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ABSTRACT 

 
In eukaryotes, mRNA decay pathways are important for cellular response to 

various physiological conditions and also function in co-translational quality control 

systems that target translationally aberrant mRNAs for degradation.  My work on 

identification and characterization of novel components and pathways of mRNA 

degradation and quality control in Saccharomyces cerevisiae is summarized below. 

I have identified Edc3p as a novel protein important for mRNA decay.  Deletion 

of Edc3p leads to a defect in mRNA decay in strains deficient in decapping enzymes and, 

in combination with a block to the 3' to 5' decay pathway, causes exaggerated growth 

defects and synthetic lethality.  An Edc3p-GFP fusion protein localizes in processing 

bodies, which are specialized cytoplasmic foci containing decapping proteins.  Together, 

these observations indicate that Edc3p directly interacts with the decapping complex to 

stimulate the mRNA decapping rate.   

Quality control during mRNA translation is critical for regulation of gene 

expression.  My work shows that yeast mRNAs with defects in translation elongation, 

due to strong translational pauses, are recognized and targeted for degradation via an 

endonucleolytic cleavage in a novel process referred to as No-Go Decay (NGD).  The 

cellular mRNA decay machinery degrades the 5’ and 3’ cleavage products produced by 

NGD.  NGD is translation-dependent, occurs in a range of mRNAs and can be induced 

by a variety of elongation pauses.  These results indicate NGD may occur at some rate in 

response to any stalled ribosome.   
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I also show that two highly conserved proteins, Dom34p and Hbs1p, homologous 

to the eukaryotic release factors eRF1 and eRF3 respectively, are required for NGD.  

Further characterization of the No-Go decay pathway indicates that Dom34p function 

during NGD is conserved across species.  Identification of RPS30, a small ribosomal 

protein as a trans-acting factor during NGD suggests that the ribosome may have a novel 

role during NGD.  Other experiments indicate that the No-Go decay pathway may cross 

talk with the unfolded protein response pathway.  The identification of No-Go decay as a 

novel quality control pathway during translation elongation supports the existence of a 

global cellular mechanism for maintenance of translational quality control.   
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CHAPTER 1: INTRODUCTION 

 

Explanation of the problem and its context 

In eukaryotes, the central feature of regulation of gene expression is the transfer 

of genetic information from DNA in the nucleus to messenger RNA (mRNA), which is 

translated to protein in the cytoplasm.  Several studies over the years have indicated that 

eukaryotic mRNA metabolism is much more complex than previously thought.  mRNA 

biogenesis is a multistep process involving transcription, maturation through complex 

processing reactions and finally exported to the cytoplasm for translation.  This complex 

process involves dynamic exchange of proteins that associate with the mRNA during 

each step to determine whether the mRNA is translated or degraded (Dreyfuss et al., 

2002).   

Given the complexity of each step, a critical issue in eukaryotic cells is the 

accuracy of mRNA biogenesis.  Aberrant mRNAs can arise either due to defective 

mRNA processing or defective translational capacity (reviewed in Fasken and Corbett, 

2005).  For example, the underlying cause of 30% of human disease genes is defective 

mRNA metabolism or function (Baker and Parker, 2004). Therefore, a fundamental 

aspect of eukaryotic mRNA biogenesis and function are quality control systems that 

recognize and degrade non-functional mRNAs to effectively prevent production and 

expression of deleterious proteins.  In eukaryotic cells, Nonsense Mediated Decay and 

Non Stop Decay, two conserved but distinct mRNA surveillance systems have evolved to 

regulate gene expression based on the presence or context of translational termination.  
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However, no such surveillance system has been identified for quality control of defects 

during the translation elongation process in eukaryotic organisms.   

Here, I describe the identification and characterization of a novel surveillance 

pathway that functions during the translation elongation step in S. cerevisiae (Doma and 

Parker, 2006).  The major findings of my work are summarized as follows: First, I show 

that transcripts with stalls during mRNA elongation are targeted for degradation by No-

Go decay, a novel quality control pathway. No-Go decay is initiated by an 

endonucleolytic cleavage of the aberrant mRNA followed by degradation of the cleavage 

fragments by the cytoplasmic exonucleases. Secondly, No-Go decay is translation-

dependent, occurs in a range of mRNAs and detects a various types of translational stalls. 

Third and importantly, I have identified trans-acting factors that regulate No-Go decay 

that include, Dom34 and Hbs1p sharing homology with eukaryotic release factors.  

Further I also show that a small ribosomal protein is involved in NGD indicating an 

important role for the ribosome during this process (Doma and Parker, in preparation). 
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A review of literature 

Pathways of mRNA degradation in eukaryotes

In eukaryotic cells, regulated messenger RNA (mRNA) turnover plays a highly 

important role in cellular mRNA biogenesis and physiology.  First, modulation of mRNA 

decay rates in response to specific physiological environments regulates cellular gene 

expression and maintains basal mRNA levels.  Secondly, mRNA degradation pathways 

help in antiviral responses of the cell either by use of the regular decay machinery or 

other systems like RNA interference.  Finally, mRNA decay pathways are play a central 

role in specialized mRNA quality control systems that recognize and degrade non-

functional mRNAs.  

There are two major pathways by which polyadenylated mRNA can be degraded 

in eukaryotic cells and several important proteins involved in different steps of these 

decay pathways have been characterized (Coller and Parker, 2004).  Both of these 

pathways initiate with deadenylation of the 3'-polyadenosine [poly (A)] tail (Muhlrad and 

Parker 1992; Decker and Parker 1993).  The deadenylation step in the decay pathway 

requires Ccr4p and Pop2p, which are components of the major cytoplasmic deadenylases 

in S. cerevisiae and humans (Chen et al., 2002; Tucker et al., 2000; Yamashita et al., 

2005).  The deadenylation of transcripts is followed by the removal of the 5’ 7meGTP cap 

by the Dcp1p/Dcp2p complex (Beelman et al., 1996; Dunckley and Parker, 1999) and 

subsequently, exonucleolytic digestion of the transcript occurs in the 5’-3’ direction by 

Xrn1p, the major yeast 5’-3’ exonuclease (Coller and Parker, 2004; Parker and Song, 

2004).  Alternatively, after deadenylation, mRNAs can be degraded by exosome-
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mediated 3’-5’decay along with regulatory exosome-associated ski proteins to catalyze 

3’-5’ degradation of mRNA (Anderson and Parker, 1998).  In this case, the resulting 

oligonucleotide cap structure is hydrolyzed by DCPs, the scavenger decapping enzyme 

(Coller and Parker, 2004; Parker and Song, 2004).  Furthermore, mRNAs can also be 

degraded by endonuclease cleavage either by sequence specific endonucleases or in 

response to miRNAs or siRNA binding (Parker and Song, 2004).  The eukaryotic mRNA 

decay pathways are summarized in Figure 1.1. 
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Figure 1.1.  Pathways of mRNA degradation.  

The cartoon summarizes the major mRNA degradation pathways observed in eukaryotic 

cells. 
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Eukaryotic mRNA Quality Control Pathways

An integral feature of eukaryotic mRNA biogenesis and translation are quality 

control systems that target non-functional mRNAs for degradation and/or prevent their 

transport into the cytoplasm.  The quality control is exercised both by specialized systems 

that recognize aberrant mRNAs and the inherent mechanisms that couple distinct steps in 

mRNA biogenesis and function.  The immediate function of such quality control systems 

is to effectively prevent production and expression of deleterious proteins.  From a 

broader/evolutionary perspective, the ability to degrade errors in mRNA biogenesis 

allows for flexible RNA processing machinery, which may facilitate the regulation of 

alternative RNA processing and the evolution of new mRNA forms.   

 The process of mRNA biogenesis and function in eukaryotic cells involves a 

succession of complex steps including transcription, capping, splicing, polyadenylation, 

transport, translation and ultimately cytoplasmic degradation.  During these multi-step 

processes, the mRNA associates in a dynamic manner with a variety of mRNA binding 

proteins that dictate the formation of various mRNA-protein complexes (Dreyfuss et al., 

2002).  In general, each process involves the mRNP associating with distinct protein 

machines, which both catalyze the individual step in mRNA biogenesis and function, and 

can promote transitions in the proteins associated with the mRNA.  The coupling of these 

reactions yields an orderly process of mRNA biogenesis and function.  

Given the complexity of the multi-step process of mRNA biogenesis, an 

important issue in eukaryotic cells is the accuracy of mRNA biogenesis.  Like other 

biological processes, the cell has evolved mechanisms to ensure the fidelity of mRNA 
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production.  These quality control mechanisms recognize and prevent the function of 

aberrant transcripts, which can be surprisingly abundant.  For example, it is estimated that 

only 50% of the transcripts initiated on the dystrophin gene are completed and reach the 

cytoplasm (Jackson et al., 2000).   

Aberrant mRNAs can be produced by a variety of events.  For example, aberrant 

mRNAs can be caused by mutations in the gene, such as premature translation 

termination codons, which ultimately trigger rapid mRNA degradation (Hilleren and 

Parker, 1999; Wilusz et al., 2001).  Aberrant mRNAs can also be produced due to the 

inherent error rate of nuclear pre-mRNA processing of otherwise normal genes (Matlin et 

al., 2005).  In this latter case, for a given transcription unit, the consequence is a mixed 

population of normal and aberrant mRNAs.  Nonfunctional mRNAs that are targeted for 

degradation can also be a consequence of regulation of pre-mRNA processing (Baker and 

Parker, 2004; Hilleren and Parker, 1999b).  

 Given the high degree of processing that occurs to transmit information from 

DNA to protein, it is not surprising that cells have evolved complex quality control 

systems (as illustrated in Figure 1.2).  Two general aspects of eukaryotic transcripts are 

assessed during quality control.  One type of quality control is based on the transitions in 

mRNP structure that occur during biogenesis.  Here mRNP rearrangements are 

orchestrated such that transcripts that have completed nuclear pre-mRNA processing (e.g. 

splicing and polyadenylation) are more efficiently exported to the cytoplasm.  Failure to 

complete these events can lead to nuclear retention and/or degradation of the mRNA.  

Here mRNA quality control may be an inherent property of the coupling of steps in 
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mRNA biogenesis, wherein the transitions in the mRNP catalyzed by proper completion 

of an upstream event enhances the rate of subsequent events, thereby limiting the 

transcript's availability to competing mRNA degradation mechanisms.  A second class of 

quality control ensures that the transcript encodes a complete protein, and mRNAs that do 

not meet this criterion are rapidly degraded.  In these cases, specific adaptor proteins 

function to recognize and target aberrant mRNAs for degradation by general nucleases.  

 

Quality Control by Assessment of the mRNP product of RNA processing

Nuclear pre-mRNA processing involves sequential processes that include 

transcription, capping, splicing, 3’ end cleavage, polyadenylation and eventually mRNA 

release and nuclear export (Zorio and Bentley, 2004).  Accumulating evidence suggests 

that there is tight coupling and communication between these sequential processing steps 

to dictate the fate of the mRNA.  For example, trans-acting processing factors like Sub2 

and Yra1 directly interact with the POL II transcription machinery (Vinciguerra et al., 

2005), splicing factors (Zenklusen et al., 2002) and even export factors like TAP/Mex67 

(Vinciguerra et al., 2004), together forming a conserved TREX  (Transcription/export) 

complex (Abruzzi et al., 2004; Strasser et al., 2002).  This evidence suggests that 

communication between processing steps can start co-transcriptionally during mRNA 

biogenesis to stimulate processing and feedback mechanisms allow continued 

maintenance of regulation of each of the processing steps. 

Apart from the co-transcriptional influence on mRNA export, the accuracy of the 

complex nuclear processing like splicing of pre-mRNA also functions to affect mRNA 
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export.  For example, transcripts with mutations in splice sites accumulate within the 

nucleus and are not exported efficiently to the cytoplasm (LeGrain and Rosbash, 1989; 

Chang and Sharp, 1989).  However, mutated introns that fail to interact with the 

spliceosome no longer impede export, at least in yeast (LeGrain and Rosbash, 1989) 

suggesting that interaction with the spliceosome can retain the mRNA.  Therefore, one 

role for successful completion of pre-mRNA processing would be to remove inhibitors of 

export from the transcript.  At the same time, nuclear pre-mRNA processing can also 

exert a positive effect on transport to the cytoplasm by delivering export factors to the 

mRNA.  For example, the exon-junction complex deposited at the exon-exon junctions 

also includes the export factors Alyp (Yra1 in yeast) that interacts with Mex67 (Zhou et 

al., 2000). Similar to splicing, evidence that connects polyadenylation to export is 

increasing (Dunn et al., 2005).  For example, polyadenylation, or the generation of 

nonpolyadenylated 3’ end of the metazoan histone mRNAs, enhances the rate of mRNA 

export from a variety of eukaryotic nuclei (Zhao et al., 1999).  Thus, accurate nuclear 

processing events per se enhance mRNA release and export, presumably by altering the 

mRNP composition. 

The above evidence shows that one aspect of quality control is ensuring that only 

mRNAs that have completed nuclear pre-mRNA processing are functional.  Transcripts 

that undergo proper nuclear processing are successfully exported as large 

ribonucleoprotein complexes (mRNPs) from the nucleus for translation in the cytoplasm. 

Each processing step helps the transcript to achieve this final step of successful export 

from the nucleus. Transcripts that fail to pass successfully through this processing are 
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further subjected to quality control either by retention of the transcript in the nucleus 

followed by their degradation.  Additionally, recent studies point to the existence of 

another quality control at the exit point for the processed transcripts i.e the nuclear pore 

(Fasken and Corbett, 2005; Sommer and Nehrbass, 2005).   

 

Retention and Nuclear Degradation 

An important clue as to how and where the mRNP composition is assessed for 

quality control came from studies that showed that unprocessed mRNAs sometimes 

accumulate at, or near the gene.  For example, in eukaryotic cells, mRNAs defective in 

splicing or polyadenylation accumulate within discrete foci that are localized at, or near, 

the gene (Custodio et al., 1999).  Several lines of evidence argue that maturation of the 3’ 

end by cleavage/polyadenylation is important for mRNA export and release of transcripts 

from the transcription site.  Transcripts that fail to undergo the cleavage-polyadenylation 

reaction are retained in some mammalian cell nuclei even if the transcript has an 

artificially encoded poly (A) tail produced by ribozyme cleavage (Huang and Carmicheal, 

1996).  However, there are exceptions; in yeast (Dower et al., 2004) ribozyme cleavage 

downstream of a poly (A) tract rescued some mRNA export mutants.  Further, spliced but 

not unspliced β-globin mRNAs with 3’ ends formed by a ribozyme were exported to the 

cytoplasm (Bird et al., 2005) suggesting that splicing is prevented near the 3’ end until 

the transcript is released from the site of transcription by poly (A) site cleavage.  

Moreover, the length of the poly (A) tail itself may be important since mRNAs produced 

in yeast with either too short or too long poly (A) tails are retained near the site of 
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transcription (Hilleren and Parker, 2001; Heick-Jensen et al., 2001).  This suggests that 

release of transcripts from the site of transcription may be an important site of quality 

control. 

The retention of improperly processed mRNAs in the nucleus not only prevents 

their ability to be efficiently translated, but ultimately targets these mRNAs for nuclear 

degradation.   Experimental evidence for both 5' to 3' and 3' to 5' exonucleolytic pathways 

of nuclear degradation has come from the analysis of yeast strains defective in the nuclear 

5' to 3' exonuclease Rat1p, or the exosome (Bousquet-Antonelli et al., 2000).  The 

exosome is a complex of 3' to 5' exonucleases that functions both in the cytoplasm to 

degrade mRNA 3' to 5' following deadenylation, and in several nuclear RNA processing 

and degradative events (Butler, 2002).  Strains defective in either Rat1p or nuclear 

exosome function accumulate higher levels of pre-mRNAs, particularly when splicing is 

inhibited.  This suggests that this nuclease may function to degrade pre-mRNAs that 

cannot complete nuclear processing.  Since exosome defects have larger effects, it 

suggests the major pathway of nuclear degradation is 3' to 5'.  Thus, the exosome is 

implicated in elimination of defective pre-mRNAs (Bousquest-Antonelli et al., 2000; 

Hilleren et al., 2001; Torchet et al., 2002; Zenklusen et al., 2002; Milligan et al., 2005; 

Wyers et al., 2005). 

Rrp6p, which is required for retention of mRNAs with aberrant polyA tails, is 

itself a 3’ to 5’ exonuclease (Burkard and Butler, 2000), and associates with the nuclear 

exosome in a stable manner (Allmang et al., 1999).  Moreover, defects in the exosome 

itself also lead to release of mRNAs with aberrant 3' ends (Hilleren and Parker, 2001).  



23

 

Because Rrp6p also affects the degradation of unspliced pre-mRNAs (Bousquet-

Antonelli et al., 2000), these observations suggest that Rrp6p functions both in the 

retention of aberrant mRNAs near the site of transcription, and then through its 

interactions with the exosome, targets those mRNAs for nuclear degradation.  In this role, 

Rrp6p can be thought of as functioning as an adaptor molecule, required both for the 

retention of an aberrant mRNP, and for the recruitment of the exosome to degrade that 

aberrant transcript.  Together with the nuclear exosome, Rrp6p ensures quality control of 

pre-mRNA in the nucleus.  Quality control by Rrp6p and the nuclear exosome also 

targets aberrancies during the biogenesis and maturation of other types of RNA 

including, pre-tRNAs, small nuclear RNA (snRNA) pre-ribosomal RNA (rRNA) and 

small nucleolar RNA (snoRNA) (Kadaba et al. 2004; Vanacova et al 2005; Zanchin and 

Goldfarb, 1999; Lacava et al 2005, Fang et al 2004; Dez et al., 2006; Davis and Ares, 

2006).   

In yeast strains lacking Rrp6p, mRNAs with either too long or too short poly (A) 

tails are released from the gene and can be transported to the cytoplasm (Hilleren and 

Parker, 2001).  Rrp6p is a nuclear protein and interacts genetically and physically with 

the polyA polymerase, Pap1p, as well as with the nucleo-cytoplasmic mRNA binding 

protein Npl3p, which is involved in export of mRNAs in yeast (Lee et al., 1996; Burkard 

and Butler, 2000).  This suggests that Rrp6p interacts with the polyadenylation complex 

during 3' end formation and may be removed only after the completion of a proper 3' end.   
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Recently several studies have documented a link between polyadenylation and the 

exosome.  Foe example, the human β-globin pre-mRNA undergoes co-transcriptional 

cleavage of the 3’ ends during nuclear processing and some of these 3’ ends are 

polyadenylated (West et al., 2006).  Although, it is not yet understood how the β-globin 

pre-mRNA is polyadenylated, it may be similar to the polyadenylation of other nuclear 

RNAs seen in the presence of defects in Rrp6p and the nuclear exosome (Wyers et al., 

2005; Fang et al., 2004; Kadaba et al., 2004; Allmang et al., 1999; van Hoof et al., 2000a; 

Kuai et al., 2004).  These defective RNAs are polyadenylated by the novel Trf/Air/Mtr4 

polyadenylation complex (TRAMP4 and TRAMP5 complexes) that functions to 

stimulate the activity of the nuclear exosome that degrades these RNAs (Haracska et al., 

2005; LaCava et al., 2005; Vanacova et al., 2005; Wyers et al., 2005; Houseley and 

Tollervey, 2006).  Based on the evidence above, it has been proposed that the stimulation 

of the exosome comes from the oligoadenylation by Trf4/5p, which provides a platform 

to interact with Rrp6p, which in turn recruits the nuclear exosome for degradation 

(Egecioglu et al., 2006).   

The effects of nuclear pre-mRNA processing and a competing nuclear 

retention/degradation system illustrate three features that create a simple quality control 

circuit.  First, the presence of a nuclear decay pathway provides a mechanism to discard 

mRNAs that cannot complete processing.  Second, because properly processed transcripts 

have an advantage in export, the competing decay pathway could, in principle, be quite 

slow.  This reduces the cost in terms of degrading properly completed mRNAs, and 

potentially allows time for processing to be completed.  Consistent with such an 
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arrangement, in some cases the decay rate of aberrant nuclear transcripts is relatively 

slow, although the data is limited (Hilleren and Parker, 2001; Kumar and Carmichael, 

1997).  Third, because this type of circuit only assesses function, any mRNA defect that 

prevents processing would be subject to quality control.  

 

Quality control during nuclear export 

Recent studies have also identified another quality control point regulated by 

MLP1 and MLP2, proteins present on the nuclear pore (Green et al., 2003; Galy et al., 

2004).  Mutant MLP proteins do not affect splicing but cause defects in nuclear pre-

mRNA retention leading to leakage of intron-containing pre-mRNA into the cytoplasm 

(Galy et al., 2004). When overexpressed, these proteins caused accumulation of mRNA 

in the nucleus and colocalized with intron-containing reporter mRNA suggesting that 

they played a direct role in nuclear retention.  Whether the MLPs target these aberrant 

mRNAs to degradation in the nucleus is not yet clear. However, interactions between 

MLP1 and RRP6 (Dimaano and Ullman, 2004) and localization of certain exosome 

components to the nuclear periphery (Andrulis et al., 2006) may suggest that the aberrant 

mRNAs are degraded by the nuclear exosome.  Furthermore, loss of MLP1/2 also 

restored growth to strains mutated for Yra1p and Nab2p suggesting that at the nuclear 

periphery, these proteins may scan mRNPs for the presence of either Yra1p or Nab2p 

(Sommer and Nehrbass, 2005) and monitor the mRNPs to see if they are fit for export.  

However, how this quality control at the nuclear periphery might work and how this 

might relate to new data suggesting a transcriptional link is not understood. 
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There is evidence to suggest that MLPs may also bring down the levels of these 

aberrant transcripts by transcriptional repression (Vinciguerra et al., 2005).  Levels of 

intronless mRNAs produced in a strain defective for the mRNP assembly factor, Yra1p, 

increase with Mlp1/2p deletion.  The level of Mlp2-mediated decrease of a nucleus- 

retained mRNA correlated with the degree of transcriptional inhibition of the 

corresponding gene suggesting the existence of a negative feedback loop in response to 

an mRNP assembly defect.  This kind of regulation may be important for slowing down 

transcription in yeast mutants where mRNP maturation is crippled and to partially restore 

mRNA quality.  Together, the above results suggest a role for the MLPs in mRNA 

quality control at the nuclear periphery in conditions of defective mRNA processing by 

downregulation of levels of aberrant mRNPs either by degrading them or by 

transcriptional repression; however, the mechanism remains unclear.   

 

Retention of other aberrant mRNAs 

Several other types of aberrant transcripts also undergo nuclear retention. For 

example, lesions in two genes that cause myotonic muscular dystrophy lead to altered 

mRNAs that accumulate in discrete intranuclear foci.  This accumulation is triggered by 

extended repeats of either CUG (n) or CCUG (n) sequences (Davis et al., 1997).  The 

nuclear retention of these transcripts induces the pathology of disease both by affecting 

the expression of the DMK gene, and by the accumulation of specific mRNP binding 

proteins in these complexes, which then leads to alterations in processing of other 

mRNAs (Philips et al., 1998).    
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Some aberrant mRNAs are retained in the nucleus for various cellular functions.  

For example, transcripts that undergo extensive nuclear editing of adenosines to inosines 

are retained in the nucleus (Maquat and Carmichael, 2001; Prasanth et al., 2005; DeCerbo 

and Carmichael, 2005).  This type of editing is part of the broader cellular response to 

dsRNA (Maquat and Carmichael, 2001; DeCerbo and Carmichael, 2005).  In addition, 

because the translation machinery decodes inosines as guanosines, cells utilize A->I 

editing to alter the coding potential of some mRNAs.  Interestingly, in such mRNAs, the 

editing is targeted to specific regions of dsRNA and the mRNAs receive only a few 

inosines.  However, when extended dsRNA is produced in the nucleus, such transcripts 

are extensively edited and stably retained within the nucleus (Maquat and Carmichael, 

2001; DeCerbo and Carmichael, 2005).  Here, nuclear retention appears to be due to 

these mRNAs being bound by a protein complex consisting of p54nrb, PSF, and matrin 3, 

with p54nrb showing some specificity for binding RNAs containing inosines (Zhang and 

Carmichael, 2001; DeCerbo and Carmichael, 2005). 

The nuclear matrix appears to be a retention site for some aberrant mRNAs. For 

example, the retention of aberrant mRNAs in DM1 occurs in association with the nuclear 

matrix (Davis et al., 1997).  In addition, two components of the inosine binding complex, 

matrin 3, and PSF, which is matrin 4, are components of the nuclear matrix (Zhang and 

Carmichael, 2001).  Because matrin 3 and PSF contain motifs characteristic of RNA 

binding, other types of mRNAs may be bound and retained by this complex.  In addition, 

retention in association with the nuclear matrix, which can be distinct from retention near 
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the gene (Davis, 1997), might provide an additional delay system to allow mRNAs to 

finish processing before transport to the cytoplasm (Zhang and Carmichael, 2001).   

Kinetic race: basis for surveillance? 

There is a lot of evidence that suggests that, most if not all, nuclear quality control 

and possibly cytoplasmic quality control of mRNAs is based on kinetic competition 

between opposing processes. The communication between the coupled processing steps 

during pre-mRNA processing may help not only to target and eliminate aberrant 

molecules but also to set the basal line for optimal gene expression. Rapid processing and 

coupled export allows normal nascent mRNAs to escape destruction by the exosome.  

However, it is possible that normal mRNAs that may spend extended time in the nucleus 

are subject to degradation in the nucleus.  For example, in the DRN (degradation of 

mRNA in the nucleus) system in yeast, normal transcripts that are retained in the nucleus 

too long are degraded by the nuclear exosome and require Rrp6 and Cbc1p, a nuclear 

cap-binding protein (Das et al., 2003; Kuai et al., 2005). One possibility is that all 

transcripts are potential substrates for the exosome and those that are correctly processed 

have a complement of associated proteins that protects them from exosome-mediated 

degradation.  For these transcripts, the proteins associated with them will determine the 

choice between continued processing and exosome-mediated degradation.  This suggests 

that the mRNA at any stage in its biogenesis and function faces different fates that are 

dictated by the complement of proteins associated with them at any point in time and the 

kinetic rates of these fates may be the basis for mRNA surveillance pathways  



29

 

Figure 1.2.  Multiple sites of mRNA quality control in an eukaryotic cell. 
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Quality Control by Assessment of the translational capacity of the mRNA

The translational status of the mRNA is monitored by three distinct cytoplasmic 

quality control systems (as illustrated in Figure 1.3).  In the first system, referred to as 

nonsense-mediated decay (NMD), mRNAs with premature translation termination 

codons are recognized and degraded (Maquat, 2004).  In a second system, referred to as 

nonstop decay (NSD), mRNAs lacking translation termination codons are rapidly 

degraded (van Hoof, 2002).  More recently, a quality control mechanism for aberrant 

translation elongation has been identified (Doma and Parker, 2006), where yeast mRNAs 

with defects in translation elongation, due to strong translational pauses, are recognized 

and targeted for degradation by an endonucleolytic cleavage in a process referred to as 

No-Go Decay (NGD).  These co-translational quality control systems exist, at least in 

part, to degrade aberrant mRNAs that, if translated, would produce truncated proteins.  

This process is important since truncated proteins can have dominant negative 

phenotypes (Baker and Parker, 2004).  Consistent with a significant biological role, these 

quality control systems degrade mRNAs rapidly using cytoplasmic mRNA degradation 

machinery (Baker and Parker, 2004; Doma and Parker, 2006).  Indeed, in the case of 

NMD it appears decay may initiate during the first round of translation (Maquat, 2004).   

 

Nonsense Mediated Decay 

Nonsense mediated decay degrades a variety of substrates including mRNAs with 

nonsense codons arising either from mutations, transcriptional or RNA processing errors 

or errors during alternative splicing (Mitrovich and Anderson, 2000) or transcripts 
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undergoing premature translation termination either due to leaky scanning during 

translation initiation or due to stop codon read through (Muhlrad and Parker, 1994).  

NMD also targets unspliced or unproductively spliced pre-mRNAs (which often contain 

stop codons within the intronic sequences; LeJeune and Maquat, 2005), or mRNAs with 

aberrantly extended 3' UTRs (Muhlrad and Parker, 1999) and in some cases, upstream 

open reading frames containing mRNAs of natural targets (Gaba et al., 2005).   

A central issue is how the cell distinguishes normal from premature translation 

termination codons.  The critical determinant is the environment of the translation 

termination complex relative to 3’ features of the mRNP.  In mammalian cells, a 

transcript is targeted for NMD if the translation termination codon is >50 nucleotides 5’ 

of the last exon-exon junction (Maquat, 2004).  This effectively identifies most premature 

stop codons since the last intron is normally either upstream or within 50 bases of the 

actual termination codon.  Yeast mRNAs are targeted for NMD if there is a consensus 

sequence element 3' of the stop codon referred to as a downstream element or DSE (3). 

An alternate model proposed for yeast NMD is the Faux UTR model (Amrani et al., 

2004), which suggests that inefficient termination might promote NMD by allowing the 

ribosome to associate with NMD and other decay factors that normally do not interact in 

the event of a normal termination. 

Studies in flies show that mechanisms of recognition of nonsense mRNA has 

features similar to both yeast and mammalian NMD (Conti and Izaurralde, 2005). First, 

NMD targets mRNAs from intronless genes and components of EJC are not required for 

their recognition in flies.  The recognition of PTC mRNAs is dependent on homologs of 
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UPF 1, 2 and 3 and SMG-1 in flies.   In contrast to yeast where no homologs of SMG 5-7 

have been found, flies have SMG5 and SMG6 and both proteins are required for 

recognition of the PTC mRNA as aberrant.  It is not understood yet as to how flies 

classify a PTC mRNA as aberrant in absence of the EJC or absence of an apparent DSE 

similar to yeast.  It may be possible that the termination is perceived as aberrant if the 

termination complex and associated UPF proteins are not able to interact with proteins 

present on the 3’UTR due to either slow termination or inefficient termination leading to 

decay of the nonsense mRNA (Corbett and Fasken, 2005). 

After recognition of nonsense mRNAs for NMD, the Upf1, Upf2, and Upf3 

proteins function to target the "nonsense" mRNA to the normal mRNA decay machinery 

that rapidly degrades it either by endonucleolytic cleavage at the PTC (Gatfield and 

Izzauralde, 2004) or exonucleolytic decay from either the 5' to 3' (Cao and Parker, 2003), 

or 3’-5’ direction (Mitchell and Tollervey, 2003) in a deadenylation-independent manner 

in various organisms (LeJeune et al., 2003; Cao and Parker, 2003; Chen and Shyu, 2003).  

Although, the NMD substrates that undergo decapping and 5’-3’ exonucleolytic decay 

are independent of deadenylation, rapid deadenylation is required (Cao and Parker, 

2003).  The mechanistic basis for the rapid deadenylation is not entirely clear but it is 

speculated that it could be due to direct interactions between the UPFs, the eRFs and the 

polyA-binding protein, in combination with the mRNP changes following premature 

termination.   

The analysis of the Upf proteins in mammalian cells illustrates how the changes 

in protein composition during pre-mRNA processing, can affect the downstream fate of 
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mRNA.  A key observation is that the exon junction complex deposited by splicing 

includes Upf3p, which is a nuclear protein likely to shuttle to the cytoplasm (Maquat, 

2004).  In mammalian cells, Upf2p and Upf1p are predominantly perinuclear and 

cytoplasmic, respectively (Lykke-Andersen, 2001). Thus, Upf3p deposited during 

splicing could subsequently recruit Upf2p and Upf1p to the mRNA, perhaps during 

mRNA export.  Ultimately, if the Upf1/2/3 complex is bound to the mRNA 3' of a 

terminating ribosome, the mRNA would be targeted for decay.  When the exon-exon 

junction complex is upstream of the stop codon it is hypothesized that translating 

ribosomes will dislodge the bound Upf3p and prevent the mRNA from being recognized 

as aberrant.  An unresolved issue is how interaction of the terminating ribosome with the 

Upf proteins triggers mRNA decapping.   

More regulators have been identified that modulate the functions of the core set of 

UPF proteins during NMD.  For example, new players that regulate phosphorylation and 

dephosphorylation of UPF1 have been identified in humans, worms and flies (Conti and 

Izaurralde, 2005).  Phosphorylation of UPF1 by SMG-1 occurs both in worms and 

humans and the dephosphorylation of UPF1 is thought to be indirectly regulated by 

SMG-5, SMG-6 and SMG7 proteins by recruiting the actual phosphatases (reviewed in 

Fasken and Corbett, 2005).  The UPFs are thought to act as the bridging factors to bring 

together the translation termination factors and the EJC, triggering the decay of the 

nonsense transcript.  More recently, Kashima et al (2006) have shown that in mammals 

binding of the novel smg-upf1-erf1-erf3 SURF complex to the EJC triggers UPF1 

phosphorylation and NMD of the RNA.   
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Several studies suggest that the NMD pathway is modulated for regulation of 

specific transcripts in response to different physiological requirements in the cell.  New 

evidence suggests that some NMD substrates may escape detection by getting localized 

to the nucleus (de Jesus et al., 2006).  NMD appears to be triggered by increased 

ribosomal occupancy of the uORF termination codon as seen for CPA1 mRNA.  The c. 

elegans gna-2 mRNA is another example of a transcript in which NMD is regulated by 

the efficiency of uORF translation (Lee and Schedl, 2004).  Further GLD-1 binding to 

gna-2 reduces the NMD susceptibility indicating the existence of a regulated pathway for 

modulation of NMD according to cellular needs.   

A related and poorly understood set of observations is that nonsense codons in 

mammalian transcripts can affect several nuclear events (Wilkinson and Shyu, 2001; 

Maquat, 2001).   For example, the reduction in mRNA levels that occurs in response to a 

nonsense codon is generally seen in mRNA that biochemically co-purifies with nuclei 

(Maquat, 1995).  Second, there are numerous examples wherein nonsense codons in 

exons lead to alternative splicing patterns, or the accumulation of unspliced pre-mRNA.  

Moreover, when examined by in situ hybridization, the pre-mRNA appears to be 

accumulating near the site of transcription (Corbett and Fasken, 2005).  In some cases, 

the mutation creating the nonsense codon clearly affects splicing directly by disrupting 

splicing enhancer sequences (Liu et al., 2001).  However, in other cases, the nonsense 

codon must be in the proper translation reading frame to affect splicing, suggesting that 

the nonsense codon is interpreted during translation, or a translation-like process 

(Muhlemann et al., 2001).    
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The manner in which nonsense codons per se can affect nuclear events is 

unresolved.  One possibility is suggested by observations in favor of some translation 

occurring within the nucleus (Iborra et al., 2001).  Although controversial due to 

conflicting reports (Kuperwasser et al., 2004; Dahlberg and Lund, 2004), this could mean 

that a nuclear translation process assesses the mRNA, and when the mRNA is judged 

aberrant, triggers both mRNA degradation, and local changes in mRNA metabolism 

thereby affecting splicing.  Alternatively, recognition of the nonsense codon after export 

from the nucleus could trigger a feedback event that leads to alterations of that mRNAs 

processing and degradation in the nucleus.  However, the manner in which such a 

feedback mechanism could work with the required specificity is currently unclear.   
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Figure 1.3. Co-translational quality control pathways in eukaryotes 
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Nonstop Decay 

Transcripts that lack translation termination codons are also recognized and 

rapidly degraded in yeast and mammals (Frischmeyer et al., 2002).  Formation of nonstop 

mRNAs during normal mRNA processing steps is relatively common (van Hoof et al., 

2002) and can arise due to improper pre-mRNA splicing, improper 3’ end processing or 

erroneous addition of polyadenylation sites within coding regions  (van Hoof et al., 

2002;Vasudevan et al., 2002).  Nonstop decay targets nonstop mRNAs, releases the 

stalled ribosomes and leads to rapid degradation and translation repression, thus 

protecting the cell from potentially adverse effects of aberrant proteins (van Hoof et al., 

2002).  In addition, nonstop decay allows for rapid 3' to 5' degradation of translating 

mRNAs, where otherwise the ribosome would block the nuclease.  In the absence of a 

functional 3’-5’ decay pathway, the 5’-3’ decay pathway rapidly degrades the nonstop 

mRNA (Inada and Aiba, 2005).   

During translation of a nonstop mRNA, ribosomes translate through the 3’ UTR 

and the poly A tail displacing any bound proteins and disrupting the mRNP structure so 

that ribosomes stall at the 3’ end of the transcript.  For example, removal of Pab1p from 

the polyA tail on the nonstop mRNA helps degradation by making it deadenylation-

independent (Inada and Aiba, 2005).  In the process of nonstop decay, it appears that a 

ribosome reaching the 3' terminus of the mRNA utilizes the Ski7 protein as an adaptor 

protein to recruit the cytoplasmic exosome to degrade the nonstop mRNA in a 3' to 5' 

direction (van Hoof et al., 2002).  
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Ski7p is a cytoplasmic protein with an amino-terminal domain that interacts with 

the exosome and other proteins required for 3' to 5' mRNA degradation (Araki et al., 

2001).  In addition, the carboxy-terminal domain of the Ski7 protein is closely related to 

the GTPases EF1A and eRF3 (van Hoof et al., 2002).  EF1A and eRF3 are translation 

factors that interact with the A site of the ribosome when it contains a sense or nonsense 

codon, respectively.  This suggests that the GTPase domain of Ski7p functions to 

discriminate nonstop from normal mRNAs by binding to the empty A site of ribosomes 

that have reached the 3' end of the mRNA (Figure 4).  This provides a physical link 

between the exosome and an mRNA with a ribosome stalled at the 3' end, although the 

mechanism by which the Ski7/exosome complex dislodges the stalled ribosome to 

degrade the mRNA is unresolved.  

No-Go Decay 

Some clues have emerged as to how a ribosome that is stalled on an mRNA 

during elongation can be rescued in yeast.  Recently, a novel surveillance system 

(referred to as No-Go decay) that acts during the translation elongation process in 

eukaryotic organisms has been identified (Doma and Parker, 2006).  Biologically, No-Go 

decay would be important for releasing stalled ribosomes and degrading aberrant or 

damaged mRNA to avoid production of truncated proteins that may be deleterious to the 

cell.  In addition, No-Go decay would rescue ribosomes and relieve the translation 

apparatus of stalled ribosomes.   
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During No-Go decay, mRNAs with strong translational stalls are recognized and 

targeted for endonucleolytic cleavage.  Translational elongation can be interrupted when 

ribosomes reach a translation pause site in eukaryotes and prokaryotes (Farabaugh, 2000; 

Wolin and Walter, 1988).  Ribosomal pausing can be induced in a variety of ways, 

including mRNA structure (Somogyi, et al., 1993), low tRNA abundance and rare codons 

(Varenne et al., 1984), the translation product itself (Kim et al., 1991), mRNA binding 

proteins (Hentze and Kuhn, 1996), and signal recognition particle binding (Lipp et al., 

1987). Thus regulated stalling mediated by cis elements on the mRNA could potentially 

influence protein stability, mRNA stability and consequently gene expression. 

No-Go decay targets yeast mRNAs with pause sequences that can cause stalling 

of ribosomes either due to structures like stem loops and pseudoknots, or rare codons and 

premature stop codons.   The endonucleolytic cleavage occurs in the vicinity of the stall 

site and is dependent on the ribosome reaching this stall site.  Further, the 

endonucleolytic cleavage is deadenylation-independent, and after the cleavage, the 

exosome proteins regulate the decay of the 5’ product of the endonucleolytic cleavage 

while the 3’ product is degraded by Xrn1p in a 5’-3’ manner (Doma and Parker, 2006).   

Consistent with the fact that NGD involves surveillance of stalled ribosomes, 

Hbs1 and Dom34, two conserved and interacting proteins with similarity to translation 

termination factors were identified as regulators of No-Go decay in yeast.  Loss of either 

Dom34p or Hbs1p caused defects in endonucleolytic cleavage during NGD.  Hbs1p is a 

member of the family of GTPases consisting of eEF1 which delivers the transfer RNA to 

the A site of the ribosome (Inagaki et al., 2003), eRF3, which functions in translation 
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termination and Ski7p, which has been proposed to interact with an empty A site when 

the ribosome reaches the 3’ end of the mRNA during nonstop decay (Maquat, 2002).  

Dom34p binds Hbs1p (Davis and Engebrecht, 1998) and is related to eRF1, which has a 

three-dimensional structure similar to a tRNA and functions with eRF3 during translation 

termination (Kong et al., 2001).  A model outlined for NGD functioning proposes that 

Dom34p recognizes stalled ribosomes and regulates NGD, possibly in conjunction with 

Hbs1p, leading to endonucleolytic cleavage of the mRNA.  Dom34p and Hbs1p may play 

an important role in regulating dissociation of ribosomes from mRNAs.  The 

identification of the Dom34 and Hbs1 proteins as mediators of No-Go decay also 

highlights an important paradigm of molecular mimicry in biology.  The sequence 

homology between the GTPase family of proteins and their interacting partner proteins is 

mirrored in their in vivo role to regulate A site occupancy on the ribosome (as illustrated 

in Figure 1.4) and thus dictate the fate of the mRNA. 

NGD provides a mechanism to release stalled, or non-functional, ribosomes and 

degrade damaged mRNA.  In addition, by limiting the time a ribosome can be stalled, 

NGD could potentially reduce mis-reading of codons when the appropriate charged 

tRNA is limiting. Moreover, it is possible that the cleavage function of Hbs1p/Dom34p 

only occurs in severe pauses and this system might also function to release stalled 

ribosomes without endonucleolytic cleavage in a stop codon independent manner, 

thereby relieving stalled ribosomes and allowing continued function of the mRNA.  The 

results presented by Cao and Geballe, (1998) argue that ribosomal release can occur 

without peptidyl tRNA hydrolysis suggesting that a eukaryotic cellular mechanism exists 
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for removing stalled ribosomes from mRNAs in the absence of peptidyl tRNA 

hydrolysis.  Whether No-Go-decay triggers similar release of ribosomes from mRNAs 

remains to be determined.   

Another interesting possibility is that NGD has been adapted for the regulation of 

specific mRNAs and previous examples of regulated ribosome dependent cleavage of 

mRNAs in eukaryotes may be inhibition of translation elongation, which then activates 

NGD (Chiba et al., 1999; Gatfield and Izaurralde, 2004).  The molecular mechanisms 

regulating the above instances of mRNA cleavage are not clear; however, a common 

theme is that they are triggered when the ribosome encounters specific pause sites on the 

target mRNA sequence.  Consistent with this model, in A. thaliana, the CGS1 transcript 

undergoes cleavage, in response to ribosomal stalling by a peptide domain (Onouchi et 

al., 2005).  

 In bacterial systems, a process called trans-translation rescues the ribosomes 

stalled at the 3’ end of mRNAs (Withey and Friedman, 2003), at the stop codon (Hayes 

and Sauer, 2002; Hayes and Sauer, 2003) or at internal sites within coding regions 

(Sunohara et al., 2004b) further indicating that mRNA surveillance based on translation 

elongation rates is broadly conserved.  Although the trans-translation system has been 

found in almost all bacterial species, and in some mitochondrial and chloroplast genomes 

(Zwieb et al., 2003), no homologous eukaryotic system has been identified.  It is possible 

that No-Go decay functionally substitutes for the bacterial trans-translation process.  

 It is also interesting that in all the above cases of ribosomal stalling and related 

endonucleolytic cleavage in eukaryotes and prokaryotes, the responsible endonuclease 
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has not been identified.  It can be speculated that the ribosome itself may perform the role 

of an endonuclease.  Consistent with this, overexpression of RPS30A, a small ribosomal 

protein, in a strain defective in NGD leads to partial rescue of the cleavage phenotype 

(Doma and Parker, unpublished).  Alternatively, a ribosome-interacting protein like 

Dom34p, which is required for the initial cleavage event in No-Go decay, may recruit a 

thus far unknown endonuclease to the site of the stalled ribosome with or without the 

involvement of specific ribosomal proteins.   

Several important questions such as the molecular nature of the endonucleolytic 

cleavage, the identity of the endonuclease and the role of the ribosome in this pathway 

remain unanswered.  Although, we do not yet understand the basic mechanism 

underlying NGD, future studies will definitely provide some answers. 
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Figure 1.4: Model A-site occupancy during elongation (A), termination (B), Nonstop 

Decay (C) and No-Go Decay (D). 
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Recognition and response to dsRNA 

 Another type of aberrant RNA that eukaryotic cells recognize and respond to in a 

variety of manners is dsRNA (Meister and Tuschl, 2004).  dsRNA potentially represents 

a problem both when produced by any inappropriate antisense transcription of genes, and 

as a molecular signature of viruses and parasitic elements such as transposons.  

Mammalian cells have a variety of responses to dsRNA including activation of RNaseL 

endonuclease, activation of a specific protein kinase, PKR, and a response to extracellular 

dsRNA which activates transcription of antiviral genes such as type I interferons 

(Alexopoulou et al., 2001). 

Many eukaryotic cells also respond to dsRNA by a process referred to as RNA 

interference (RNAi), or post-transcriptional gene silencing (PTGS) (Matzke et al., 2001).  

In this process, RNA sequences corresponding to the dsRNA are targeted for degradation.  

Here, the dsRNA is first cleaved into small oligonucleotides.  These are incorporated into 

a nucleolytic complex, referred to as the RNA-induced silencing complex (RISC), which 

catalyzes the subsequent degradation of sense and antisense RNAs on the basis of the 

sequence of the oligonucleotide.  The response to dsRNA can be amplified, presumably 

through the action of a dsRNA-dependent RNA polymerase, which could generate 

dsRNA from targeted sense or antisense transcripts.  In plants and some fungi, dsRNA 

can also target modification of the corresponding DNA sequence, thereby silencing the 

gene by repressing transcription.  Normally, the RNAi response functions in antiviral 

defense, repressing transposon function, and in regulating some cellular genes.  More 
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practically, the utilization of RNAi for targeted inhibition of gene function has 

revolutionized experimental approaches in many eukaryotic systems.  

Two observations provide intriguing links between RNAi and the other cellular 

responses to aberrant mRNAs.  First, genes that do not obviously express dsRNAs, but 

might be expected to produce poorly defined aberrant mRNAs can induce a response 

(Wu-Scharf, 2000).  Based on this, it has been suggested that some types of aberrant 

mRNAs might recruit the RNA dependent RNA polymerase that would convert the 

aberrant RNA into a dsRNA, thereby activating the RNAi response.  This potentially 

raises the question of how cells prevent the low level flux of aberrant mRNAs from 

normal genes, possibly including dsRNAs, from activating an RNAi response, which 

could then be amplified and be catastrophic for the cell.  One possible explanation is that 

the nuclear dsRNA editing reaction sets a higher threshold for an RNAi response by 

effectively editing any low levels of dsRNA that might be produced.  A second surprising 

observation is that some smg mutations in C. elegans, which inactivate the NMD 

response, lead to worms that can establish an RNAi response, but fail to maintain the 

response (Domeier, 2000).  Although poorly understood, this suggests that the RNAi and 

NMD responses may either communicate in some manner, or share overlapping 

machinery.  

 

Other quality controls? 

 As our knowledge of mRNA biogenesis grows we are likely to uncover additional 

types of mRNA quality control.  For example, the overall pathway of mRNA biogenesis 
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creates the possibility of global quality control, where defects in one stage of mRNA 

biogenesis lead to feedback inhibition of upstream events.  This feedback would be a 

consequence of the failure to recycle mRNA binding proteins that function in an early 

event, but are only released and recycled at a later stage.  Examples of such feedback may 

include the hyperadenylation of yeast transcripts in response to defects in a nucleoporin 

(Hilleren and Parker, 2001; Heick-Jensen et al., 2001), and alterations in transcription in 

strains defective in cytoplasmic mRNA turnover (Tucker et al., 2001).  Possible 

advantages of such global quality control would be to allow cells to effectively respond to 

transient inhibition of individual events, and to allow inherent regulation of the overall 

flux of mRNA biogenesis, function, and decay.  

 

The extent of quality control and the evolutionary impact 

The existence of extensive quality control systems for mRNA biogenesis suggests 

that numerous steps in RNA biogenesis have relatively low fidelity and a substantial 

population of transcripts are either retained in the nucleus and/or degraded by these 

quality control mechanisms.  A simple example of this phenomenon is the 

polyadenylation reaction in yeast.  In yeast, approximately 1% of the ESTs correspond to 

mRNAs aberrantly polyadenylated within the coding region.  Since these "Nonstop" 

mRNAs are degraded at least tenfold faster than the normal mRNA pool, this implies that 

up to 10% of the polyadenylation reactions occur inappropriately within coding regions 

of genes (van Hoof et al., 2002).  In addition, strains defective in NMD, accumulate 

mRNAs from a number of genes where the transcript has been aberrantly polyadenylated 
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at sites distal to the normal poly (A) site (Jungwirth et al., 2001).  These observations 

indicate that polyadenylation occurs at a variety of both premature and distal sites, but 

these mRNAs are then rapidly degraded by either nonstop or NMD mechanisms.  This 

example, and the diversity of quality control mechanisms in eukaryotic cells, suggest that 

nuclear mRNA processing may in fact create a structurally diverse pool of transcripts, out 

of which those that pass the "function" based quality control filters would be selected 

while others are degraded.  This may be particularly true in organisms such as mammals 

with complex and highly regulated splicing and polyadenylation patterns.  Consistent 

with this view, the nuclear hnRNP pool is more complex than the cytoplasmic pool, even 

after the contribution of introns is figured in (Jackson et al., 2000).  Given this possibility, 

it will be of great interest to examine the full spectrum of transcripts produced when 

quality control systems are inhibited in complex eukaryotes.  

This somewhat "Darwinian" view of mRNA biogenesis suggests that quality 

control mechanisms might impact on the evolutionary process as an evolutionary 

capacitor.  An evolutionary capacitor is a system that silences the phenotypic 

consequences of mutations, thereby allowing a population to build up greater genetic than 

phenotypic diversity, which can then be revealed at a later time.  Such a role has been 

described for HSP90 in protecting cells from the phenotypic consequences of mutations 

that are revealed as a result of altered protein stability (Rutherford and Lindquist, 1998).  

In this case, mRNA quality control similarly allows for the accumulation of mutations, or 

alternate RNA processing patterns, by silencing their phenotypic consequences.  

However, under conditions where mRNA quality control is compromised or additional 
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mutations occur, the organism could reveal the phenotypic consequences of the 

accumulated mutations, or of new mRNA structures. As such, mRNA quality control 

systems may not only have important roles to play in the day-to-day operation of the cell 

but may have long-term contributions to evolutionary change.   

 Furthermore, recent evidence also shows that mRNA quality control systems may 

interact with other known evolutionary capacitors like the PSI+ system (True and 

Lindquist, 2000).  For example, the phenotypic effects of [PSI+] may be attributed to 

[PSI+]-mediated read-through of either nonsense codons (True et al., 2004) or  "normal" 

stop codons (Wilson et al., 2005), thereby producing extended proteins and the quality 

control pathways may limit this [PSI+]-induced phenotypic variation. Such a process 

would allow greater chances for evolution of the 3' UTR, which can diverge rapidly, for 

novel and beneficial protein extensions.  Thus the mRNA quality control network may 

contribute to evolutionary “robustness” either by themselves or by modulating the 

activity of other evolutionary capacitors like HSP90 and the [PSI+] prion. 

Furthermore, it would be interesting to understand the role of the truncated 

protein products of the aberrant mRNAs and their impact on the evolution of the 

organism. Although the fate of the protein products of the aberrant mRNAs targeted by 

the quality control network remains a mystery, protein products of aberrant mRNAs are 

produced at low levels (van Hoof et al., 2002).  Further, factors involved in mRNA 

quality control show interactions with proteasome interacting factors (Ohba, 1994).  

Some evidence from bacterial studies shows that proteosome-like gene products degrade 
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bacterial nonstop mRNAs; whether the protein products of aberrant mRNAs in 

eukaryotes are tagged by the proteosome for degradation is not yet known.   
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An Explanation of the Dissertation Format 

 

In accordance with the Manual of theses and Dissertations of The University of 

Arizona Graduate College and policies of the Graduate program of the Department of 
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summarize the conclusions of each of the three manuscripts. 
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CHAPTER II: PRESENT STUDY 

 

The methods, results and conclusion of the present study are present in the papers 

appended to this dissertation.  The following is the summary of the most important 

findings of each of the manuscripts. 

 

Identification of Edc3p as an Enhancer of mRNA Decapping in Saccharomyces 

cerevisiae (Appendix A) 

 
The major pathway of mRNA decay in yeast initiates with deadenylation, 

followed by mRNA decapping and 5'–3' exonuclease digestion.  An in silico approach 

was used to identify new proteins involved in the mRNA decay pathway.  One such 

protein, Edc3p, was identified as a conserved protein of unknown function having 

extensive two-hybrid interactions with several proteins involved in mRNA decapping and 

5'–3' degradation, including Dcp1p, Dcp2p, Dhh1p, Lsm1p, and the 5'–3' exonuclease, 

Xrn1p.  We show that Edc3p can stimulate mRNA decapping of both unstable and stable 

mRNAs in yeast when the decapping enzyme is compromised by temperature-sensitive 

alleles of either the DCP1 or the DCP2 genes.  In these cases, deletion of EDC3 caused a 

synergistic mRNA-decapping defect at the permissive temperatures.  The edc3∆ had no 

effect when combined with the lsm1∆, dhh1∆, or pat1∆ mutations, which appear to affect 

an early step in the decapping pathway.  This suggests that Edc3p specifically affects the 

function of the decapping enzyme per se. Consistent with a functional role in decapping, 

GFP-tagged Edc3p localizes to cytoplasmic foci involved in mRNA decapping, referred 
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to as P-bodies.  These results identify Edc3p as a new protein involved in the decapping 

reaction. 



56

 

Endonucleolytic cleavage of eukaryotic mRNAs with stalls in translation elongation 

(Appendix B) 

 

A fundamental aspect of the biogenesis and function of eukaryotic messenger 

RNA is the quality control systems that recognize and degrade non-functional mRNAs. 

Eukaryotic mRNAs where translation termination occurs too soon (nonsense-mediated 

decay) or fails to occur (non-stop decay) are rapidly degraded.  We show that yeast 

mRNAs with stalls in translation elongation are recognized and targeted for 

endonucleolytic cleavage, referred to as 'no-go decay'.  The cleavage triggered by no-go 

decay is dependent on translation and involves Dom34p and Hbs1p.  Dom34p and Hbs1p 

are similar to the translation termination factors eRF1 and eRF3, indicating that these 

proteins might function in recognizing the stalled ribosome and triggering 

endonucleolytic cleavage.  No-go decay provides a mechanism for clearing the cell of 

stalled translation elongation complexes, which could occur as a result of damaged 

mRNAs or ribosomes, or as a mechanism of post-transcriptional control. 
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Characterization of the No-Go decay pathway and its physiological role in 

alleviating the unfolded protein load in Saccharomyces cerevisiae (Appendix C) 

 
Messenger mRNA with stalls in translation elongation are targeted for 

endonucleolytic cleavage by No-Go decay, a co-translational mRNA quality control 

system in eukaryotes.  The cleavage triggered by No-Go decay is dependent on Dom34p 

and Hbs1p, proteins similar to the translation termination factors eRF1 and eRF3 

respectively.  Here, we present evidence suggesting the conservation of Dom34’s 

function during NGD across species.  Next, we identify RPS30A, a small ribosomal 

subunit protein, as a novel factor important for endonucleolytic cleavage during NGD 

indicating that the ribosome plays an important role in NGD.  Lastly, we show that at low 

temperatures, Dom34p is important in induction of an unfolded protein response in 

strains defective in Xrn1p, suggesting that the NGD and the unfolded protein response 

pathways communicate and together regulate the levels of unfolded proteins in 

Saccharomyces cerevisiae.
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APPENDIX A 
IDENTIFICATION OF EDC3P AS AN ENHANCER OF mRNA 

DECAPPING IN SACCHAROMYCES CEREVISIAE 
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APPENDIX B 
ENDONUCLEOLYTIC CLEAVAGE OF EUKARYOTIC mRNAs WITH STALLS 

IN TRANSLATION ELONGATION 
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Supplementary Information Discussion  

No-Go decay triggers endonucleolytic cleavage in the vicinity of the stall site 

To determine the site(s) of endonuclease cleavage, we mapped the ends of the 5' 

and 3' fragments in the ski7∆ and xrn1∆ strains by polyacrylamide Northern analysis for 

both the MFA2-SL and PGK1-SL mRNAs (Supplementary Fig. 3).  By mapping the 3' 

ends of the 5' fragments in the ski7∆ strain, we observed specific accumulation of 

fragments (~235 nt) for the MFA2-SL mRNA, which positions the 3’ ends near to the 5’ 

side of the stem-loop (Supplementary Fig. 3a).  Another fragment (~245 nt) indicated by 

a star symbol, accumulated in both wild type and ski7∆ strain.  For the PGK1-SL mRNA, 

we used RNaseH-mediated cleavage to reduce the size sufficiently to measure the ends.  

Here, the 3’ end of the 5’ fragment accumulating in the ski7∆ strain was heterogeneous 

(Supplementary Fig. 3c) with fragments that ranged between, 145-155 nt, 175-200 nt and 

210-240 nt, with the latter class representing 3’ ends that map just 5’ of the stem-loop.  

These results argue that the endonucleolytic cleavage occurs 5’ of the stem-loop.  

However, the heterogeneous sizes suggest that either the cleavage occurs at multiple sites 

near the ribosomal stall site or that there is trimming by unknown 3’-5’ exonucleases 

from the original cleavage site(s).  

Mapping the 5’ end of the 3’ fragment from the MFA2-SL mRNA in the xrn1∆
strain, showed two 3’ fragments of ~342 nt and ~ 335 nt, which map the 5’ ends of the 3’ 

fragment to the vicinity of the stem-loop (Supplementary Fig. 3b).  Similarly, for the 
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PGK1-SL mRNA we predominantly observed the accumulation of a fragment of ~600 nt 

in size in both the wild type and the xrn1∆ strain (Supplementary Fig. 3d).  Note that the 

doublet of ~ 470 nt accumulated specifically in the xrn1∆, but not in the wild type strain 

and fails to hybridize to probes further 3’ in the mRNA, suggesting it is trimmed at the 3’ 

end, and does not represent a primary cleavage product.  Taken together, the mapping of 

the 5’ and 3’ fragments for both the MFA2-SL and PGK1-SL transcripts suggests that the 

cleavage occurs in the vicinity of the stem-loop.   

Transcriptional induction of MFA2 and MFA2-SL reporters in ski7∆∆∆∆ strain 

To demonstrate a product-precursor relationship between the full-length mRNA 

and the decay intermediates, we performed transcriptional induction experiments of 

MFA2 mRNA with or without the stem-loop inserted into the coding region.  In these 

experiments, transcription of the reporter mRNA was induced and the appearance of the 

full-length mRNA and decay products was followed over time. As shown in 

Supplementary Fig. 4, we observed that the decay intermediates first start appearing 3-4 

minutes after induction of MFA2-SL and appearance of the full-length transcripts.  This 

is consistent with these products being produced from the full length mRNA. 

No-Go decay does not require deadenylation of the stalled mRNA 

 To determine the role of deadenylation in No-Go decay, transcription of the 

MFA2-SL mRNA in xrn1∆ cells was induced and the RNA was subsequently analyzed 
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on polyacrylamide gels.  The logic of this experiment is that if the 3’ cleavage product is 

produced with a poly (A) tail then endonuclease cleavage had to have occurred before 

deadenylation.  Polyacrylamide analysis of the RNA shows that the 3’ fragment of the 

MFA2-SL mRNA produced by NGD is first produced with a poly (A) tail.  This is most 

evident by comparing the 8-minute time point with and without RNaseH treatment with 

oligo (dT), which will remove the poly (A) tail.  Without oligo (dT)/RNaseH-mediated 

cleavage, the mRNA fragment is a heterogeneous population (lane 3).  Following 

removal of the poly (A) tail, a discrete band is observed (lane 2), which indicates that the 

heterogeneity was due to variation in poly (A) tail lengths.  Thus, deadenylation is not 

required for NGD to occur.  Over time, the mRNA fragment population accumulates as a 

predominantly deadenylated pool because deadenylation is faster than subsequent decay 

of the deadenylated mRNA fragment.  

 To examine the role of deadenylation by a second method, we tested the 

requirement of Ccr4p, the major cytoplasmic mRNA deadenylase, for endonucleolytic 

cleavage of the PGK1-SL mRNA. As shown in Supplementary Fig. 5, a ccr4∆

ski7∆ strain accumulates as much of the 5’ product of NGD cleavage of the PGK1-SL 

mRNA as a ski7∆ strain.  This demonstrates Ccr4p is not required for NGD and supports 

the conclusion that deadenylation is not required for NGD.   
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Supplementary Methods 

Yeast Strains 

All yeast strains used in this study were in the genetic background of yRP1674 (Mat a 

his3∆1 leu2∆ met15∆ ura3∆). Each strain and its genotype differs from yRP1674 as 

follows: yRP1358 (his4, lys2∆ trp1∆ dcp2::TRP1), yRP2054 (xrn1::KanMX4); yRP2071 

(ski2::KanMX4); yRP2072 (ski3::KanMX4); yRP2053 (ski7::KanMX4); yRP2073 

(ski8::KanMX4); yRP2055 (hbs1::KanMX4); yRP2056 (dom34::KanMX4); yRP2057 

(Met+ lys2∆ hbs1::KanMX4 ski7::KanMX4); yRP2059 (Met+ lys2∆ hbs1::KanMX4 

xrn1::KanMX4); yRP2058 (dom34::KanMX4 ski7::KanMX4); yRP2060 (Met+ lys2∆
dom34::KanMX4 xrn1::KanMX4); yRP2074 (lys2∆ hbs1::KanMX4 ski2::KanMX4); 

yRP2075 (lys2∆ upf1::KanMX4 ski7::KanMX4); yRP2076 (lys2∆ upf1::KanMX4 

xrn1::KanMX4); yRP2077 (upf1::KanMX4). Double mutants were generated by 

standard genetic crosses and verified by PCR. 

Construction of Reporter mRNAs  

A fragment containing the SL was released from pRP1251 after digestion with Xba1 and 

introduced into the Xba1 site in wild type MFA2 (pRP1254) to give MFA2-SL 

(pRP1255).  The Xba1 site in pRP1254 was generated by site-directed mutagenesis of 

pRP485 (Decker and Parker, Genes and Dev., 2005).  All MFA2 constructs are under the 

control of the Gal1 upstream activation sequence (UAS).  Plasmids were introduced into 

yeast by standard lithium acetate transformation. 
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RNA Analysis 

All RNA analyses including yeast total RNA extractions, RNaseH treatment and 

Northern analysis were performed as described previously. For half-life measurements in 

Supplementary Fig. 1, cells were grown to mid-log phase in synthetic complete media-

uracil (SC-Ura) containing 2% galactose.  Cells were harvested and resuspended in SC-

Ura media containing 4% glucose.  Aliquots were taken over a brief time course and 

frozen.  Steady state cultures were grown in SC-Ura containing 2% galactose until O.D = 

0.35-0.40. All experiments were done at 30°C unless mentioned otherwise.  Total RNA 

(20 µg) was analysed by electrophoresis through 1.25% formaldehyde agarose gel.  For 

the transcriptional induction experiments in Supplementary Fig. 4 and 5, cells were 

grown to mid-log phase in synthetic complete media-uracil (SC-Ura) containing 2% 

raffinose.  Cells were harvested and resuspended in SC-Ura media containing 4% 

galactose.  Aliquots were taken over a brief time course and frozen.   

Total RNA (20 µg) was analysed by electrophoresis on either 1.25% formaldehyde 

agarose or 6% polyacrylamide.  All Northern analyses were performed using radio 

labelled oligo probes directed against the PGK1 and MFA2 reporters as indicated in 

Supplementary Fig. 3.  Oligo oRP141 was used for detection of full-length PGK1 mRNA 

in the shutoff experiment in Supplementary Fig. 1.  mRNA half-lives were determined by 

quantitation of blots using a Molecular Dynamics (Sunnyvale, CA) Phosphorimager.  

Loading corrections for quantitations were determined by hybridization with oRP100, an 

oligo directed to SCR1 RNA, a stable RNA polymerase III transcript.   
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Supplementary Figure 1 PGK1 mRNA with ribosomal stall site is destabilized 

independent of the major mRNA decay pathways in yeast.  Decay of the full-

length PGK1 and PGK1-SL reporter transcripts following transcriptional 

repression in wild type and mutants in 5’-3’ decay (dcp2∆) and 3’-5’ decay (ski7∆)

or NMD (upf1∆) is analysed on agarose gels.  The indicated half-lives were 

calculated after correction for loading using SCR1 RNA.   

Supplementary Figure 2 5’ and 3’ fragments accumulate specifically in ski7∆
and xrn1∆ strains. Northern analysis of steady state PGK1 and PGK1-SL 

reporter mRNA in wild type strains and strains mutant either in 3’-5’ exosome 

activity (a) that include ski2∆, ski3∆, ski7∆ and ski8∆, or a mutant in 5’-3’ 

exonucleolytic activity, xrn1∆ (b). Northern analysis was done using probes 

specific for mRNA regions 3’ (a) or 5’ (b) of the stall site as illustrated.   

Supplementary Figure 3 No-Go decay triggers endonucleolytic cleavage in the 

vicinity of the stall site.  Steady state MFA2 and MFA2-SL reporter mRNA from 

wild type and ski7∆ (a) and xrn1∆ (b) strains were analysed on a polyacrylamide 

Northern blot with 5’ and 3’ specific probes (oRP1299 and oRP140, respectively).  

(c) Steady state transcripts of PGK1-SL from wild type strains or ski7∆ were 

treated with RNaseH in the presence of an oligo (oRP1300) that hybridises 

upstream of the stall site and analysed by polyacrylamide Northern using probe, 

oRP1301 (d) Steady state transcripts of PGK1 and PGK1-SL reporter from wild 

type and xrn1∆ strain were analysed by polyacrylamide Northern using either 
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probe oRP70 or oRP141.  The position of the 5’ and 3’ fragments is indicated at 

the right of each panel as measured by radiolabelled marker (M).  The regions of 

hybridisation for the probes are denoted at the bottom of the panel along with a 

depiction of the position of the mapped ends.  The arrows indicate the 

approximate positions of the 3’ end of 5’ fragments (filled arrowheads) or the 5’ 

end of 3’ fragments (open arrowheads). 

Supplementary Figure 4 Transcriptional-induction of MFA2 (a) and MFA2-SL 

(b) reporters in ski7∆ strain.  MFA2 or MFA2-SL reporter mRNA in ski7∆ strain, 

following transcriptional induction, was analysed on a polyacrylamide Northern 

blot using 5’ specific probes.  The position of the 5’ fragments is indicated at the 

left of the panels as measured by radiolabelled marker (M). The appearance of 

the 5’ fragment (grey circles and line) and full length mRNA (black circles and 

line) after transcriptional induction of MFA2-SL is quantified and represented in 

the form of a graph in (c). The data was plotted using linear regression in the 

third order.   

Supplementary Figure 5 No-Go decay is independent of deadenylation. MFA2-

SL (a) reporter in xrn1∆ strain were analysed on a polyacrylamide Northern blot 

using 3’ specific probes.  The position of the 3’ fragments is indicated as 

measured by radiolabelled marker (M).  (b) Steady state transcripts of PGK1-SL 

from wild type strains, ski7∆ or ccr4∆ski7∆ using a probe (oRP1299) specific for 

mRNA regions 5’ of the stall as illustrated in Supplementary Figure 3.  
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APPENDIX C 
 

CHARACTERIZATION OF NO-GO DECAY PATHWAY AND ITS 

PHYSIOLOGICAL ROLE IN ALLEVIATING THE UNFOLDED PROTEIN 

LOAD IN SACCHAROMYCES CEREVISIAE 
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ABSTRACT 
 

Messenger mRNA with stalls in translation elongation are targeted for 

endonucleolytic cleavage by No-Go decay, a co-translational mRNA quality control 

system in eukaryotes.  The cleavage triggered by No-Go decay is dependent on Dom34p 

and Hbs1p, proteins similar to the translation termination factors eRF1 and eRF3 

respectively.  Here, we present evidence suggesting the conservation of Dom34p’s 

function during No-Go decay across species.  Next, we identify RPS30A, a small 

ribosomal subunit protein, as a novel factor important for endonucleolytic cleavage 

during No-Go decay indicating that the ribosome plays an important role in No-Go 

decay.   Lastly, we show that at low temperatures, Dom34p is important for the induction 

of the unfolded protein response in strains defective in Xrn1p, suggesting that the No-Go 

decay and the unfolded protein response pathways communicate and together regulate the 

levels of unfolded proteins in Saccharomyces cerevisiae.
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INTRODUCTION 
In eukaryotic cells, the conserved mRNA surveillance machinery recognizes, 

targets and degrades aberrant mRNAs to eliminate translational errors that occur during 

protein synthesis (Baker and Parker, 2004).  The importance of mRNA surveillance is 

exemplified by the expression of truncated polypeptides that result in gain-of-function or 

dominant-negative mutant proteins having deleterious effects (Culbertson et al., 1999).  

Two such quality control systems have evolved to impose quality control of gene 

expression based on the presence and context of translational termination.  First, 

Nonsense Mediated Decay (NMD) rapidly degrades mRNAs with premature termination 

codons (PTC) by deadenylation-independent decapping and 5’-3’ exonucleolytic decay 

(Maquat, 2004).  Second, Nonstop Decay (NSD) targets truncated mRNAs that lack 

termination codons (non stop mRNA) to rapid 3’-5’ degradation by the exosome (van 

Hoof et al., 2002).  More recently a third co-translational quality control pathway, No-Go 

decay, has been identified as a novel system that acts during the translation elongation 

step in protein synthesis (Doma and Parker, 2006). 

No-Go decay targets and degrades mRNAs with stalls in translation elongation 

(Doma and Parker, 2006).  Decay of NGD substrate mRNAs is initiated by 

endonucleolytic cleavage in the vicinity of the stall site that occurs independently of the 

major cytoplasmic decay pathways.  The products of the endonucleolytic cleavage are 

then degraded by the major exonucleases in the cell.  NGD targets mRNAs with 

translational stalls due to strong structures and also pause sequences that can cause 

stalling due to rare codons and premature stop codons under conditions where translation 
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rates are slow.  The above observations suggest that NGD might be a conserved quality 

control pathway that provides a mechanism to release stalled or non-functional ribosomes 

in a stop codon-independent manner thus rescuing the ribosomes and allowing continued 

translation (Tollervey, 2006; Clement and Lykke-Andersen, 2006).   

Consistent with the fact that NGD involves surveillance of stalled ribosomes, 

Hbs1 and Dom34, two conserved proteins with similarity to translation termination 

factors (Inagaki et al., 2003) have been identified as regulators of NGD in S. cerevisiae 

(Doma and Parker, 2006).  Loss of either Dom34p or Hbs1p caused defects in 

endonucleolytic cleavage during NGD (Doma and Parker, 2006).  Hbs1p is a member of 

the family of GTPases consisting of eEF1 which delivers the transfer RNA to the A site 

of the ribosome (Inge-Vechtomov at al., 2003), eRF3, which functions in translation 

termination (Nelson et al., 1992) and Ski7p, which has been proposed to interact with an 

empty A site when the ribosome reaches the 3’ end of the mRNA during nonstop decay 

(Maquat, 2002).   Dom34p binds to Hbs1p (Carr-Schmid et al., 2002) and is related to 

eRF1, which has a three-dimensional structure similar to a tRNA and functions with 

eRF3 during translation termination (Kong et al., 2004).   

Dom34p is a conserved protein and homologs have been found in diverse 

organisms ranging from archaebacteria to eukaryotes (Davis and Engebrecht, 1998). For 

example, DOM34 shares 55% similarity to Pelota, the Drosophila homolog.  Dom34p 

leads to delay of growth and failure of sporulation in yeast and Pelota causes defects of 

spermatogenesis and oogenesis in Drosophila (Eberhart and Wasserman, 1995).  More 

recently, it has been shown that Pelota controls self-renewal of germline stem cells by 
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repressing a Bam-independent differentiation pathway in Drosophila (Xi et al., 2005).  

The biological importance of Dom34p and its homologs is exemplified by evidence, 

which shows that disruption of the pelota gene causes early embryonic lethality and 

defects in cell cycle progression in mice (Adham et al., 2003).  The above evidence 

suggests that Dom34p and its homologs are important for eukaryotic developmental 

pathways.  The high level of conservation of Dom34p and its homologs raises the 

possibility that these homologs perform similar roles in higher organisms and NGD may 

be a conserved pathway in all eukaryotes.   

Analysis of the protein sequence of Dom34p and its homologs has identified 

specific conserved domains (Davis and Engebrecht, 1998).  The N-terminus of the 

Dom34p has a nuclear localization sequence suggesting that Dom34p function may 

involve nucleus-cytoplasmic shuttling.  The C-terminus of Dom34p not only contains 

conserved sequences similar to eRF1 but also a potential leucine zipper sequence.  The 

presence of the leucine zipper suggests that the C-terminus of Dom34p interacts with 

other proteins.  Apart from Hbs1p, some potential Dom34p-interacting proteins have 

been identified in several in vivo and in vitro studies.  One of the proteins identified is a 

small ribosomal protein, RPS30A, which when overexpressed rescues growth defects in 

strains deficient in Dom34p (Davis and Engebrecht, 1998).  Although the exact 

mechanism is not understood, this rescue in growth has been previously attributed to 

RPS30 proteins role in translation. 

The above evidence raises several interesting issues in NGD that need elucidation.  

For example, the high level of conservation of Dom34p and the presence of homologs in 
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majority of the species raises the question whether these homologs perform similar 

function in other species.  The next interesting question is regarding the role of the 

ribosomal protein and whether the ribosome itself plays a role during NGD.  Although 

several NGD-like cleavage events have been documented in other species, the biological 

role of NGD in eukaryotic cells is not yet clear.  The mechanism by which NGD 

functions to decrease production of aberrant proteins is not yet understood.  

Here, we address some of the above issues and provide mechanistic insights into 

the functioning of NGD in S. cerevisiae. First, we show that Pelota, a Drosophila 

homolog of Dom34p, rescues defects in endonucleolytic cleavage in yeast strains deleted 

for Dom34p suggesting that the Dom34p function during NGD is conserved across 

species.  Next, we show that overexpression of RPS30, a small ribosomal subunit protein, 

rescues defects in endonucleolytic cleavage during NGD.   This observation suggests that 

the ribosome itself may lead to the endonucleolytic cleavage or helps in recruitment or 

modification of an endonucleolytic activity.  Lastly, we show that under certain 

physiological conditions, the No-Go decay pathway interacts with the unfolded protein 

response pathway (UPR), a protein quality control system that is activated on 

accumulation of high amounts of unfolded proteins in the cell (Schroder and Kaufman, 

2005).  This observation provides the first piece of evidence that shows direct role of an 

mRNA quality control system in regulating the unfolded protein response and thus 

regulating the levels of aberrant proteins in the cell. 
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RESULTS  
Pelota, a Drosophila homolog of Dom34p, rescues defects in NGD 

Dom34p and its homologs belong to a highly conserved family of proteins found 

in various species across the kingdoms. This high level of conservation raises a question 

whether Dom34p’s role in NGD is conserved in other organisms.  For example, Pelota is 

a Dom34p homolog in Drosophila and has been characterized as essential for meiotic and 

mitotic steps during the cell cycle and for Bam-independent control of stem cell 

regeneration (Xi et al., 2005).  To determine if Pelota is also a functional homolog of 

Dom34p, we expressed Pelota under the control of a GAL promoter in S. cerevisiae and 

asked the question whether it can rescue the defect in NGD caused by the dom34∆ in 

yeast.  We observed that expression of Pelota in a dom34∆xrn1∆ mutant restored 

cleavage of the PGK1-SL mRNA although at low levels (Figure 1).  This is consistent 

with independent observations that Pelota complements the sporulation defects and 

growth defects in dom34∆ mutants at low temperatures (Davis and Engebrecht, 1998).  

Together, these data suggest that Dom34 protein and its homologs in other organisms are 

functionally conserved and are important for No-Go decay. This also suggests that No-

Go decay is a conserved pathway in all organisms with Dom34p homologs. 

 

Rps30 protein complements Dom34p function in NGD 

RPS30, a ribosomal protein, has been identified as a high copy suppressor of the 

dom34∆ growth defect (Davis and Engebrecht, 1998).  To determine if this ribosomal 

protein has a role in No-Go decay, we analyzed the effects of RPS30A on NGD-
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associated endonucleolytic cleavage of PGK1-SL reporter mRNA (Doma and Parker, 

2006).  We overxpressed RPS30A under the control of the gal promoter in dom34∆xrn1∆
mutant and observed that expression of RPS30A complements the No-Go decay defects 

in dom34∆xrn1∆ mutant and restores cleavage of PGK1-SL at low levels (Figure 2).  

This suppression by RPS30A is consistent with observations that overexpression of this 

protein rescues sporulation, pseudohypheal growth defects and the slow growth at low 

temperatures in dom34∆ mutants (Davis and Engebrecht, 1998). However, RNA analysis 

of NGD-associated endonucleolytic cleavage of PGK1-SL reporter mRNA in 

rps30A∆ski7∆ and rps30A∆xrn1∆ strains did not have any affect on the No-Go decay 

(Figure 3). The above evidence suggests that RPS30A is not required for No-Go decay, 

and probably is rate limiting only under certain physiological conditions.  Thus, RPS30A 

protein, when over expressed can suppress dom34∆ defects in No-Go decay suggesting 

that it potentially plays the role of an enhancer protein in the No-Go decay pathway.  

More importantly, the above observations suggest that the ribosome may have an active 

role in the endonucleolytic cleavage reaction during No-Go decay.  

 

No-Go Decay and the unfolded protein response 

The biological role of cytoplasmic mRNA quality control systems is to degrade 

aberrant transcripts and thus potentially decreases the production of truncated proteins.   

The unfolded protein response pathway (UPR) is a protein quality control system that is 

activated as an adaptive response whenever high amounts of unfolded proteins 

accumulate in the endoplasmic reticulum (Schroder and Kaufman, 2005).  The IRE1 
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kinase is an endonuclease, and is activated when high levels of unfolded protein 

accumulate in the lumen of the endoplasmic reticulum (Back et al., 2005).  The substrate 

for IRE1p endoribonuclease is the Hac1 mRNA that encodes the transcription factor 

Hac1p.  Hac1p activates the transcription of the UPR target genes that help to decrease 

the levels of the unfolded proteins.  Activated Ire1p specifically removes an intron from 

the Hac1 mRNA.  This unconventional splicing reaction gives rise to two quantifiable 

species of Hac1 mRNA, the unspliced Hac1u and the shorter species of spliced Hac1i,

which are typically used in studies to study the activation of UPR (Back et al., 2005). 

To determine if No-Go decay affects the accumulation of unfolded proteins in the 

cell, we studied the behavior of the unfolded protein response pathway in cells with or 

without functional No-Go decay.  The splicing of the Hac1 mRNA was used as an assay 

for a functional UPR.  First, we examined the effect of various strains mutant in the No-

Go decay pathway, on the UPR at 30oC and observed that there were no defects in Hac1 

mRNA splicing, suggesting that these mutants did not affect the UPR response under 

normal physiological conditions (data not shown).  Next, we studied the UPR response, 

in strains mutant in the No-Go decay pathway, under conditions of low temperature, 

given the fact that NGD targets even weak substrates under these conditions (Doma and 

Parker, 2006).  We observed that at low temperatures, the xrn1∆ strain accumulated 

higher levels of spliced Hac1 mRNA compared to the wild type strain (Figure 4).  This 

observation indicates that in the absence of Xrn1p, there is significant accumulation of 

unfolded proteins triggering a strong unfolded protein response.  Furthermore, when 

Dom34p is deleted in the xrn1∆ strain, no splicing of Hac1 mRNA was observed 
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indicating the absence of the unfolded protein response (Figure 4).  These strains are not 

deficient in UPR as treatment with DTT at low temperatures triggers UPR in the 

dom34∆xrn1∆ strains (Figure 4).  We asked whether the UPR phenotype seen at low 

temperatures could be because of the IRE1 endonuclease and whether IRE1p was the 

endonuclease that functions during No-Go decay.  However, we observed that IRE1p was 

not required for NGD and is not the endonuclease that functions during No-Go decay 

(Figure 5).  Together, these observations indicate that at low temperatures, there is 

Dom34p-dependent accumulation of unfolded proteins in xrn1∆ strains (Figure 3). 
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DISCUSSION 
Dom34p function in NGD is conserved across species 

The Dom34p in Saccharomyces cerevisiae is homologous to many proteins found 

in diverse eukaryotes and archaebacteria (Davis and Engebrecht, 1998).  For example, 

Dom34p shares 20% identity with its archaebacterial homolog PelA (Ragan et al., 1996) 

and 55% similarity with Pelota, the Drosophila homolog.  All homologs share highly 

conserved domains including those that bear similarity to eRF1, the eukaryotic release 

factor (Inagaki et al., 2003).  This high level of conservation of the Dom34p family of 

proteins suggests that these proteins may be performing similar functions in these 

organisms.  This is supported by several studies that show that deletion of Dom34p and 

its homologs cause similar phenotypes with defects in the cell cycle.  Dom34p was 

identified by characterization of a meiotic mutant and has been found to be important for 

proper progression through, or exit from, the G1 phase of the cell cycle (Davis and 

Engebrecht, 1998).  Pelota is required for normal progression of the mitotic and meiotic 

cell cycle and its deletion causes defects in spermatogenesis and oogenesis in Drosophila 

(Eberhart and Wassserman, 2002).  Deletion of Pelota is embryonic lethal in mice and 

this lethality of Pelo-null embryos is due to defects in cell proliferation (Adham et al., 

2002).  The similarity of the deletion phenotypes further suggests that Dom34p and its 

homologs perform similar functions and affect the same pathways in eukaryotes. 

 We now show that Drosophila Pelota protein when overexpressed rescues 

defects in NGD-associated endonucleolytic cleavage (Figure 1).  This evidence indicates 

that Dom34p and its homologs regulate NGD suggesting that NGD is a conserved 
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pathway across different species.  Furthermore, the cell cycle defects seen in Dom34 

mutants suggest that NGD plays an important role during the cell cycle and some of the 

cell cycle components may be direct or indirect NGD substrates.  A recent study has 

shown that Pelota controls self-renewal of germ line stem cells by repressing a Bam-

independent differentiation pathway in Drosophila (Xi et al., 2005), suggesting that 

Dom34p may play a conserved role in adult stem cell renewal in higher organisms, 

including mammals.  Together, the above studies indicate that NGD possibly plays 

important developmental roles in eukaryotic cells. 

 

Ribosome plays an active role during NGD 

Several pieces of evidence suggest that translation plays an important role in No-

Go decay.  First, ribosomes are required to reach a stall site to recognize NGD targets 

(Doma and Parker, 2006) suggesting that they play an important role in NGD.  Secondly, 

NGD becomes more pronounced under conditions of slow translation rates like low 

temperatures.  Third, cells deleted for Dom34p show altered polyribosome profiles 

compared to wild type cells (Davis and Engebrecht, 1998).  Fourth, Dom34p not only 

shares sequence similarity to eRF1 but also has a region of sequence similarity with 

ribosomal proteins L30e, L7 and S12 as well as a bacterial ribosomal protein 

modification enzyme RimK (Koonin et al., 1992).  Finally, we show that overexpression 

of Rps30A, a small ribosomal subunit protein, rescues defects in NGD caused by deletion 

of Dom34p although at low levels (Figure 2).  Our observations are consistent with other 

studies where RPS30A protein rescues growth defects and polysome profile defects in 
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strains deleted for Dom34p (Davis and Engebrecht, 2006).  Furthermore it has been 

argued that this suppression is not at the level of transcriptional regulation of the 

ribosomal genes and the ribosomal proteins may be suppressing Dom34 function at a 

more direct level (Davis and Engebrecht, 2006).  Together, the above evidence suggests 

that RPS30A protein interacts directly with Dom34p and the ribosome plays an active 

role during No-Go decay. 

RPS30A along with two other small ribosomal proteins, RPS14A and RPS17B, 

has been identified as overexpression suppressors of growth defects in strains deleted for 

Hbs1p (Carr-Schmid et al., 2002), another component of the NGD surveillance pathway.  

When deleted in an hbs1∆ deletion background, they conferred increased growth defects 

at low temperatures (Carr-Schmid et al., 2002).  These observations suggest that RPS14A 

and RPS17B may also be involved in NGD and cause suppression of NGD defects in 

Dom34p.   

The observation that overexpression of RPS30A protein can lead to 

endonucleolytic cleavage in the dom34∆xrn1∆ strain suggests one of two possible 

identities for the endonuclease involved in NGD.  First, it is possible that Dom34p is the 

endonuclease and the cleavage activity seen in dom34∆xrn1∆ strain is due to the protein 

product of a duplicated Dom34p gene on another chromosome (Andrade et al., 1997).  

Although this gene has been classified as a pseudogene with numerous frameshifts and 

no protein product has been detected, this remains a possibility.  Preliminary sequence 

analysis of Dom34p does not show any obvious ribonuclease domains. However, 

structural comparisons with the structural database using the program, Fugue, had 
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identified certain similar domain folds in Endonuclease IV although the probability score 

of this structural alignment is very low.  Next, comparative analysis of conserved motifs 

in Dom34p using the motif database, Interpro, has identified certain RnaseH-like 

domains in the N-terminus of the protein with a good probability score (Doma and 

Parker, unpublished).  The low probability scores for possible nuclease type of domains 

in Dom34p suggests that if true, such a nuclease activity is a diverged or ancient 

sequence that is not closely related to other known nucleases.  The above data although 

not definitive, does not rule out the possibility that Dom34p harbors an endonucleolytic 

activity. Careful study of the Dom34p protein sequence and demonstration of actual 

nuclease activity by Dom34 is needed before any conclusions are reached.  This leaves 

open other possibilities for the identity of the nuclease.  

The second model suggests that Dom34p is probably not the endonuclease and the 

cleavage is performed by another nuclease activity. For example, the ribosome itself may 

be responsible for the endonucleolytic cleavage and may harbor the endonuclease activity 

as previous studies have shown that the ribosome has the helicase activity (Takyar et al., 

2005).  Furthermore, some small ribosomal subunit proteins like Rps3 have 

endonucleolytic activity (Jang et al., 2004).  Interestingly, one of the ribosomal proteins 

that suppress Hbs1p defects, Rps14A, is present very close to the mRNA exit channel in 

the 40S subunit of the ribosome.  It is possible that Dom34p recognizes the stalled 

ribosome and activates the nuclease activity within the ribosome.  Upon deletion of 

Dom34p, the stalled ribosomes are no longer recognized and the ribosomal nuclease 

activity does not function.  Under these conditions, overexpression of Rps30A could help 
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to cause some mechanistic changes in the 40S subunit leading to activation of the 

ribosomal nuclease.  Alternatively, increased RPS30p may help to target some percentage 

of aberrant mRNAs even in the absence of Dom34p for cleavage by the ribosome, 

ribosomal protein or ribosome-associated protein.  Although, the identity of the 

endonuclease remains inconclusive, both models invoke an important role for Dom34p, 

which involves recognition of the stalled ribosomes and targeting of the aberrant mRNA 

for decay by NGD.  Until future studies can test the predictions of the above model, the 

identity of the endonuclease remains unknown. 

 

Cross-talk between UPR and NGD regulated by Dom34p 

The major goal of the cytoplasmic mRNA surveillance pathways in eukaryotes is 

to avoid or minimize accumulation of truncated or extended aberrant proteins.  This is 

especially important since high levels of aberrant proteins lead to gain-of-function 

mutations (Culbertson, 1999).  Whether the mRNA quality control system communicates 

with the protein quality control machinery is not known.   Here we show that at low 

temperatures, deletion of Xrn1p leads to an unfolded protein response as seen from the 

accumulation of spliced Hac1 mRNA (Figure 4) and increased levels of Kar2p (data not 

shown) which serves as an assay for UPR activity (Schroder and Kaufman, 2005).  

Moreover, we show that in the absence of the Dom34 protein, the UPR is no longer 

initiated (Figure 4) at low temperatures.  Hbs1p is not rate limiting for the initiation of 

UPR at low temperatures (data not shown).  We also observed that Dom34p is not 

required for UPR under normal temperatures (data not shown) suggesting that this 
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phenotype is seen only at low temperatures. To understand this connection between UPR 

and NGD, we speculated that IRE1p, the endonuclease involved in UPR, might function 

as the endonuclease during NGD.  However, we observed that the endonuclease activity 

seen in NGD is not from IRE1p (Figure 5) and does not explain this phenotype.  

Together, the results suggest either that in dom34∆xrn1∆ strains, unfolded proteins no 

longer accumulate or the signal that senses the accumulation of unfolded proteins no 

longer reaches the UPR machinery to start a response.  Currently, the evidence does not 

discount either possibility.   

Considering the important role of Dom34p in NGD, it can be speculated that at 

low temperatures, the slowed rates of translation could cause a higher percentage of 

ribosomes to stall at sequences that do not cause stalling under normal conditions.  Under 

these conditions with high levels of stalled ribosomes, the Dom34p may actively 

recognize such defective mRNAs, leading to their endonucleolytic cleavage.  This 

Dom34p-dependent cleavage of aberrant mRNAs releases not only the ribosomes but 

also the nascent polypeptides, which would be released prematurely without proper 

termination.  The accumulation of such truncated nascent polypeptides would then lead to 

activation of the unfolded protein response pathway.  In the absence of Dom34p in the 

dom34∆xrn1∆ strain, the mRNAs with stalled ribosomes are not recognized and no 

longer cleaved.  Thus, in the absence of cleavage of these aberrant mRNAs in 

dom34∆xrn1∆ strains, no truncated peptides accumulate and the UPR pathway is not 

activated.   



119

 

Although the above model gives plausible explanation of the results, several 

predictions of this model still need to be tested experimentally.  Further, we do not 

understand why such accumulation of unfolded proteins is seen only in xrn1∆ strains and 

not in ski7∆ strains at low temperatures since no Kar2 accumulation is seen in these 

strains.  It is not known whether there is indeed accumulation of unfolded proteins under 

conditions of low temperature.  Although several questions remain unanswered at this 

point, our results establish a physiological link between NGD and the unfolded protein 

response pathway and this interaction between the two pathways may help to alleviate the 

cellular load of unfolded proteins. 

 

Model for No-Go decay in yeast 

Based on the several pieces of experimental data and evidence from the literature, 

we propose a model describing the various steps and proteins involved in the No-Go 

decay pathway.  Major features of the model are briefly outlined (Figure 6).  Although 

the delineation of each step of the pathway may not be distinct or sequential in the 

cellular environment, for purposes of simplicity, we divide the NGD pathway into three 

steps as summarized below. 

 During the “recognition step” aberrant mRNAs with translational stalls are 

recognized mainly by Dom34p, possibly in conjunction with Hbs1p, by direct or indirect 

interactions with the A site of the ribosome.  The interaction of Hbs1p and Dom34p with 

ribosomal proteins like RPS30A, RPS14A and RPS17B suggest that these ribosomal 

proteins may help during the recognition step.  
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Next, during the “commitment step” Dom34p, possibly in conjunction with 

Hbs1p, helps in discriminating between transiently paused ribosomes or terminally 

stalled ribosomes.  In the case of transient pausing, Dom34p does not initiate NGD; 

however, in the case of strong translational stalls, Dom34p targets the mRNA for 

endonucleolytic cleavage either by activating the ribosomal nuclease activity or by 

activating or recruiting an unknown endonuclease forming the NGD complex along with 

the stalled ribosome.  Other unknown factors may help to modulate the discrimination 

step between the alternate fates of translation elongation and cleavage by NGD.  Hbs1p 

may function either at earlier steps during NGD or after cleavage of the aberrant mRNA 

to facilitate dissociation of the stalled ribosomes.  The presence of the nuclear 

localization signal suggests that the Dom34p may shuttle between the nucleus and 

cytoplasm to influence nuclear events during NGD.  These nuclear events could be part 

of feedback loops that may regulate the maintenance or termination of the NGD pathway  

The third and final decay step involves clearing of the mRNA fragments formed 

as a result of endonucleolytic cleavage during NGD by the cellular exonucleases.  Here, 

the 5’ fragment is targeted by the exosome and degrades by the 3’-5’ decay pathway 

whereas the 3’ fragment is degraded by the Xrn1p exonuclease in a 5’-3’ direction.  

Finally, this step may also involve recycling of the stalled ribosomes from the 5’ 

fragment although this process may have already started in the earlier step.  Finally, the 

truncated nascent polypeptides released from this stalled complex are targeted and 

degraded possibly by the proteasome in a UPR dependent manner.   

 



121

 

CONCLUSION 
The discovery of No-Go decay, a novel mRNA surveillance pathway that 

recognizes stalled ribosomes during translational elongation provides a mechanism to 

reduce translation errors and the production of potentially harmful aberrant proteins.  The 

most important finding of this study is that the ribosome may be actively involved during 

NGD.  The possibility of the involvement of the ribosome raises important questions that 

could form the basis of future studies.  First, it would be interesting to identify if the 

ribosome is responsible for the endonucleolytic activity or if it regulates an independent 

nuclease.  It will also be interesting to determine whether the cleavage seen during NGD 

occurs at the A site of the ribosome as seen in some bacterial systems and whether 

cleavage events seen in other eukaryotes are due to the NGD pathway.  Although this 

study provides preliminary evidence of a physiological between NGD and UPR, it will 

important to understand how the mRNA and protein quality control machinery might 

communicate with each other to together alleviate the load of unfolded proteins in the 

cell.   
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MATERIALS AND METHODS 
Yeast strains and plasmids 

All yeast strains used in this study were in the genetic background of yRP1674 

(Mat a his3∆1 leu2∆ met15∆ ura3∆). Double mutants for rps30∆ski∆, rps30∆xrn1∆,

ire1∆ski7∆ and ire1∆xrn1∆ strains were generated by standard genetic crosses and 

verified by PCR.  Plasmids GAL-RPS30A was made by amplifying the RPS30A ORF 

from B1116 plasmid (Engebrecht et al., 1998) using primers with BamHI and HindIII 

ends and cloning the insert into the YEP351 plasmid cut with BamHI and HindIII. The 

GAL-PELOTA Plasmid was released from the B806 plasmid  (Engebrecht et al., 1998) 

using Sac1 and Xba1 enzymes and cloned into YEP351 with same ends.  The reporter 

mRNAs, PGK1 and PGK1-SL are described in Doma and Parker (2006). Plasmids were 

introduced into yeast by standard lithium acetate transformation. 

RNA Analysis 

All RNA analyses including yeast total RNA extractions and Northern analysis 

were performed as described previously. Steady state cultures were grown in SC-Ura 

containing 2% galactose until O.D = 0.35-0.40.  All experiments were performed at 30oC

in galactose-containing medium with mid-log cultures except for those in the experiments 

shown in Figure 5, which were grown at 16oC in SC-Ura containing 2% galactose until 

O.D = 0.35-0.40 and then either treated or not with DTT to induce UPR as described in 

Back et al., 2005.  Total RNA (20 µg) was analysed by electrophoresis through 1.25% 

formaldehyde agarose gel.   
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For the PGK1 reporter mRNAs, the oligonucleotide oRP132 was used for 

detection of the 5’ fragment and oligonucleotide oRP70 for the detection of the 3’ 

fragment.  The 5’ probe in Figure 4 is designed against the first exon of Hac1 mRNA.  

All oligo sequences are available upon request.  Loading corrections for quantification 

were determined by hybridization with oRP100, an oligonucleotide directed to SCR1 

RNA, a stable RNA polymerase III transcript.   
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FIGURE LEGENDS 
 

FIGURE 1: Pelota complements defects in endonucleolytic cleavage during NGD.  

Northern analysis of steady-state PGK1 and PGK1-SL reporter mRNA in dom34∆xrn1∆
mutant strains with or without the presence of the GAL-Pelota plasmid.  Northern 

analysis was done using probes specific for mRNA regions 3’ of the stall site as 

illustrated. 

 

FIGURE 2: Rps30A complements defects in endonucleolytic cleavage during NGD. 

Northern analysis of steady-state PGK1 and PGK1-SL reporter mRNA in dom34∆xrn1∆
mutant strains with or without the presence of the GAL-RPS30A plasmid.  Northern 

analysis was done using probes specific for mRNA regions 3’ of the stall site as 

illustrated. 

 

FIGURE 3: Rps30A is not rate limiting for NGD.  Northern analysis of steady-state 

PGK1 and PGK1-SL reporter mRNA in ski7∆ and rps30∆ski7∆ (A), and xrn1∆ and 

rps30∆xrn1∆ (B) mutant strains.  Northern analysis was done using probes specific for 

mRNA regions 5’ (A) or 3’ (B) of the stall site as illustrated. 

 

FIGURE 4: Deletion of Xrn1p at low temperatures initiates a DOM34P-dependent 

unfolded protein response in yeast.  Northern analysis of steady-state wild type and 
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mutant strains defective in NGD to determine levels of spliced and unspliced HAC1 

mRNA.   Cultures were grown at 16oC in presence (+) or absence (-) of DTT.  

 

FIGURE 5: IRE1p, the endonuclease required for UPR, is not required for NGD. 

Northern analysis of steady state PGK1 and PGK1-SL reporter mRNA in ski7∆ and 

ire1∆ski7∆ (A), and xrn1∆ and ire1∆xrn1∆ (B) mutant strains grown at 30oC.  Northern 

analysis was done using probes specific for mRNA regions 3’ (A) or 5’ (B) of the stall 

site. 

 

FIGURE 6: Model for the No-Go decay pathway in S. cerevisiae. Step 1 involves 

recognition of the stalled ribosomes by the NGD complex comprising of both Dom34 and 

Hbs1 or may also involve RPS30 protein.  Step 2 involves cleavage of the mRNA at the 

stall site and finally, step 3 involves decay of the fragments by the cytoplasmic nucleases. 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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