non-stop transcript is deleterious to cells defective for 3’ 

decay factors 

Recent work from the Parker and Dietz laboratories suggests that the Ski2/3/8 

complex, Ski7p and the exosome are involved in the degradation of transcripts 

without a stop codon (Frischmeyer, van Hoof et al. 2002; van Hoof, Frischmeyer et al. 

2002). The role of Ski2/3/8 complex and Ski7p in the non-stop decay pathway has 

been proposed (Maquat 2002; van Hoof, Frischmeyer et al. 2002). In that model, 

ribosomes are thought to be stalled at the end of the non-stop transcript. Ski7p can 

then be recruited to the empty A site of the stalled ribosome and release the ribosomes 

from the transcript, presumably by recruiting ribosome releasing factors. At the same 

time, Ski7p can also recruit the Ski2/3/8 complex and the exosome to degrade the 

non-stop transcript. Consistent with this model, the C-terminal GTPase domain of 

Ski7p is required for its function in non-stop decay (van Hoof, Frischmeyer et al. 
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2002). According to this model, cells deleted for SKI2, SKI3, SKI8 or SKI7 genes will 

accumulate high levels of nonstop transcripts, which may confer a deleterious effect 

to the cell. In addition, overexpressing a non-stop transcript in a ski7 mutant strain 

will cause the prolonged stalling of ribosomes on the non-stop transcript, which may 

result in a more severe phenotype than simple deletion of SKI2, SKI3 or SKI8 

individually. As a first step, I tested this possibility by comparing the growth rate of 

different ski mutants vs wild-type cells when a nonstop transcript was induced. 

In Figure 4.3, overexpressing a non-stop containing PGK1 mRNA in cells 

deleted for SKI2, SKI3, SKI7 and SKI8 caused a noticeable slow growth phenotype 

compared to a wildtype strain. The slow growth phenotype was specific to nonstop 

PGK1, as cells expressing a wild-type PGK1 transcript grew well. Interestingly, I did 

not observe an enhanced growth defect for cells defective for SKI7. On the contrary, 

the growth defect observed in the SKI7 deletion was slightly milder than that of the 

deletion of SKI2, SKI3 and SKI8 individually. This could be explained by the fact that 

the slow growth phenotype seen in ski mutants is solely due to the accumulation of 

non-stop transcripts in those cells, and that ribosomes at the end of a nonstop 

transcript can be released properly in a ski7 mutant. Alternatively, it is also possible 

that the slow growth phenotype is caused by the stalled ribosomes and both Ski7p and 

the Ski2/3/8 complex is required to release the stalled ribosomes. 

 

4.3.3.2 Overexpressing a non-stop transcript has no deleterious effects to cells 

deleted for UPF1, RRP6 or XRN1 

I next examined if the slow growth phenotype was specific to defects in 3’ 

decay pathway as it was believed that only the 3’ decay pathway is involved in the 

degradation of nonstop transcripts (Frischmeyer, van Hoof et al. 2002). To do this, I 
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Figure 4.3 Overexpressing a non-stop transcript is deleterious to cells defective 
for 3’ decay factors 
 
Yeast strain AJY2013 (wildtype), AJY 2017 (ski2Δ), AJY2003 (ski3Δ), AJY2008 
(ski7Δ) or AJY2022 (ski8Δ) were transformed with pAJ841 (GAL-PGK1) or pAJ842 
(GAL-PGK1-nonstop) respectively. Series dilutions of transformants were performed 
and dotted onto a SC-Leu-Ura dropout plate supplemented with 2% glucose (left) or 
with 2% galactose (right). 
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expressed the non-stop PGK1 in upf1, or xrn1 or rrp6 deletion strains. Upf1p is a 

component of surveillance complex involved in degradation of non-sense containing 

transcripts (Peltz, Brown et al. 1993; He, Brown et al. 1997). Xrn1p is a major 5’ to 3’ 

exoribonuclease involved in general 5’ to 3’ mRNA decay and it also functions in 

nonsense-mediated decay (NMD) pathway (Hatfield, Beelman et al. 1996; Lejeune, 

Li et al. 2003; Long and McNally 2003; Cougot, Babajko et al. 2004; Gatfield and 

Izaurralde 2004). Rrp6p is a component of the nuclear exosome, which is involved in 

pre-mRNA degradation and rRNA processing (Briggs, Burkard et al. 1998; Allmang, 

Kufel et al. 1999; Hilleren, McCarthy et al. 2001; Torchet, Bousquet-Antonelli et al. 

2002; Das, Butler et al. 2003; Vasudevan and Peltz 2003). These factors are important 

for certain types of RNA processing, however, there is no evidence suggesting they 

play direct roles in nonstop-mediated decay (NSD) pathway. Consistent with this, I 

did not observe any slow growth phenotype when overexpressing non-stop PGK1 in 

any of these deletion strains (Figure 4.4). 

These data support the idea that a non-stop containing transcript is degraded 

through the 3’ to 5’ decay pathway in cytoplasm, requiring the activity of the Ski2/3/8 

complex, Ski7p and the cytoplasmic exosome. Upf proteins, the 5’ to 3’ decay 

machinery and the nuclear exosome do not appear to be involved in this pathway. 

 

4.3.3.3 Cells overexpressing Ski2 (DEVH→AEVA) together with a non-stop 

PGK1 transcript exhibit a severe slow growth phenotype 

Ski2 (DEVH→AEVA) has been shown to be dominant negative in a strain 

deleted for XRN1. The dominant negative phenotype is probably caused by trapping 

the exosome in an inactive complex thus interfering with its role in 3’ decay. Since 3’ 

decay factors are the only machinery involved in non-stop decay pathway, I suspected 
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Figure 4.4 Overexpressing a non-stop transcript has no deleterious effects to cells 
deleted for UPF1, RRP6 and XRN1 
 
Yeast strain AJY2013 (wildtype), AJY2085 (upf1Δ), AJY 544 (xrn1Δ) or BPKAN 
were transformed with pAJ841 (GAL-PGK1) or pAJ842 (GAL-PGK1-nonstop) 
respectively. Series dilutions of transformants were performed and dotted onto a 
SC-Leu-Ura dropout plate supplemented with 2% glucose (left) or with 2% galactose 
(right). 
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that overexpressing a nonstop transcript together with a dominant negative Ski2p 

would mimic the growth phenotype that I see in an xrn1 deletion strain when 

overexpressing the dominant negative Ski2 mutant. In Figure 4.5 (upper panel), cells 

expressing wild-type Ski2p together with a nonstop transcript grew well on galactose 

medium as expected, while cells expressing mutant Ski2 (DEVH→AEVA) and 

nonstop PGK1 showed a severe growth defect on galactose-containing medium. The 

severe growth defect was specific to the nonstop PGK1 as no growth defect was 

observed when Ski2 (DEVH→AEVA) was overexpressed together with a wildtype 

PGK1 transcript. These data confirmed the effect of Ski2 (DEVH→AEVA) on a 

nonstop transcript, so that I can test if deleting SKI7 would rescue the severe growth 

phenotype by releasing the exosome from the mutant Ski2/3/8 complex. 

 

4.3.3.4 The severe slow growth phenotype can be rescued by deleting SKI7 

Since Ski2 (DEVH→AEVA) can efficiently trap the exosome via the 

interaction with Ski7p (Figure 4.2), the severe growth phenotype observed in cells 

overexpressing Ski2 (DEVH→AEVA) could be the result of titrating out the exosome 

by mutant ski2 thus interfering exosome-mediated degradation. The trapped exosome 

should be released in a ski7 deletion mutant since Ski7p is the factor bridging the 

interaction between the Ski2/3/8 complex and the exosome. Correspondingly, the 

severe growth phenotype would be lifted in a SKI7 deletion strain. To test this 

possibility, I overexpressed the mutant Ski2p together with the nonstop transcript in a 

strain deleted for SKI7. In Figure 4.5 (lower panel), the severe growth phenotype 

observed when overexpressing mutant Ski2 (DEVH→AEVA) together with a nonstop 

transcript was reversed in the SKI7 deletion strain. These data are consistent with our 

hypothesis that the slow growth phenotype I saw when overexpressing a dominant 
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Figure 4.5 The severe slow-growth phenotype observed when overexpressing a 
mutant Ski2 (DEVH→AEVA) together with a nonstop transcript was rescued by 
deleting SKI7 
 
Yeast strain AJY1478 (upper) or AJY 2010 (lower) was transformed with pAJ841 
(GAL-PGK1) or pAJ842 (GAL-PGK1-nonstop) together with pAJ705 (GAL-SKI2) or 
pAJ820 (GAL-ski2) respectively. Series dilutions of transformants were performed 
and dotted onto a leu- ura- dropout plate supplemented with 2% glucose (left) or with 
2% galactose (right).  
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negative Ski2p was due to the accumulation of the cellular transcripts and the titrating 

of active exosome.  

 

4.3.4 The proposed models for the function of the Ski2/3/8 complex in 3’ decay 

Based on the observation that mutant Ski2/3/8 complex can trap the exosome 

on transcript, an intermediate containing the Ski2/3/8 complex, Ski7p, the exosome 

and transcript must exist during 3’ mRNA decay. Thus, two models are envisioned 

that describes the function of Ski protein in the 3’ decay pathway (summarized in 

Illustration 4.2).  

In the first model, the Ski2/3/8 complex may initiate binding to the transcript 

through its RNA recognition motif in Ski2p. The Ski2/3/8 complex could then 

remodel the mRNP to allow access by the exosome. The recruitment of 3’ decay 

factors is sequential, thus a large complex containing both the Ski2/3/8 complex and 

the exosome on a transcript is transient. However, an ATPase mutant Ski2/3/8 

complex would stabilize this interaction. The retention of exosome in the 

nonfunctional complex causes the dominant negative phenotype presumably through 

interfering exosome’s function in 3’decay and possibly even changing the dynamic of 

cytoplasm vs nuclear exosome population thus interfering the nuclear exosome 

function. 

Alternatively, Ski7p is first recruited to a transcript via its interaction with the 

ribosome or through interaction with ribosome-associated factors. This idea has 

gained support from recent work suggesting that the EF1alpha-like GTPase domain 

of Ski7p could be recruited to the ribosomal A site on ribosomes stalled on “non-stop” 

transcripts lacking a stop codon (Frischmeyer, van Hoof et al. 2002). As a nonstop 

transcript is suggested to be the natural product of endonuclease activity and possibly 
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Illustration 4.2 Two models for the recruitment of 3’ decay machinery to the 
nonstop transcript 
 
See text for the description of the models 

A 

B 

Ski2 

Ski3 
Ski8

Ski7 

M7Gppp 

Ski2 
Ski3 

Ski8

Ski7

M7Gppp 

Exosome 

Exosome 
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the by-products of 3’ decay (Frischmeyer, van Hoof et al. 2002), it is likely to be a 

general decay pathway as well. Since Ski7p binds both the Ski2/3/8 complex and the 

exosome (Araki, Takahashi et al. 2001), it could then actively recruit the degradation 

machinery to degrade the nonstop transcript. If this model is right, in the case of 

dominant negative mutant Ski2p, a large inactive complex containing stalled 

ribosomes together with Ski7p in empty A site with mutant Ski2/3/8 complex and 

exosome must exist.  

 

4.3.4.1 The exosome and mutant Ski2/3/8 complex do not co-sediment with 

polysomes 

To distinguish between these two models, I tested if the mutant Ski2/3/8 

complex and the exosome could be trapped onto a translating message together with 

stalled ribosomes. A sucrose gradient sedimentation approach was used to sediment 

different species of ribosomes. If the mutant Ski2/3/8 complex and the exosome were 

trapped with the stalled ribosomes on a nonstop transcript, a significant portion of the 

exosome and mutant Ski2p would sediment deeper into the polysome fractions after 

sucrose gradient sedimentation.  

A RRP40 genomic TAP (Tandom Affinity Purification) tagged strain was 

transformed with different combinations of SKI2 (pAJ705 or pAJ820) and PGK1 

(pAJ841 or pAJ842). Cell extracts were prepared and subjected to sedimentation 

through a 7% ~ 47% sucrose gradient. Proteins in the gradient fractions were 

precipitated and subjected to SDS-PAGE followed by Western blotting using rabbit 

PAP (peroxidase-anti-peroxidase) souble complex (Rockland) to detect Rrp40-TAP or 

anti-myc antibody to detect Ski2p. 

As seen in Figure 4.6, in a strain expressing wildtype Ski2p and PGK1, 
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Figure 4.6 The exosome and the mutant Ski2/3/8 complex do not co-sediment 
with polysomes  
 
Yeast strain AJY2306 was transformed with pAJ841 or pAJ842 together with pAJ705 
or pAJ820 respectively. Cell extracts were prepared and subjected to a 7%-47% 
sucrose gradient sedimentation. Proteins in each fraction were precipitated and 
separated on SDS-PAGE followed by Western blot against Rrp40-TAP or Ski2-myc.  
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Rrp40-TAP and Ski2p sediment mainly at small soluble species at the top of the 

gradient and not in polysome fractions, which is consistent with their role in 

degradation of translation-incompetent transcripts. Co-expressing a nonstop PGK1 

together with a dominant negative Ski2p did not change the sedimentation of the 

exosome or Ski2p into deeper polysomal fractions, indicating that the mutant 

complex and the exosome are not stably associated with stalled ribosomes on 

non-stop transcripts. Although it is possible that the expression level of a nonstop 

transcript is not high enough or that the expression level of Ski7p is low, the growth 

defect observed under these conditions indicates a significant amount of the exosome 

must be titrated out. Thus, it appears that ribosomes are not involved in the large 

inactive complex. 

 

4.3.5 Dominant negative mutant screen of SKI7 

4.3.5.1 Screen for SKI7 mutations when overexpressed are dominant negative 

with a deletion of XRN1 

The dominant negative screen of SKI7 was carried out in a strain in which the 

genomic locus of XRN1 has been disrupted. Deletion of SKI7 by itself blocks 3’ decay 

but confers no obvious growth defect on yeast, however, the deletion is lethal 

combined with a deletion of XRN1. Thus SKI7 is essential in an XRN1 deletion strain, 

consequently, a mutant Ski7p that is capable of interfering the wild-type Ski7p 

function can be distinguished from null mutants by comparing growth phenotype on a 

galactose plate. See Figure 4.7 for the growth of two representative mutants on 

glucose vs galactose. 
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Figure 4.7 Re-streak of two representative SKI7 dominant negative mutants on 
glucose vs galactose 
 
Yeast strain RDKY1977 (xrn1Δ) was transformed with pAJ1203 (GAL-FLAG-SKI7), 
pAJ1353 (GAL-FLAG-SKI7DN12C) or pAJ1354 (GAL-FLAG-SKI7DN19D) 
respectively. Transformants were re-streaked onto a leu- dropout plate with 2% 
glucose (left) or with 2% galactose (right).  
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4.3.5.2 Charaterization of SKI7 dominant negative mutants 

4.3.5.2.1 Testing the function of mutants by plasmid shuffle assay 

Plasmid-shuffle was performed to determine whether SKI7 mutants could 

functionally substitute for wild-type SKI7 in vivo in an xrn1Δski7Δ double deletion 

strain. Yeast strain AJY2081 (ski7∆ xrn1∆) containing XRN1 on a centromeric URA3 

plasmid, was transformed individually with pAJ1203 (FLAG-SKI7-LEU2-CEN), 

pRS315 (LEU2-CEN) or different SKI7 mutants. Leu+ transformants were selected 

on appropriate plates and then re-streaked on a 5-FOA galactose plate to express 

mutant protein and select for the loss of the XRN1-URA3 plasmid. 

Most of the dominant mutants were nonfunctional as cells transformed with 

those mutants failed to grow on the 5-FOA galactose plate while cells transformed 

with wildtype GAL-FLAG-SKI7 grew well (See Figure 4.8 for two representative 

mutants on 5’ FOA and table 4.4 for the results of all the mutants tested). Some of the 

mutants showed very slow growth phenotypes, indicating the function of the mutants 

was severely hampered. 

 

4.3.5.2.2 The interaction of Ski7 DNs with the Ski2/3/8 complex 

Ski7p is thought to be a limiting factor and it has been demonstrated to mediate 

the interaction between the Ski2/3/8 complex and the exosome in 3’ mRNA 

degradation (Benard, Carroll et al. 1999; Araki, Takahashi et al. 2001). Thus, the 

dominant negative mutants I have identified in the screen could affect the interaction 

with the Ski2/3/8 complex. Immunoprecipitation experiments were carried out to test 

the ability of the mutants to interact with Ski2/3/8 complex. Yeast strain AJY2057 

(ski3Δski7Δ) was transformed with different Ski7 dominant negative mutants together 

with a wild-type Ski3 tagged by 3xHA. Cell extracts were prepared and IPs 
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Figure 4.8 Plasmid shuffling experiment to test the function of Ski7 mutants 
 
Yeast strain AJY2081 (ski7∆ xrn1∆/pXRN1-URA3) was transformed individually with 
pAJ1203 (GAL-FLAG-SKI7), pAJ1353 (GAL-FLAG-SKI7DN12C), pAJ1354 
(GAL-FLAG-SKI7DN19D). Leu+ transformants were selected and re-streaked on a 
5’-FOA galactose plate. 
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were performed with anti-HA antibody, followed by SDS PAGE and Western blotting 

using anti-FLAG antibody. As shown in Figure 4.9 and Table 4.4, wildtype Ski7p 

associated efficiently with Ski3p, while a subset of the dominant negative mutants 

lost the interaction with Ski3p. Sequence analysis of the SKI7 mutants that lost or 

reduced interaction with Ski3-HA revealed that they all had mutations in the region 

between aa 33 to 83. This is consistent with work from Araki et al showing that the 

N-terminal 1-80 amino acids of Ski7p are responsible for Ski2/3/8 complex 

interaction. It is not surprising that the Ski7 dominant negative mutants that have lost 

Ski2/3/8 complex interaction are also loss of function mutants. These mutants likely 

retain exosome interaction but prevent formation of higher order complex containing 

the Ski2/3/8 complex, Ski7p and the exosome. To test this possibility, I next asked if 

those mutants can still associate with exosome. 

 

4.3.5.2.3 The interaction of Ski7 DNs with exosome 

Yeast strain AJY2047 (ski7Δ) was transformed with different SKI7 dominant 

negative mutant plasmids together with a wild-type RRP43 tagged by protein A tag. 

Cell extracts were prepared and IgG pull-down were performed with Mouse 

IgG-agarose beads (Sigma-Aldrich) flowed by SDS PAGE and Western blotting using 

anti-FLAG antibody. As seen in Figure 4.10 and Table 4.4, wildtype Ski7p associated 

efficiently Rrp43p, while a subset of the dominant negative mutants lost the 

interaction with Rrp43p. All the mutants that reduced interaction with Ski2/3/8 

complex (except 16D and 31H) showed normal interaction with exosome in this assay. 

Additionally, some of the mutants that reduced the interaction with exosome were 

identified as indicated by reduced signal strength in Western blot. Sequence analysis 

of mutants with reduced Rrp43p interaction revealed that they have mutations in the 



 

121

Table 4.4 Summary of the Ski7 dominant negative mutants 
 

Mutant Growth 
on GAL* 

Functional
Assay* 

Interact w/ 
Ski2/3/8 

Interact w/ 
exosome 

Interact 
w/ Upf1p 

mutation 

1E – – weak Normal Weak L78S 
I577V 

2B – – Weak Normal Normal S83P 
3C + + Normal Normal Weak L33S 
3H – – Normal Weak Weak L82S 
5A – – Normal Weak Weak L78S 

E293G 
5B + – Normal Weak Weak K111E 
6A – – Weak Normal Weak L37P 
9C + + Normal Normal N/A L37Q 

10B + – Weak Normal N/A S83P 
10D + – Normal Weak Weak R112G 
10E + + Normal Normal Normal S32P 
10F + + Normal Normal Weak I128S 
12C – – Weak Normal Weak S83P 
19D – – Weak Normal Weak L82S 

N153D 
K428R 
N701K 

16D + + Weak Weak Normal K81E 
31H + + Weak Weak N/A L78S K94E 

N120D 

*  –: no growth 
+: very slow growth 
++: slow growth 
+++: same growth as wild-type control 
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Figure 4.9 The interaction between dominant negative Ski7p and the Ski2/3/8 
complex 
 
Extracts from strain AJY2047 (ski7Δ) transformed with different combinations of 
SKI3 (pAJ270 or pAJ709) and SKI7 (pAJ1203, pAJ1353 or pAJ1354) were 
immunoprecipitated with anti-FLAG antibody, followed by Western blots against HA. 
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Figure 4.10 The interaction between dominant negative Ski7p and the exosome 
 
Extracts from strain AJY2047 (ski7Δ) transformed with different combinations of 
RRP43 [pRS416 (empty vector) or pAJ190] and SKI7 (pAJ1203, pAJ1353 or 
pAJ1354) were prepared. IgG agrose beads were added to the cell extracts to 
pull-down RRP43-ProtA and anti-FLAG Western blotting was carried out to monitor 
the co-sedimentation of Ski7p. 
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region from aa 81 to 128. This data is also consistent with Araki et al’s work showing 

that the region in Ski7p spanning aa 80 to 264 was responsible for exosome 

interaction. Interestingly, two mutants 16D and 31H seem to abolish the interaction 

with both the Ski2/3/8 complex and the exosome. The mechanism for the dominant 

negative phenotypes of these mutants is not clear. 

 

4.3.5.2.4 The interaction of Ski7 DNs with Upf1p 

As it was shown by the Katada group that Ski7p can also interact with Upf 

complex in the Nonsense-mediated decay pathway, I also checked the interaction of 

the dominant negative Ski7p with Upf1p as well. 

Yeast strain AJY2047 (ski7Δ) was transformed with different SKI7 dominant 

negative mutants together with a wild-type UPF1 tagged by HA tag. Cell extracts 

were prepared and anti-FLAG IPs were performed followed by SDS PAGE and 

Western blotting using anti-HA antibody. As seen in Figure 4.11, wildtype Ski7p 

associated efficiently Upf1p, while most of the dominant negative mutants lost the 

interaction with Upf1p. The Upf1p interaction did not follow the interaction pattern 

suggested by the Katada group, as I identified mutants that abolish Upf1p interaction 

through the entire N-terminus spanning from aa 33 to aa 128. A diagram that 

summarizes all the mutations I have identified from the dominant negative screen and 

their interaction with the Ski2/3/8 complex, the exosome and Upf1p is shown in 

Figure 4.12. 
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Figure 4.11 The interaction between dominant negative Ski7p and Upf1p 
 
Extracts from strain AJY2047 (ski7Δ) transformed with different combinations of 
SKI7 [pAJ1203, pRS315, pAJ1353(12c), pAJ1354(19d) and other SKI7 dominant 
negative mutant plasmids] and pAJ1223 (GAL-UPF1-HA) were prepared. IgG agrose 
beads were added to the cell extracts to pull-down Rrp43-ProtA and anti-FLAG 
Western blotting was carried out to monitor the co-sedimentation of Ski7p.  
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Figure 4.12 Summary of the interaction of SKI7 dominant negative mutants with 
the Ski2/3/8 complex, the exosome and Upf1p 
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4.4 Discussion 
4.4.1 The model of the function of the Ski2/3/8 complex and Ski7p in 3’ decay  

Athough Ski2/3/8 complex has been suggested to be the adaptor for exosome in 

the 3’ decay, the exact function of the Ski2/3/8 complex has not been elucidated. 

Three models have been proposed for its function in 3’ mRNA decay (see section 

3.4.3 for detail). Using a dominant negative mutant Ski2p, I hereby provide evidence 

to suggest that the Ski2/3/8 complex and Ski7p may likely to act as an adaptor to 

recruit the exosome to the transcript.  

Ski2 (DEVH→AEVA) is dominant negative in an xrn1 deletion strain, because 

it is stably incorporated into complex with Ski3p and Ski8p, while defective in 

enzymatic activity. My observation that interaction between the mutant Ski2p and the 

exosome is dependent on the transcript favors the recruitment hypothesis in which the 

Ski2/3/8 complex acts as an adaptor to recruit the exosome onto a transcript via the 

interaction with Ski7p. In this model, the Ski2/3/8 complex may first bind to the 

transcript via an RNA recognition motif in Ski2p. The Ski2/3/8 complex could then 

unwind secondary structure in the mRNA. Ski7p can then associate with the complex 

via the direct interaction between Ski7p and Ski3p, and Ski7p and Ski8p. After 

unwinding the secondary structure, the exosome is recruited to degrade the transcript. 

The Ski2/3/8 complex and Ski7p can be disassociated and reassembled to assist 

degradation of another transcript. In this scenario, Ski7p would serve simply as a 

bridging factor. 

More direct efforts have been attemped to elucidate the order of the recruitment 

of the Ski2/3/8 complex and the exosome onto the transcripts to provide the direct 

evidence for the recruiting model. Two sets of experiments including an in vivo 

tethering experiment and an RNA IP approach have been carried out. 
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In the tethering approach, Ski proteins or an exosome component were tethered 

to a reporter transcript in different Ski mutants to test if tethering factors involved 

later in the pathway could activate the 3’ decay and bypass the requirement of the 

early factors. For example, if the Ski2/3/8 complex binds to a transcript first, then 

recruiting Ski7p and exosome to activate the 3’ degradation pathway, tethering Ski7p 

to the transcript could activate the 3’ decay in the absence of Ski2p, Ski3p or Ski8p. I 

used a HIS3 gene as a reporter. Ideally, activation of 3’ decay will destroy the HIS3 

transcript so that cells will not be able to grow on SC-His medium. However, even in 

the wildtype background (3’ decay is fully functional), there was no growth 

phenotype observed when the U1A tagged protein and a U1A binding site containing 

HIS3 transcript were co-expressed. The failure of the experiment could be explained 

by several facts: 1) It is possible that the 3’ decay pathway acts slowly so that a large 

amount of HIS3 transcript will still be available for translation even when 3’ decay is 

fully functional. To address this, I also used a LUC (luciferase) reporter to 

quantitatively measure the luciferase activity instead of relying on the growth 

phenotype. However, no significant reduction in luciferase activities was observed 

when the 3’ decay factors were tethered. 2) It is also possible that building a U1A 

binding site into the 3’ UTR of the reporter gene inactivates the 3’ decay pathway due 

to the presence of secondary structure. However, purified Ski2/3/8 complex has been 

demonstrated to possess RNA helicase activity arguing against this (see section 3.3.5). 

3) Alternatively, tagging U1A at the N-terminus of the Ski proteins and exosome 

inactivates the protein. However, Ski8-U1A was functional and tagging Rrp44 at 

N-terminus had no apparent affect on its function (Mitchell, Petfalski et al. 1997; 

Allmang, Petfalski et al. 1999). 

In another approach, I used RNA IP. Tagged Ski proteins were pulled down 
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with their RNA substrates in different Ski mutants. The presence of a specific RNA, 

which has been shown to be subjected to 3’degradation, in a RT-PCR reaction will 

indicate that the tagged Ski protein was able to associate with substrate even without 

the presence of the other Ski proteins. However, due to the technical problem, this 

work was not continued. 

 

4.4.2 Deciphering the function of the GTPase domain of Ski7p 

Ski7p contains an EF1α like GTPase domain at its C-terminus, however, the 

exact function of the GTPase isn’t clear. Ski7p mediates the interaction between the 

two essential complexes involved in 3’ mRNA decay—the Ski2/3/8 complex and the 

exosome. One perceivable function for the GTPase domain of Ski7p is to regulate the 

interaction between the Ski2/3/8 complex and the exosome using GTP hydrolysis 

activity. However, the work from Araki et al suggests that the interactions between 

the Ski2/3/8 complex and the exosome are not affected by the presence of GDP or 

GTP (Araki, Takahashi et al. 2001). This result argues against the hypothesis, that 

GTP binding/hydrolysis regulates these interactions. 

To better understand the role of Ski7p in mRNA decay, a dominant negative 

screen was carried out. The identification of dominant-negative mutations is a 

powerful strategy to define structural requirements for the interaction of a protein 

with another component (Herskowitz 1987). Since the inhibitory phenotype implies 

loss of some but not all of the functions of a given protein, this strategy avoids the 

selection of non-specific null mutants and associates amino acid alterations with a 

specific function of the protein. I have employed this approach to investigate 

structure-function relationship in vivo of a yeast 3’ degradation factor-Ski7p. 

The initial goal of the dominant negative screen was to identify mutations in 
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the consensus GTPase domain in Ski7p. The identification of such mutants would 

provide a useful reagent for understanding the role of the Ski7 GTPase domain in 

mRNA decay and/or in translation termination. Since SKI7 is non-essential, I carried 

out the dominant negative screen in an xrn1 deletion strain, in which SKI7 is essential. 

However, this experimental design may impose a bias for the identification of 

mutants that are defective in 3’ mRNA decay. Since the GTPase domain of Ski7p is 

dispensable for mRNA decay, it is not surprising that most of the mutants I identified 

from the screen affect mRNA decay by altering the interaction with the Ski2/3/8 

complex or the exsome. Recently, the C-terminal GTPase domain of Ski7p has been 

suggested to play a role in nonstop mediated mRNA decay (Frischmeyer, van Hoof et 

al. 2002; van Hoof, Frischmeyer et al. 2002) and deletion of Ski7p confers significant 

slow growth phenotype when overexpressing nonstop PGK1 (see section 4.3.3.1). 

Thus, a revised dominant negative screen in the presence of nonstop transcripts in a 

wildtype background might lead to the identification of mutations in GTPase domain 

without the bias towards the identification of mutations affecting general 3’ mRNA 

decay.  

In addition to the screen for dominant negative SKI7 mutants, I carried out 

other experiments to decipher the function of the GTPase domain of Ski7p, including 

a SKI7 synthetic lethal screen and the GTPase domain swap experiment. The GTPase 

domain of Ski7p has been suggested to play some role in translation termination as it 

has been suggested to be recruited to ribosome A site in NSD to facilitate the 

releasing of the stalled ribosome. Moreover, Ski7p has been demonstrated to interact 

with Upf1p—a factor that not only involves in NMD but also plays role in general 

translation terminantion (Czaplinski, Weng et al. 1995; Czaplinski, Ruiz-Echevarria et 

al. 1998; Wilkinson 2005). However, SKI7 by itself is nonessential; leading to the 
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speculation that there could be similar factor(s) that are functionally redundant with 

Ski7p. Thus, a synthetic lethal screen of SKI7 was carried out hoping to identify 

mutant alleles involved in translation termination or other Ski7p-depedent events. 

Due to its function in general 3’ mRNA degradation, SKI7 has been shown to be 

synthetic lethal with XRN1, thus xrn1 mutants are expected to be identified and would 

validate the screen. I identified both XRN1 and FUR1 from this screen. FUR1 was a 

nonspecific hit, as FUR1 has been demonstrated to be synthetic lethal with URA3 

gene on the vector-bone. Thus, no new genetic interactions were identified from this 

screen. 

Ski7p’s GTPase domain may function in translation termination, in addition, 

Ski7p is necessary for mRNA decay, it is possible that translation termination and 3’ 

mRNA decay are coupled. Ski7p would be the factor to bridge translation termination 

with mRNA decay. In this scenario, when ribosomes are translating to the stop codon 

of a transcript, the release factors eRF1—which structurally mimics tRNA and 

eRF3—a EF-Tu like GTPase will be recruited to release the newly synthesized 

peptide (Kisselev and Frolova 1999; Kisselev and Buckingham 2000; Song, Mugnier 

et al. 2000; Kong, Ito et al. 2004). After release of the peptide, the small and large 

ribosome subunits are dissociated from the transcript and recycled for another round 

of translation. Although the exact mechanism for ribosome recycling in eukaryotes is 

unclear, in prokaryotes, ribosome recycling factors (RRFs) together with elongation 

factor G (EF-G) facilitate the dissociation of ribosome from transcript (Janosi, Hara et 

al. 1996; Janosi, Mottagui-Tabar et al. 1998). It is possible that Ski7p may use its 

GTPase to regulate either peptide releasing or ribosome recycling, at the mean time, it 

can recruit 3’ decay machinery to degrade transcript.  

Thus, a strategy to fuse the N-terminus of Ski7p to TEF1 (encoding for 
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elongation factor 1α in yeast) or to the GTPase domain of SUP35 (encoding for eRF3 

in yeast) was applied to test if recruiting 3’ decay factors to each round of translation 

would be deleterious to the cell. Unfortunately, I did not observe any growth 

phenotype even when the fusion proteins were overexpressed. This could be 

explained by the fact that tagging the N-terminus of Ski7p to TEF1 or Sup35p 

changes the overall structure of TEF1 and Sup35p thus inactivates their normal 

functions in translation. It is also possible that the mere tethering of the N-terminus of 

Ski7p to TEF1 or Sup35p could not activate the 3’ mRNA decay efficiently since 

deadenylation is required before the exosome-mediated 3’ degradation. The 

recruitment of 3’ decay machinery by itself can not initiate degradation. 
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CHAPTER 5 

Summary 

 

I used a combination of the yeast 2-hybrid interaction assay and 

co-immunoprecipitation to map the interactions within the Ski2/3/8 complex and 

between the Ski2/3/8 complex and Ski7p. The interaction model generated based on 

my two hybrid and IP data is summarized in Illustration 2.2. In this model, the 

N-terminus (aa 1-279) of Ski2p is responsible for interaction with the sub C-terminus 

(aa 966-1206) of Ski3p, and the C-terminus of Ski3p (aa 1207-1433) interacts with 

Ski8p. Ski2p and Ski8p do not interact directly, but rather their interaction is bridged 

by Ski3p. Ski7p interacts with both Ski3p and Ski8p and the interaction between 

Ski2p and Ski7p is mediated by Ski3p and Ski8p.  

I also tested these interactions with an ATPase mutant Ski2 protein to determine 

if the biochemical activity of Ski2p is important for complex formation or interaction 

with Ski7p. My work suggests that active Ski2p is not required for complex formation 

or interaction with Ski7p.  

Although these experiments were carried out in cell extracts, it is likely that 

these interactions among Ski2p, Ski3p and Ski8p are direct because 

co-overexpression of these proteins allows for the purification of a complex that 

sediments at approximately 370-380 kDa on glycerol gradients and does not contain 

other proteins at stoichiometric levels (see section 3.3.2).  

I then tested the functional significance of these interactions in vivo. Ski 

mutants deleted of the interaction domains were nonfunctional and the loss of 
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function reflects a defect in 3’-degradation. Thus, Ski2/3/8 complex formation is 

required for efficient 3’ to 5’ degradation of mRNAs.  

My work summarized above gives an insight into the interaction pattern within 

Ski2/3/8 complex and between the Ski2/3/8 complex and Ski7p. This helped to 

understand Ski3p and Ski8p’s essential role in 3’ decay as they are factors recruiting 

Ski7p thus exosome to the enzymatic Ski2p. 

To understand the molecular mechanisms of the 3’-mRNA decay pathway in 

yeast, I then purified the Ski2/3/8 complex from yeast and determined its biochemical 

activities in vitro. Ski2p is a putative ATPase and RNA helicase, however, this had not 

been demonstrated biochemically.  

I showed herein that Ski2/3/8 forms a complex with the stoichiometry of each 

component as 1:1:1. Moreover, Ski2/3/8 is an ATPase and the ATPase activity is 

specific to Ski2p, as mutant Ski2 (DEVH→AEVA)/Ski3/Ski8 complex is defective in 

ATPase activity in vitro. Ski2/3/8 also possesses 3’ to 5’ RNA helicase activity and it 

is stimulated by the presence of a short oligoA. The duplex unwinding activity is 

intrinsic to Ski2p and requires the ATPase activity of Ski2p. The observation that the 

3’ to 5’ RNA helicase activity of Ski2/3/8 complex is stimulated by short oligoA tail 

strongly suggests that Ski2/3/8 complex coordinates unwinding of mRNA with 

exosomal degradation in a 3’ to 5’ direction and the deadenylated RNA substrate is 

the preferred substrate for Ski2/3/8 complex activation and thus 3’ degradation. 

Moreover, I demonstrated that a DEVH to AEVA mutant in Ski2p which is 

nonfunctional in vivo and defective in enzymatic activity in vitro is dominant 

negative. The dominant negative phenotype is caused by trapping the exosome on 

RNA with mutant Ski2/3/8 complex to form an inactivate complex.  

I also carried out a SKI7 dominant negative screen with the aim to investigate 
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the function of the putative GTPase domain in 3’ degradation. Characterization of the 

mutants showed that they all affect the interaction with either Ski2/3/8 complex or 

exosome while no mutants in the GTPase domain were identified. This is somewhat 

disappointing, however, it is not surprising as the GTPase domain of Ski7p is not 

essential for 3’ mRNA degradation. Thus, the dominant negative study provides a 

detailed map into the interaction between Ski7p with Ski2/3/8 complex and with 

exosome. 

A model for the role of the Ski proteins in 3’ mRNA degradation was proposed. 

In the model, Ski2/3/8 complex can first be recruited onto a transcript via the multiple 

RNA binding motifs in Ski2p. The complex would then unwind the secondary 

structure at the 3’ end of a transcript or displace proteins bound to transcripts using its 

ATPase and helicase activities to allow exosome binding via the interaction bridged 

by Ski7p. The transcript can be further degraded by exosome. 
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