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ABSTRACT 
 

An important aspect of regulating gene expression is the interplay between 

mRNA translation and its degradation. In the work presented here, I, in some cases in 

collaboration with others, provide insights into how mRNA translation and decay are 

connected and how they interact with each other to regulate gene expression. This work 

can be summarized as follows: 

First, I identified cytoplasmic processing bodies (P bodies) in yeast, which are 

sites where mRNAs can be decapped and degraded in a 5' to 3' manner. We base our 

conclusion on three key observations. First, factors involved in the 5' to 3' decay pathway 

accumulate in P bodies. Second, P bodies change in size when the flux of mRNA decay 

pathways is perturbed. For example, they decrease in size when entry into decapping is 

inhibited, and increase in size when decapping is blocked. Third, mRNAs trapped in the 

process of decay accumulate in P bodies.  

Second, in a collaborative effort, I have further characterized P bodies. This work 

involved addressing the role of RNA in P body formation and the relationship of P bodies 

to translation. Our results suggest that P bodies are dynamic and their size is affected by a 

range of cellular perturbations. We also provide evidence that P bodies are sensitive to 

the translational status of the cell and represent sites where translationally repressed 

mRNAs accumulate, and where they can be subjected to 5' to 3' decay.  

Third, I have determined that Nonsense-mediated decay (NMD), a quality control 

mechanism that rapidly degrades aberrant mRNAs, involves targeting of aberrant 

mRNAs to P bodies. In addition, I have identified specific roles for Upf proteins in the 
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process of NMD: Upf1p is involved in targeting mRNAs to P bodies and Upf2p and 

Upf3p playing a role in degradation of the aberrant mRNAs within P bodies. 

The identification of P bodies has direct implications on regulation of mRNA 

decapping, of both normal and aberrant mRNAs. The similarities of P bodies with mRNA 

storage granules in other organisms imply that P bodies will play a major role in 

regulation of translationally repressed mRNAs. 
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CHAPTER I: INTRODUCTION 
 

Explanation of the problem and its context 
 

It is now very clear that controlling the activity of messenger RNA in the cell is 

an important factor in controlling gene expression. Upon transcription, mRNAs undergo 

post transcriptional modifications, then are exported out into the cytoplasm. Once in the 

cytoplasm they can be either active, where they are translated into proteins, or inactive, 

either by being translationally repressed or by being degraded by the decay machinery. 

This indicates that the state of the mRNA in the cytoplasm is very critical in controlling 

its activity and its stability, thereby regulating its gene expression. 

Both the translation machinery and the decapping machinery interact with the 5' 

cap of the mRNA. This suggests that the translation apparatus has to compete with the 

decay apparatus at every round of translation to gain access to the 5' cap. One way to 

eliminate this competition would be to compartmentalize one of these processes. 

Compartmentalization of mRNA into mRNP granules has been observed in different 

biological processes in various organisms. For example, during oogenesis, translationally 

repressed mRNAs and associated proteins accumulate in mRNP granules called polar 

granules in Drosophila, or P granules in Caenorhabditis (Houston and King, 2000). In 

mammalian cells under stress, mRNAs accumulate in specific cytoplasmic foci called 

stress granules. Stress granules contain translationally inactive mRNAs associated with 

40S ribosomal subunits, as well as certain mRNA-specific regulators (Kedersha and 

Anderson, 2002). A common trait of these granules is that they represent a pool of 
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translationally repressed mRNAs, which can either be targeted for degradation or allowed 

to re-enter translation. This suggests that sequestering mRNA into mRNP granules helps 

to regulate the fate of the mRNA. 

In this report, I describe work done to identify and characterize cytoplasmic 

mRNP granules in yeast, which we refer to as cytoplasmic processing bodies (P bodies). 

The three major objectives of my work can be summarized as follows. First, I have 

identified P bodies as sites where decapping factors accumulate and 5’ to 3’ decay can 

occur (Sheth and Parker, 2003). Second, we have characterized P bodies as dynamic 

structures sharing a reciprocal relationship with translation, thereby representing the 

accumulation of a non translating pool of mRNAs (Sheth and Parker, 2003; Teixeira et 

al., 2005). Third, I have addressed the role of P bodies in Nonsense-Mediated Decay 

(NMD). I report that NMD involves targeting of aberrant mRNAs to P bodies for 

degradation and that Upf1p plays a key role in this targeting event (Sheth and Parker, in 

preparation). 
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A review of literature 

Pathways of turnover in yeast 
 

Messenger RNA (mRNA) turnover is an important control point in regulating 

gene expression. There are several examples where mRNA turnover is controlled in 

response to various stimuli. For example, the rate of mRNA turnover for individual 

mRNAs can vary in response to specific hormones, the stage of the cell cycle, or viral 

infection (Tucker and Parker, 2000). In addition, mRNA turnover plays an important role 

in mRNA quality control by degrading aberrant transcripts (Hilleren and Parker, 1999; 

Maquat, 2004). 

There are two predominant pathways of mRNA degradation in eukaryotic cells 

(Coller and Parker, 2004). Both pathways begin with a process of poly (A) shortening 

(deadenylation) by the Ccr4p/Pop2p complex (Muhlrad and Parker, 1992; Shyu et al., 

1991; Tucker et al., 2001), where the mRNA loses its 3’ poly (A) tail. Shortening of the 

poly (A) tail leads to the removal of the 5’ cap structure (decapping) by the decapping 

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

mRNA is decapped, it becomes susceptible to 5’ to 3’ exonucleolytic decay by the 

exonuclease Xrn1p (Beelman et al., 1996; Decker and Parker, 1993; Hsu and Stevens, 

1993; Muhlrad et al., 1994). 

 In the alternative pathway, shortening of the poly(A) tail leads to exonucleolytic 

decay of the mRNA in the 3’ to 5’ direction by the exosome complex (Anderson and 

Parker, 1998; Beelman et al., 1996; Decker and Parker, 1993; Hsu and Stevens, 1993; 

Mitchell et al., 1997; Muhlrad et al., 1995). Yeast strains defective in the 5’ to 3’ pathway 
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grow slowly and display extremely long mRNA half lives (Anderson and Parker, 1998). 

This suggests that the 5’ to 3’ pathway is the predominant pathway of mRNA decay, 

whereas the 3’ to 5’ decay pathway may be important for only a subset of mRNAs. In 

addition to both these pathways, in higher eukaryotes mRNAs can also be degraded by 

endonucleolytic cleavage for example, Xenopus β-globin mRNA (Bremer et al., 2003). 

Figure 1.1 summarizes the different pathways of mRNA decay.  
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Figure 1.1: Pathways of mRNA turnover. This figure describes the three pathways by 

which mRNAs can be degraded.  
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mRNA turnover also has an important role in mRNA quality control. Surveillance 

mechanisms lead to rapid decay of aberrant mRNAs that stall in translational elongation, 

or which have an aberrant termination event (Figure 1.2). For example, when ribosomes 

are stalled due to a block in translation elongation, a mechanism referred to as No-Go 

decay (NGD) recruits an endonuclease, leading to internal cleavage and degradation of 

the mRNA (Kshirsagar and Parker, submitted). Alternately, if ribosomes are stalled due 

to lack of termination codon, a mechanism  to referred to as Nonstop decay (NSD) 

recruits the exosome by a specific adaptor protein, Ski7p leading to 3’ to 5’ decay of the 

mRNA (Frischmeyer et al., 2002; van Hoof et al., 2002). 

A third quality control mechanism called Nonsense mediated decay (NMD) 

targets mRNAs containing premature termination codons (Muhlrad and Parker, 1994).  

NMD involves recognition and translational repression of the aberrant mRNA (Muhlrad 

and Parker, 1999b), followed by degradation of the transcript by deadenylation-

independent decapping and 5’ to 3’ exonucleolytic decay (Baker and Parker, 2004). 

Recent results have also shown that NMD affects multiple steps in the mRNA decay 

process in both yeast and higher eukaryotes. It can accelerate the rates of deadenylation, 

and decapping, possibly 3’ to 5’ degradation following deadenylation, and in some cases, 

endonucleolytic cleavage (Cao and Parker, 2003; Chen and Shyu, 2003; Gatfield and 

Izaurralde, 2004; Lejeune et al., 2003; Mitchell and Tollervey, 2003; Stevens et al., 2002; 

Takahashi et al., 2003).   
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Figure 1.2: Specialized decay pathways for aberrant mRNAs in yeast. This figure 

describes the three quality control pathways for degradation of aberrant mRNAs. 
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Relationship between translation and decapping 

ajor pathway of mRNA turnover in yeast is in the 5’ 

tep in this pathway as it precedes 5’ to 3’ decay

merous control inputs. Hence, to understand the regulation of 

mRNA turnover it is important to understand how decapping is regulated.  

To gain access to the 5' cap of a translating mRNA, decappi

actors, suggesting that the mRNA must exit transl

 Data from various experiments have indicated that there is a

 translation machinery and the decapping machinery for th

RNAs associated with translation factors are not asso

achinery (Tharun and Parker, 2001). Second, inhibiti

initiation either by introducing a strong secondary structure in the 5'

 factor mutants increases decay rate of the mRNA (L

Parker, 1999; Muhlrad et al., 1995; Ramirez et al., 2002; Schwartz

ng all the mRNAs in the translating state by addition of cyclohexim

e ribosomes on the mRNA, inhibits decapping (Beelm

1994). Fourth, translation initiation factors can inhibit decapping in vitro

irez et al., 2002; Schwartz and Parker, 2000). These results suggest 

ng are mutually exclusive. 

 
The m to 3’ direction. 

Decapping is a critical s  of the mRNA; 

therefore, it is a step of nu

ng factors have to 

replace translation f ation prior to 

decapping.  competition 

between the e 5' cap of the 

mRNA. First, m ciated with the 

decapping m on of translation 

 UTR or by using 

translation initiation aGrandeur and 

 and Parker, 1999). 

Third, trappi ide, a 

drug that freezes th an and Parker, 

 (Khanna and 

Kiledjian, 2004; Ram

that translation and decappi
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Factors involved in decapping and 5’ to 3’ decay are concentrated in cytoplasmic 
structures called P bodies 
 

Factors involved in decapping, as well as the 5’ to 3’ exonuclease are found in 

specific cytoplasmic foci called P bodies in yeast (Sheth and Parker, 2003). These foci 

contain the decapping enzyme, Dcp1p/Dcp2p, the activators of decapping Dhh1p, Pat1p, 

and Lsm1p-7p (Coller et al., 2001; Tharun et al., 2000), and the 5’ to 3’ exonuclease, 

Xrn1p. Notably, not all proteins involved in mRNA decay are localized to P bodies. 

Puf3p, an mRNA specific regulator, and Ski7p, a component of the cytoplasmic 

exosome, are uniformly distributed throughout the cytoplasm (Olivas and Parker, 2000; 

van Hoof et al., 2000). Similar structures containing decapping enzymes have also been 

reported in mammalian cells (Ingelfinger et al., 2002; Lykke-Andersen, 2002; van Dijk et 

al., 2002) showing that their function is evolutionarily conserved.  

P bodies and mRNA decay 

Apart from the localization of decay factors in P bodies, several lines of evidence 

have suggested that P bodies are sites where mRNA decapping and 5’ to 3’ decay can 

take place. First, when an mRNA in the process of decay is trapped, either by inserting a 

strong secondary structure (polyG) in the 3'UTR of the mRNA or by deletion of the 5’ to 

3’ exonuclease Xrn1p, the decay intermediate is localized to P bodies. Second, when the 

flux of the decay pathway is perturbed, P bodies change in size. For example, when entry 

into P bodies is inhibited, P bodies decrease in size (Coller and Parker, 2005). 

Conversely, when exit from P bodies is inhibited, in strains lacking either the decapping 



 22

enzyme or the 5’ to 3’ exonuclease, P bodies increase in size. This implies that since the 

 it accumulates in P bodies.   

Properties of P bodies

mRNA cannot be degraded

 

Our results have shown that P body size and number share an inverse relationship 

to translation. When mRNAs are trapped in the translating pool (by treating cells with 

cycloheximide) P bodies decline (Cougot et al., 2004; Sheth and Parker, 2003; Teixeira et 

al., 2005). Conversely, when translation initiation is inhibited using a temperature 

sensitive allele of eIF3 (prt1-63) or eIF4E, P bodies increase in size (Teixeira et al., 

2005). In addition, P bodies increase in size during various stress conditions.  These 

conditions include glucose starvation, osmotic stress, and ultraviolet radiation.  Since 

glucose depletion is known to repress translation (Ashe et al., 2000), the increase in P 

body size during this stress strengthens the argument that P bodies contain non-

nally, the fact that the size of P bodies changes based on 

cellular

with RNase A, P bodies disintegrate (Teixeira et al., 2005). Based on these observations, 

translating mRNAs. Additio

 translation status implies that P bodies are dynamic in nature and that the mRNAs 

in the P body pool are distinct from the mRNAs in the translating pool. This is supported 

by the observations that P bodies do not contain translation factors (Teixeira et al., 2005), 

with the exception of eIF4E that has been reported to be localized to P bodies in 

mammalian cells (Andrei et al., 2005; Ferraiuolo et al., 2005).  

In addition to their dynamic nature, data also suggest that P bodies require mRNA 

for their assembly. First, when reporter mRNAs trapped in the process of decay are 

overexpressed, P bodies increase in size. Second, when semi-purified P bodies are treated 
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we conclude that P bodies are dynamic mRNP aggregates that require mRNA for their 

assembly and contain non translating mRNAs.   

P bodies and mRNA storage 

ccurs upon re-addition of 

glucose

Since mRNP granules in other organisms are thought to be important for maternal 

mRNA storage, one interesting possibility is that P bodies could have functions other 

than mRNA decay or that mRNAs that enter P bodies could have different fates. 

It has recently been shown that mRNAs 23tnot only enter P bodies but can also 

exit P bodies. Four key observations suggest that mRNAs can move from polysomes (the 

translating pool) to P bodies and then can exit P bodies and re-enter translation (Brengues 

et al., 2005). First, upon glucose depletion, P bodies increase in size (Teixeira et al., 

2005) as translation is inhibited. Addition of glucose to the growth media decreases P 

body size and restores translation.  This observation suggests that on glucose restoration 

mRNAs may be exiting P bodies to re-enter translation. Second, addition of 

cycloheximide to cells in which decapping is blocked leads to P body disassembly. This 

suggests that that even though degradation of the mRNA is blocked, the mRNAs can still 

exit P bodies and possibly re-enter translation. Third, when translation initiation is 

blocked, P bodies persist during recovery from stress, suggesting that mRNAs cannot 

leave P bodies. This indicates that the loss of P bodies that o

 requires translational initiation. The fourth observation is that reporter mRNAs 

accumulate in P bodies when translation initiation is blocked and can exit P bodies to 

resume translation when glucose is restored. Since this is observed even when no new 

mRNAs are made argues that preexisting mRNAs that were within P bodies are re-
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entering translation. These observations have shown that the movement of mRNAs in P 

bodies is bidirectional.  

These results define a cycle of yeast mRNAs from polysomes to P bodies, where 

they can either be degraded or can return to polysomes, although the molecular 

mechanisms that control this decision remain to be determined. Moreover, because 

mammalian P bodies are similar to yeast P bodies, the movement of mRNAs from P 

bodies to polysomes is likely to be a conserved property of eukaryotic cells. This also 

implies that regulating the movement of mRNAs between these two states may be 

important for the regulation of mRNA translation and degradation (Figure 1.3). 
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Figure 1.3: The cycle of eukaryotic mRNAs from polysomes to P bodies. Messenger 

RNAs can exit translation and form translationally repressed mRNPs (P bodies) where 

they can either exit and re enter translation or can be decapped and degraded. 
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There are various models to explain why cycling of mRNAs through P bodies 

ight be advantageous to a eukaryotic cell. First, the ability to sequester mRNAs and 

en later re-use them allows for a rapid and specific translational control of mRNAs. 

 to a decreased translation 

initiation ra  and translation 

portant during stress when 

of other transcripts in P 

bodies mi

would require reassem bly might 

ay be 

spond to the new cellular 

ent of any defective 

translation com dies could repair 

defective translation co

• 

Multip

conserved m

ells in stationary phase accumulate mRNAs in P bodies, which can re-

enter translation once growth is resumed (Brengues et al., 2005). This may provide these 

cells a mechanism to rapidly resume metabolism in the presence of fresh nutrients and 

suggests that other types of quiescent cells may contain similar pools of stored mRNAs.  

m

th

Second, the ability to sequester pools of mRNAs in response

te could maintain a balance between translating mRNAs

capacity (Coller and Parker, 2004). This could be especially im

specific stress-response genes are up regulated. Sequestration 

ght allow the stress response genes to be preferentially translated.  

Alternately, the cycling of an mRNA through a P body and back to translation 

bly of the translation initiation complex. Such a reassem

have two significant consequences. First, mRNA-specific binding proteins m

exchanged during this process and thereby updated to re

conditions. Second, such reassembly would allow for the replacem

plexes, implying that cycling of mRNAs through P bo

mplexes. 

mRNA storage in other organisms 

le observations argue that the cycling of mRNAs in and out of P bodies is a 

echanism that functions to store mRNAs in various biological contexts. For 

example, yeast c
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Sequestration of translationally repressed mRNA into P body like mRNP granules 

has been observed in various organisms and has important roles in different biological 

processes. Such mRNP granules have a wide range of functions from storage of maternal 

mRNAs during development (Ladomery et al., 1997) to neuronal granules important for 

learning and memory (Job and Eberwine, 2001). Since there are common components 

between these storage granules and P bodies, their function may be evolutionarily 

conserved.  

• Maternal mRNA storage granules 

In various species, including Drosophila, C. elegans, Xenopus, and zebrafish, the 

formation of germ cells is characterized by the presence of mRNP granules called 

germinal granules. These granules are known as Polar granules in Drosophila, or P 

granules in Caenorhabditis (Zhou and King, 2004). These mRNP granules are required 

for storage of maternal mRNA. Interestingly, maternal mRNA storage granules share 

many protein components with P bodies, including homologs of Dhh1p (Me31b in 

Drosophila or Xp54 in Xenopus) (Ladomery et al., 1997; Nakamura et al., 2001). This 

suggests that P bodies could also function as storage sites for translationally repressed 

mRNAs. In principle, P bodies could be easily converted to mRNA storage granules by 

simply decreasing the flux of mRNAs out of P bodies and by inhibiting the decapping 

activity. Consistent with this view, decapping activity is low in Xenopus oocytes and only 

increases later in development when most of the maternal mRNA has been utilized 

(Zhang et al., 1999). 
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But how are some mRNAs specifically prevented from translating? One 

explanation could be that since P granules in C. elegans are in close proximity to the 

nuclear pore complex (Pitt et al., 2000), mRNAs exiting the pore directly enter P 

granules, where ‘masking’ of mRNA from the translational apparatus occurs. Alternately, 

mRNAs may have specific sequences in their 3' UTR that may recruit proteins required 

for repression.  

• Neuronal granules 
 

in which mRNP granules are present is synaptic 

translat

nal granules could play a similar role in translation repression of 

specific mRNAs during transport of neuronal granules to synapses. Second, since 

Another biological process 

ional control in neurons. In this process, mRNAs are transported through the 

cytoplasm to specific sites where they are locally translated. During their transport, 

mRNAs are repressed and packaged into large particles called neuronal granules (Job and 

Eberwine, 2001; Kiebler and DesGroseillers, 2000). Recent results have shown that 

neuronal granules in Drosophila share some similarities with P bodies; they contain 

DCP1, Me31b and XRN1. In addition, they also contain Trailer hitch (Tra1), a homolog 

of the yeast protein Scd6p. Scd6p in yeast is a Lsm domain-containing protein that may 

bind RNA and have a role in RNA processing (Albrecht and Lengauer, 2004).  Moreover, 

Me31b and Tra1 are required for translation repression in Drosophila dendrites (Barbee 

et al., in prep.).  

There are two possibilities to explain why components of P bodies are present in 

neuronal granules. First, since P bodies have a role in storage of non-translating mRNAs, 

its homologs in neuro
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neuronal granules also contain factors involved in mRNA degradation, translation at the 

synapses may be coupled with degradation of specific mRNAs.  

Role in translation repression 

 Since all mRNP granules described above involve translation repression, one 

question that arises is how does the transition from a translating mRNA to a non-

translating mRNA take place?  

vations argue that activators of decapping, Dhh1p and Pat1p, are 

require

ase, its RNA dependent ATPase activity may be important to promote a 

conform

Several obser

d for translational repression and P body assembly. First, deletion of Dhh1p and 

Pat1p can lead to failure in repressing translation and inhibits decay. Moreover, Pat1p 

and Dhh1p stimulate translational repression in yeast independently; consistent with the 

observations that Dhh1p and Pat1p have additive effects on turnover, P body formation, 

and translational repression. Second, overexpression of Dhh1p or Pat1p can result in 

decreased cellular translational rate. Third, in vitro experiments have shown that both, 

Dhh1p and its human homolog RCK/p54, can repress translation of reporter mRNAs. 

Dhh1p is thought to repress translation by impairing 40S ribosome function. These 

results show that both Dhh1p and Pat1p play an important role in the transition from a 

translationally competent mRNP to an mRNP committed to decay. Since Dhh1p is a 

DEAD box helic

ational change in the mRNP. 

Since Dhh1p and Pat1p act as translational repressors, one prediction would be 

that other activators of decapping will also function by inhibiting translation. Since NMD 

involves translational repression of aberrant mRNAs by Upf1p (Muhlrad and Parker, 
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1999b), one prediction is that Upf1p may also act as a translational repressor. This 

hypothesis is supported by our observation that NMD involves targeting of nonsense 

ies, an event mediated by Upf1p (Sheth and Parker, in 

A may be due to the constant competition between the 

translat

). CPEB also recruits Xp54, which may reinforce 

this rep

containing mRNAs to P bod

preparation.) 

The presence of Dhh1p and Pat1p as translational repressors suggests that the 

status of translation of an mRN

ional machinery and the repression machinery. Thus, the fate of individual 

mRNAs will be dependent upon how the mRNA can recruit either of these two 

complexes. This model also predicts that mRNAs can be regulated if they carry specific 

sequences that either promote or inhibit their translation. For example, Oskar mRNA has 

certain sequence elements in its 3’UTR that recruit Bruno, which in turn recruits Cup. 

Cup forms a complex with eIF4E bound to the mRNA cap (Figure 1.4). This interaction 

of Cup inhibits the interaction of eIF4E with eIF4G, thereby repressing translation 

(Nakamura et al., 2004). Despite the formation of this repression complex, efficient 

translational repression of the Oskar mRNA during early development requires the 

Drosophila homolog of Dhh1p, Me31b.  

Similarly, translation of Xenopus cyclin B1 mRNA is repressed by a complex of 

eIF4E, maskin (which binds eIF4E), and CPEB, which binds to both the mRNA 3' UTR 

and to maskin (Groisman et al., 2000

ression (Minshall et al., 2001; Nakahata et al., 2001). Thus, the presence of 

numerous translation repression mechanisms and their role in different biological 
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processes suggest that these multilevel, mRNA-specific translational repression 

mechanisms are required to ensure a robust system of translational control.  
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Figure 1.4: Translationally repressed mRNPs in other organisms. mRNAs can be 

translationally repressed by multiple mechanisms. This figure describes the similarities in 

the mechanisms of translation repression in Yeast (I), Drosophila (II) and Xenopus (III). 
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P bodies and RNAi 
 

Another biological process in which mRNAs are translationally repressed and 

silenced is RNA interference (RNAi). RNAi occurs in a wide variety of eukaryotic cells 

and it is important for many of biological processes. Recently, a role for  P bodies in 

RNAi has been suggested (Liu et al., 2005; Sen and Blau, 2005). 

RNAi, originally discovered as post transcriptional gene silencing (PTGS) in 

plants, is a process by which dsRNA duplexes 21 to 28 nucleotides in length guide the 

recognition and cleavage or translational repression of complementary single-stranded 

RNAs, leading to silencing of the target transcript. The dsRNA is processed by the RNase 

III family type endonucleases Drosha and Dicer into either 21 nucleotide small 

interfering RNA (siRNAs) or microRNA (miRNAs) duplexes (Meister and Tuschl, 

2004).     

These duplexes are then incorporated into a complex called RISC for RNA-

induced silencing complex. The functional RISC complex contains only single-stranded 

siRNAs or miRNAs that serve as sequence-specific guides. Once a RISC complex is 

formed, it can silence the target gene in two ways, either via siRNAs directing cleavage 

of the target mRNA, or via miRNA repressing translation of the target mRNA. 

   P bodies in mammalian cells contain key RISC components called the Agronaute 

proteins Ago1, Ago2, Ago3 and Ago4 (Liu et al., 2005; Sen and Blau, 2005). P bodies 

also contain reporter mRNAs targeted by miRNAs (Liu et al., 2005). In addition, Ago 

proteins directly interact with hDcp1p. Thus, P bodies could be sites where miRNA-

targeted translational repression and siRNA-targeted mRNA degradation can occur. To 
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further strengthen the role of P bodies in RNAi, recent evidence shows that GW 182, 

nother component of mammalian P bodies (Eystathioy et al., 2002), interacts with Ago2 

(Liu et al., 2005), and its depletion results in loss of P bodies as seen by localization of 

Dcp1a, and Ago2 proteins. GW 182 plays a key role in RNAi, as its depletion leads to 

inhibition of the ability of miRNAs and siRNAs to silence their target (Liu et al., 2005).  

There are two mechanisms by which the RISC complex can silence its target 

mRNA: 

i.) Repressing translation  

Translational repression could be achieved in several ways. First, RISC could 

recruit Dhh1p and Pat1p, which would target miRNAs to P bodies. This is supported by 

the observation that p54/RCK (homolog of Dhh1) and the Ago proteins can co-localize in 

P bodies (Liu et al., 2005). A second possibility is that Agronaute itself can repress 

translation and target mRNAs to P bodies. Alternatively, since Upf1p is required for the 

maintenance of RNAi in C. elegans (Domeier et al., 2000), RISC could recruit Upf1p for 

translational repression. 

ii.) Decapping and degradation  

Since Ago2 interacts with DCP1, one hypothesis is that the target mRNAs are 

degraded within P bodies. Recent evidence from Drosophila also supports this idea. In 

flies, the decapping enzymes DCP1 and DCP2, as well as GW182 may be involved in the 

miRNA pathway, as their depletion leads to a four to six fold increase in expression of 

the target reporter mRNA (Rehwinkel et al., 2005). Interestingly, the 5’ to 3’ exonuclease 

XRN1 is also required for efficient RNAi in C. elegans (Newbury and Woollard, 2004). 

a
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Involvement of the decapping enzymes and Xrn1p in RNAi supports the model that 

miRNAs can target mRNA for degradation. Data to further support this model comes 

from recent results suggesting that miRNAs can function together with TTP, an AU rich 

element (ARE)-binding protein, to target ARE-containing mRNAs for degradation (Jing 

et al., 2005).  

Different modes of translational repression 

The data presented above argue that P bodies are sites where mRNAs are targeted 

either to be silenced, stored, or to be degraded. This implies that the regulation of the 

entry of mRNAs into P bodies will be important. One intriguing question is that how do 

specific mRNAs get targeted to P bodies. 

There are multiple pathways by which mRNAs can be targeted to P bodies. First, 

Pat1p and Dhh1p, along with Spb1p (an RNA binding protein) can repress translation and 

direct normal mRNAs to P bodies (Clark et al., 1990; Jong and Campbell, 1986; Segal, 

2005; Coller and Parker, 2005) (Figure 1.5). Second, our results have shown that Upf1p 

is required for the targeting of aberrant mRNAs to P bodies. Moreover, Upf1p also 

accumulates in neuronal granules (Barbee et al., in preparation) and is required for 

efficient RNAi in C. elegans. These observations suggest that Upf1p also targets specific 

subsets of mRNAs to P bodies. Third, since miRNAs are also targeted to P bodies, it is 

possible that Ago proteins and the RISC complex either target mRNAs to P bodies or 

may be able to recruit proteins like Dhh1p, Pat1p or Upf1p to facilitate movement of  the 

target mRNAs to P bodies. 
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Figure 1.5: Different pathways into P bodies. Normal mRNAs can be targeted to P bodies 

by Dhh1p, Spb1p and Pat1p whereas aberrant mRNAs are targeted to P bodies by Upf1p 

and miRNAs can be targeted to P bodies by Ago and RISC complex. 
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Flux of mRNAs from translation to P bodies via stress granules  
 

There are various translation repression mechanisms that target mRNAs to P 

bodies. However, the m odeling of a translating mRNP, 

containing translation initiatio RNP is not known. 

One possibility is that th anules called stress granules 

(SG).  

SG are seen ls are subjected to oxidative stress or 

e stresses lead to 

global translation initiation arrest . Phosphorylation of 

eIF2α  

inhibiting form lexes required for translation initiation. 

It has been shown that  is both necessary and sufficient to 

induce stress granule form

e core of the SG (Kedersha et al., 

ion related domain (PRD) 

important for their self oligom ese proteins also have an 

RNA binding dom g mRNAs into SG. These observations 

d TIA R drive stress granule formation. 

In addition to TIA and TIA R, SGs contain poly(A) + mRNA, translation 

initiation factors (eIF4E, eIF4G, eIF3, eIF2, eIF2B), specific mRNA binding proteins 

TIA and TIA R and 40S subunits, but not large ribosomal subunits (Kedersha et al., 2002; 

Kimball et al., 2003). The presence of poly(A)+ mRNAs, translation initiation factors, 

echanism of the transition and rem

n factors and ribosomes, to a P body m

e transition occurs in cytoplasmic gr

 when mammalian and plant cel

heat shock, respectively (Kedersha et al., 1999; Nover et al., 1983). Thes

 due to phosphorylation of eIF2α

 increases its affinity for eIF2B, and prevents exchange of GDP for GTP, thereby

ation of the 43S preinitiation comp

 phosphorylation of eIF2α

ation (Kedersha et al., 1999).  

RNA binding proteins TIA and TIA R form th

2000; Kedersha et al., 1999). These proteins contain a pr

erization (Gilks et al., 2004). Th

ain important for recruitin

suggest that TIA an
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and specific mRNA binding proteins in SG suggest a model wherein SG are sites of 

RNA triage, in which individual transcripts can be sorted for either storage, reinitiation, 

or degradation (Kedersha and Anderson, 2002). Structures analogous to stress granules 

are not observed in Saccharomyces cerevisiae during typical stress responses, suggesting 

that this biochemical compartment is either absent or more transient in yeast than in more 

complex eukaryotes. 

Though physically distinct, SG and P bodies share several similarities. First,  SG 

disintegrate when mRNAs are trapped in the translating pool (by treating cells with 

cycloheximide), but increase in size when treated with Puromycin, a drug that inhibits 

protein synthesis by destabilizing polysomes and promoting premature termination 

(Kedersha et al., 2000). Second, both SG and P bodies are induced by stress (Kedersha et 

al., 2005; Teixeira et al., 2005). Third, they share components like Dcp1, Dhh1, Xrn1, 

eIF4E, TTP, and CPEB (Kedersha et al., 2002; Stoecklin et al., 2004; Wilczynska et al., 

2005), suggesting that there may be interactions between these two mRNP granules.  

Recent results have shown that many components of SG are mRNA binding 

proteins such as TTP, HuR, CPEB, and Staufen (Kedersha et al., 2002; Stoecklin et al., 

2004; Thomas et al., 2005; Wilczynska et al., 2005). Since TTP can destabilize ARE-

containing mRNAs (Lai et al., 1999), this observation implies that TTP may identify 

translationally stalled ARE-containing mRNAs and target them for decay. SG and P 

bodies have been shown to be located in close proximity to each other in mammalian 

cells and under certain conditions can fuse (Kedersha et al., 2005); thus implying that 

mRNAs move between SG and P bodies for degradation. These results also suggest that 

m



 42

stress granules could be an intermediate stage where the mRNAs pass through from 

translation to P bodies (Figure 1.6). Thus, these results suggest that cycling of the mRNA 

between translation, stress granules, and P bodies will be important for controlling the 

activity of the mRNA.  Future insights into this mRNA cycling will probably come from 

investigating the relationship between P bodies and stress granules. 
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Figure 1.6: A model of flux of mRNAs from translation to P bodies via stress granules.  
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ture workFu  
 

It is evident from the emerging evidence that P bodies represent sites where 

translationally rep ely new field, there 

 

stions such as; What 

are the transitions l  How are mRNAs protected 

from RNAs from P bodies 

regulated?  

ressed mRNAs accumulate. Since this is a relativ

are lots of unanswered questions. We have several clues as to how mRNAs can enter P

bodies, but it is anticipated that future work will give insights to que

eading to targeting mRNA into P bodies?

 decapping if they need to be stored? How is the exit of the m
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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 

Molecular and Cellular Biology, I present my work in two chapters and three appendices, 

each of the latter is a manuscript already published (Appendix A and B) or to be 

submitted (Appendix C). The two chapters provide an introduction to the problem and a 

review of literature (Chapter I) and a description of the present study (Chapter II), in 

which I summarize the conclusions of each of the three manuscripts. 

 My contributions to each of the manuscripts are delineated as follows. 

 Appendix A: This manuscript is my own work in its entirety. 

Appendix B: Experiments that contributed to Figure 1 and Figure 3 were done 

together by me and Daniela Teixeira. Experiments that contributed to Figure 4 and Figure 

7 were done by me.  

Appendix C: This manuscript is my own work in its entirety. 

The ideas and the thoughts that went in this work were greatly influenced by my 

mentor, Roy Parker. I am especially thankful to the members of the Parker Laboratory for 

their thoughtful discussions and comments. Finally, I would also like to thank faculty 

members of the Department of Molecular and Cellular Biology. 
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CHAPTER II: PRESENT STUDY 

Decapping and 5’ to 3’ exonucleolytic decay can occur in cytoplasmic Processing 

Summary 

In Saccharomyces cerevisiae, a major pathway of turnover begins with 

deadenylation, followed by decapping and 5’ to 3’ exonucleolytic decay. In this paper, 

we provide evidence that mRNA decapping and 5’ to 3’ degradation occur in discrete 

cytoplasmic foci in yeast, which we call processing bodies (P bodies). First, proteins that 

activate or catalyze decapping are concentrated in P bodies. Second, inhibiting mRNA 

turnover before decapping leads to loss of P bodies; in contrast, inhibiting turnover at, or 

after, decapping, increases the abundance and size of P bodies. Finally, mRNA 

degradation intermediates are localized to P bodies. These results define the flux of 

mRNAs between polysomes and P bodies as a critical aspect of cytoplasmic mRNA 

metabolism and a possible site for regulation of mRNA degradation. 

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

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

findings of each of the papers. 

bodies (P bodies) (Appendix A). 
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Processing bodies requir on translating mRNAs 
ppendix B) 

 

 
ve defined cytoplasmic foci, referred to as processing 

bodies (P bodies), wherein mRNA decay factors are concentrated and where mRNA 

physical nature of P bodies, their relationship to 

anslation, and possible roles of P bodies in responses to cellular stresses remain unclear. 

e describe four properties of yeast P bodies that indicate that P bodies are dynamic 

structures that contain non translating mRNAs and function during cellular responses to 

stress. First, in vivo and in vitro analysis indicates that P bodies are dependent on RNA 

for their formation. Second, the number and size of P bodies vary in response to glucose 

deprivation, osmotic stress, exposure to ultraviolet light, and the stage of cell growth. 

Third, P bodies vary with the status of the cellular translation machinery. Inhibition of 

translation initiation by mutations, or cellular stress, results in an increase in size and 

number of P bodies. In contrast, inhibition of translation elongation, thereby trapping the 

mRNA in polysomes, leads to dissociation of P bodies. Fourth, multiple translation 

factors and ribosomal proteins are lacking from P bodies. These results suggest additional 

biological roles of P bodies in addition to being sites of mRNA degradation. 

 

e RNA for assembly and contain n
(A

Summary 

Recent experiments ha

decay can occur. However, the 

tr

W
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Nonsense Mediated Decay in Yeast involves targeting of aberrant mRNAs to 
cytoplasmic Processing bodies (Appendix C) 

 
Summary 
 

In eukaryotes, a major pathway of mRNA decay begins with poly (A) shortening, 

followed by decapping and 5’ to 3’ exonucleolytic degradation, which can occur in 

cytoplasmic P bodies. A specialized pathway of mRNA degradation, referred to as 

Nonsense-mediated decay (NMD), recognizes mRNAs with aberrant termination codons 

and targets them for rapid degradation.  We demonstrate that NMD in yeast involves 

targeting of premature termination codon (PTC)-containing mRNA to P bodies.  Upf1p 

can be sufficient for targeting mRNAs to P bodies with Upf2p and Upf3p acting, at least 

in part, downstream of P body targeting to trigger decapping.  The ATPase activity of 

Upf1p is also required for NMD after the targeting of mRNAs to P bodies, and Upf1p can 

target normal mRNAs to P bodies, but not promote their degradation. These observations 

lead us to propose a new model for NMD wherein two successive steps are used to 

distinguish normal and aberrant mRNAs. 
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APPENDIX A: DECAPPING AND 5’ TO 3’ EXONUCLEOLYTIC DECAY CAN 
OCCUR IN CYTOPLASMIC PROCESSING BODIES (P BODIES)
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APPENDIX B: PROCESSING BODIES REQUIRE RNA FOR ASSEMBLY AND 
CONTAIN NON TRANSLATING mRNAs  
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APPENDIX C: NONSENSE MEDIATED DECAY IN YEAST INVOLVES 
TARGETING OF ABERRANT mRNAs TO CYTOPLASMIC PROCESSING 
BODIES  
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SUMMARY 

 

In eukaryotes, a major pathway of mRNA decay begins with poly (A) shortening, 

followed by decapping and 5’ to 3’ exonucleolytic degradation, which can occur in 

cytoplasmic P bodies. A specialized pathway of mRNA degradation, referred to as 

Nonsense-mediated decay (NMD), recognizes mRNAs with aberrant termination codons 

and targets them for rapid degradation.  We demonstrate that NMD in yeast involves 

targeting of premature termination codon (PTC)-containing mRNA to P bodies.  Upf1p 

can be sufficient for targeting mRNAs to P bodies with Upf2p and Upf3p acting, at least 

in part, downstream of P body targeting to trigger decapping.  The ATPase activity of 

Upf1p is also required for NMD after the targeting of mRNAs to P bodies, and Upf1p can 

target normal mRNAs to P bodies, but not promote their degradation. These observations 

lead us to propose a new model for NMD wherein two successive steps are used to 

distinguish normal and aberrant mRNAs. 
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INTRODUCTION: 

 
Eukaryotic cells contain quality control mechanisms that recognize and degrade  

mRNAs that have either not completed nuclear pre-mRNA processing or fail to encode a 

proper polypeptide.  Such aberrant mRNAs are degraded rapidly, presumably before the 

accumulation of deviant protein products that could have adverse effects on the cell.  One 

such quality control system is referred to as Nonsense-mediated decay (NMD).  In addition 

to mRNAs with premature stop codons, NMD degrades a variety of other substrates with 

alterations in the normal spatial relationship between the termination codon and other RNA 

features (Hilleren and Parker, 1999; Baker and Parker, 2004; Maquat, 2004).  

 

The process of NMD requires two critical steps.  First, a translation termination 

event must be recognized as aberrant. The process of recognizing an mRNA as 

“nonsense”-containing and targeting it for degradation requires the Upf1, Upf2, and Upf3 

proteins in yeast, Drosophila, C. elegans, and mammalian cells (Culbertson and Leeds, 

2003; Maquat, 2004).  Thus, these proteins appear to constitute the core of the NMD 

machinery, although the role of each Upf protein is not fully understood. In a second 

phase, NMD accelerates the rates of deadenylation, decapping, and in some cases 

endonucleolytic cleavage (Stevens et al., 2002; Mitchell and Tollervey, 2003; Lejeune et 

al., 2003; Chen and Shyu, 2003; Takahashi et al., 2003; Cao and Parker, 2003; Gatfield 

and Izaurralde, 2004).  NMD leads to decapping prior to deadenylation, which is usually 

a prerequisite for decapping of normal mRNAs (Muhlrad and Parker, 1994).  In yeast, the 

combination of increasing decapping rate and bypassing the need for deadenylation leads 
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to deadenylation-independent decapping being the predominant pathway for degradation 

of NMD substrates (Cao and Parker, 2003).  

 

Recent studies have identified cytoplasmic foci in both yeast and mammals, 

referred to as P bodies, that include the decapping enzyme (Dcp1p/Dcp2p), activators of 

decapping (Dhh1p, Pat1p, Lsm1-7p), the 5’ to 3’ exonuclease Xrn1p, and generally lack 

translation factors (van Dijk et al., 2002; Lykke-Andersen, 2002; Ingelfinger et al., 2002; 

Sheth and Parker, 2003; Cougot et al., 2004).   P bodies are dynamic structures and 

represent pools of non-translating mRNPs (Sheth and Parker, 2003; Cougot et al., 2004; 

Kshirsagar and Parker, 2004; Ferraiuolo et al., 2005; Kedersha et al., 2005; Teixeira et 

al., 2005; Andrei et al., 2005).  The mechanisms by which mRNAs move from translation 

to P bodies are unclear.  However, because Dhh1p and Pat1p can repress translation 

(Coller and Parker, 2005) and Pat1p can co-immunoprecipitate with translation factors 

(Tharun and Parker, 2001), a simple working model is that mRNAs exit translation and 

interact with P body components to form a non-translating mRNP, referred to as a “P 

body monomer”. These P body monomers could then aggregate into a range of particles, 

some of which will be microscopically visible. An important and unresolved issue is 

whether the larger aggregates have compositional and/or functional differences from the 

individual monomer units.   

 

Several functions have been proposed for P bodies suggesting they are important 

sites in the control of cytoplasmic mRNA function.  First, P bodies in both yeast and 
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mammals can be sites of mRNA decapping and 5’ to 3’ degradation (Sheth and Parker, 

2003; Cougot et al., 2004).  Second, P bodies, or the ability to form the P body monomer, 

appear to constitute a general translation repression system that functions in the control of 

both global translation and mRNA specific regulation (Coller and Parker, 2005).  Third, P 

bodies can serve as mRNA storage sites, and transcripts can exit P bodies and return to 

translation (Brengues et al., 2005).  This suggests that cytoplasmic mRNAs may be 

continually shuttling in and out of P bodies, and that P body size and number will be a 

function of the rates of entry into P bodies, decay within P bodies, the aggregation rate of 

the P body monomer units, and the rate of mRNAs exiting the P body structure.    

 

Three properties of P bodies raise the hypothesis that NMD might involve 

targeting of PTC-containing mRNAs to P bodies.  First,  previous work has shown that 

recognition of an mRNA as “nonsense-containing” leads to its translational repression 

(Muhlrad and Parker, 1999b), and therefore might be targeted to P bodies.  Second, 

Dcp1p, Dcp2p and Xrn1p, which catalyze the degradative phase of NMD, are 

concentrated in P bodies (Sheth and Parker, 2003). In addition, SMG5, SMG7, and 

UPF1, proteins involved in NMD in higher eukaryotes, have also been reported to be 

localized to P bodies in mammalian cells under certain conditions  (Unterholzner and 

Izaurralde, 2004; Fukuhara et al., 2005). 

 

In this work we addressed the role of P bodies in NMD.  We present three 

observations indicating that NMD involves formation of a P body mRNP in yeast. First, 
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the Upf proteins accumulate in P bodies when decapping is blocked.  Second, PTC-

containing mRNAs accumulate in P bodies in a Upf1p-dependent manner.  Third, 

specific defects in NMD lead to the accumulation of mRNAs and proteins in P bodies. 

The demonstration that NMD occurs within a P body state has allowed us to demonstrate 

that the Upf proteins act at different steps in this pathway, with Upf1p being sufficient for 

targeting mRNAs to P bodies and Upf2p and Upf3p acting, at least in part, downstream 

of P body targeting to trigger decapping of NMD substrates within the P body.  In 

addition, our results suggest that Upf1p can also target normal mRNAs to P bodies, and 

that normal and NMD substrates may be distinguished by a two step sequential process, 

which would be expected to increase the accuracy of the NMD selection process.  
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RESULTS 

Upf1p, Upf2p and Upf3p can localize to P bodies 

 Since Upf1p, Upf2p, and Upf3p are required for NMD, the presence of these 

proteins in P bodies would argue for the occurrence of NMD in P bodies. To address this 

issue, a C-terminal GFP fusion of each Upf protein was constructed and the cellular 

localization of the chimeras determined in wild type cells. Northern analysis of the CYH2 

pre-mRNA, which is a substrate for NMD (He et al., 1993), indicated the tagged Upf1p, 

Upf2p, and Upf3p are fully functional (data not shown).  Consistent with prior work 

(Atkin et al., 1995; Shirley et al., 1998), GFP-tagged Upf1p, Upf2p and Upf3p were 

uniformly distributed in the cytoplasm and no obvious foci were present (Figure 1A, top 

panel).  However, if Upf proteins target mRNA to P bodies but are released rapidly after 

the degradation of the mRNAs, they might be diffusely distributed in the cytoplasm at 

steady-state.  This model predicts that Upf proteins would be present in P bodies if 

degradation of the mRNA within P bodies were blocked.  

To test this model, we localized the Upf proteins in dcp1∆ strains, which are 

blocked at the catalytic stage of decapping. In dcp1∆ strains, Upf1p, Upf2p, and Upf3p 

were clearly present in cytoplasmic foci (Figure 1A, bottom panel), which co-localized 

with Dcp2p-RFP (Figure 1B). Similar results were also seen for Upf1p-GFP in dcp2∆ 

and xrn1∆ strains (data not shown).  These foci, and all other microscopic data presented 

in this manuscript, unless explicitly stated, were seen in greater than 80% of cells 

examined. This observation suggests that the Upf proteins cycle through P bodies and 

accumulate in P bodies when decapping is blocked.  
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Since Dcp1p is involved in the decay of both normal and nonsense-containing 

mRNAs (Beelman et al., 1996), the accumulation of Upf proteins in P bodies in a 

dcp1∆ strain could be due to the accumulation of normal and/or nonsense-containing 

mRNAs in these foci. To determine if the accumulation of Upf proteins in P bodies was 

specific to NMD, we examined the distribution of Upf1p-GFP in a lsm1∆ strain in which 

decapping of only normal mRNA is inhibited. In the lsm1∆ strain, Upf1p-GFP is not 

concentrated in P bodies (Figure 1C, middle panel) as compared to a dcp1∆ strain (Figure 

1A, bottom panel) or a dcp2∆ strain (Figure 1C, right panel). Similar results were also 

obtained for Upf2p-GFP and Upf3p-GFP (data not shown). In contrast, Dhh1p, an 

activator of decapping involved in the 5' to 3' decay of normal mRNA (Coller et al., 

2001), accumulated in P bodies in both lsm1∆ and dcp1∆ or dcp2∆ strains (Figure 1D, 

middle panel and left panel respectively & data not shown). This result indicates that the 

presence of Upf proteins in P bodies is specifically due to a defect in NMD. 

 

 A reporter mRNA harboring a nonsense mutation localizes to P bodies 

  Since the Upf proteins can localize to P bodies, NMD might involve targeting of 

mRNAs to P bodies. To test this prediction, we determined if PGK1 mRNAs with early 

(codon 22) or late nonsense (codon 225) codons, which differ in their rate of decapping 

(Cao and Parker, 2003), accumulated in P bodies. These reporter mRNAs contained 16 

U1A binding sites in the 3' UTR of the mRNA and a U1A-GFP fusion protein was co-

expressed, which allows sensitive and specific visualization of transcript localization 

(Bertrand et al., 1998; Brodsky and Silver, 2000; Teixeira et al., 2005). For both C22 and 
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C225 mRNAs, there was a 5 to 6 fold increase in the percentage of cells with the PTC-

containing mRNA in P bodies as compared to the WT PGK1 mRNA (Figure 2A, right 

panel compare top panel (WT) to middle (C22) & bottom panel (C225) and 2B). 

Furthermore, these mRNA-containing foci co-localized with RFP-tagged Dcp2p, 

showing that PTC-containing mRNA can localize to P bodies (Figure S1).  

To determine if the accumulation of the C22 and C225 mRNAs in P bodies was 

due to NMD, we examined how this localization was affected in upf1∆, upf2∆, and 

upf3∆ strains.  An important result was that in upf1∆ strains, the accumulation of both the 

C22 and C225 reporter mRNAs in P bodies was reduced, 1.5 and 6 fold respectively 

(Figure 2 A, vi & x).  The continued accumulation of C22 mRNA in P bodies in the 

upf1∆ strain is likely to be due to the short ORF on this transcript, and the inverse 

relationship seen between an mRNA being associated with ribosomes or accumulating in 

P bodies (Brengues et al., 2005; Teixeira et al., 2005).  It should be noted that the 

decrease in P body accumulation in the upf1∆ strain was observed despite an increase in 

the upf1∆ strain in the levels of the C22 and C225 mRNAs due to an inhibition of NMD 

(data not shown).  This observation argues that Upf1p is required for the targeting of 

NMD substrates to P bodies.   

The C22 and C225 mRNAs behaved slightly differently in the upf2∆ and 

upf3∆ strains. For the C22 reporter, the accumulation of the mRNA in P bodies in upf2Δ 

and upf3Δ was increased 1.5 fold as compared to the upf1∆ strain, and was slightly 

higher than in the WT strain (Figure 2A, vii & viii and 2D).  Similar to the C22 mRNA, 
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the upf2∆ and upf3∆ accumulated more of the C225 mRNA in P bodies than the 

upf1∆ strain (Figure 2A, xi & xii and 2E). In addition to the increase in the percentage of 

cells containing P bodies, individual upf2Δ and upf3Δ cells, had an increase in both P 

body size and number as compared to upf1∆ cells (Figure 2A, compare vi to vii & viii 

and data not shown).  These results suggest Upf1p is the critical protein for targeting 

mRNAs to P bodies (see below).  However, the reduction of the C225 mRNA in P bodies 

in upf2∆ and upf3∆ strains as compared to WT strain, suggests that Upf2p and Upf3p 

might affect the efficiency with which the C225 mRNA is targeted to P bodies (see 

discussion).  

Since the Upf proteins show differences in the localization of the reporter 

mRNAs, we examined if these proteins differentially affected the decay of the mRNA. 

We examined the decay of C22 (early PTC) and C142 mRNA (intermediate PTC) in upf 

deletion strains by transcriptional pulse chase. Our data shows that even though these 

proteins show different results in terms of localization of mRNAs to P bodies, all three 

are required for the decay of the RNA (Figure S2 and data not shown). This suggests that 

localization of the PTC-containing mRNA to P bodies by Upf1p is not sufficient for 

degradation and that Upf2p and Upf3p are also required to trigger decay of the mRNA. 

 

upf2∆ and upf3∆ strains contain increased P bodies 

The above observations suggest that a sub-step in NMD is the targeting of the 

mRNA to a specific mRNP complex, which can accumulate, and be detected, as P bodies.  

Thus, the accumulation of mRNAs and proteins in P bodies becomes an assay for a sub-



 114

step in the NMD process, which can be used to determine whether proteins function 

upstream or downstream of targeting to P bodies.  Given this, we examined whether each 

Upf protein acts upstream or downstream of P body formation by using Dcp2p-GFP to 

monitor P body formation in upf deletion strains. We observed that Dcp2p-GFP 

accumulated in P bodies in upf2∆ and upf3∆ strains (Figure 3A, compare panel i to iii & 

iv). In contrast, Dcp2p-GFP failed to accumulate in P bodies in the upf1∆ strain and was 

similar to the wild type strain (Figure 3A, compare panel i & ii).  Using GFP fusions, 

Dcp1p and Xrn1p were also observed to accumulate in P bodies in upf2∆ and upf3∆ 

strains, but not in upf1∆ strains (data not shown).  

 

Upf1p acts upstream of Upf2p and Upf3p 

 If the accumulation of decapping factors in P bodies seen in the upf2∆ and upf3∆ 

strains is a consequence of NMD, then the accumulation of P bodies seen in upf2∆ and 

upf3∆ strains should be dependent on Upf1p.  To test this prediction, we examined the 

accumulation of Dcp2p-GFP in an upf1∆ upf2∆ double mutant strain as compared to an 

upf2∆ strain.  We observed that GFP-tagged Dcp2p no longer accumulated in P bodies in 

the upf1∆ upf2∆ strain (Figure 3A, v) whereas it accumulated in P bodies in upf2∆ upf3∆ 

(Figure 3A, vii).  Thus, the phenotype of the upf1 deletion is epistatic to the phenotype of 

the upf2 deletion. Similar results were also obtained for upf1∆ upf3∆ strain (Figure 3A, 

vi). The results of Western analysis show that the level of Dcp2p-GFP does not 

significantly differ in these strains, which indicates that the changes in the P bodies are 
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not due to differences in Dcp2p-GFP abundance (Figure S3). These observations suggest 

that Upf1p functions upstream of Upf2p and Upf3p. 

 

To identify other proteins that accumulate in P bodies in upf2∆ and upf3∆ strains, 

we examined the localization of Dhh1p-GFP, Pat1p-GFP and Lsm1p-GFP in different 

upf mutants. Surprisingly, Dhh1p, Lsm1p and Pat1p accumulated in P bodies in upf2∆ 

and upf3∆ strains. (Figure 3B, iii, iv, vii, viii and data not shown). This observation 

suggests two possibilities. First, normal mRNAs in the process of decay might 

accumulate in P bodies in upf2∆ and upf3∆ strains. However, this possibility is unlikely 

since normal mRNAs do not accumulate in P bodies in upf2∆ and upf3∆ strains (Figure 

2C). Alternatively, when Upf1p targets an mRNA to assemble a P body complex it may 

recruit the decapping enzyme as part of a larger complex consisting of the decapping 

enzymes (Dcp1p/Dcp2p), activators of decapping ( Dhh1p, Pat1p and Lsm1-7p) and the 

5' to 3' exonuclease Xrn1p, even though some of the proteins are not required for NMD.  

 

Interdependence of Upf proteins 

To determine the interdependence of the Upf proteins on one another, we 

examined the location of each of the Upf proteins in strains lacking one of the other two 

Upf proteins.  This experiment provided three interesting observations. First, we observed 

that Upf1p-GFP accumulated in P bodies in upf2∆ or upf3∆ and upf2∆upf3∆ strains 

(Figure 3C, ii, iii, and data not shown).  This further supports the model that Upf1p 

functions upstream, and independently, of Upf2p and Upf3p. This result also implies that 
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Upf2p and Upf3p are required for degradation of the mRNA within the P body.  A 

second observation was that Upf2p and Upf3p do not accumulate in P bodies in an 

upf1∆ strain (Figure 3C, v & viii). This observation also supports the model that Upf1p 

acts upstream of Upf2p and Upf3p. Third, in contrast to Upf1p, neither Upf2p nor Upf3p 

accumulated in foci in upf3∆ or upf2∆ strains, respectively (Figure 3C, vi & ix). This 

suggests that the stable accumulation of Upf2p and Upf3p in P bodies is interdependent. 

These results argue that Upf1p is required for targeting of PTC-containing 

mRNAs to P bodies. In contrast, in strains lacking Upf2p and Upf3p, mRNAs and 

associated proteins accumulate in P bodies, presumably due to the action of Upf1p, but 

are not degraded. This is supported by the observation that the localization of a reporter 

mRNA harboring an early PTC to P bodies is decreased in upf1∆, whereas it slightly 

increased in upf2∆ and upf3∆ strains (Figure 2A & B). 

 

Upf1p has a central role in targeting mRNAs to P bodies 

 The above results document a key role for Upf1p in targeting nonsense mRNAs to 

P bodies. Upf1p is a 5’ to 3’ ATP-dependent RNA helicase and its ATPase activity is 

essential for NMD in an unknown manner (Weng et al., 1996).  One possibility is that the 

ATPase activity of Upf1p may be required for the initial targeting of mRNAs to P bodies. 

This model predicts that a strain expressing an ATPase defective allele of Upf1p would 

not be able to target mRNAs to P bodies and therefore P bodies would decrease in size. 

Alternatively, the ATPase domain could be required for degradation of the mRNA 
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substrate, after targeting to a P body. In this case, a strain expressing an ATPase defective 

allele of Upf1p would show an increase in P bodies.  

To test these predictions, we examined the effect of a ATPase defective allele 

(DE572AA) of upf1 on P body size and number (Weng et al., 1996). We expressed WT 

Upf1p and the DE572AA upf1 allele from a low copy plasmid in a upf1Δ strain. We 

observed that Dcp2p-GFP accumulated in P bodies in cells expressing the DE572AA 

upf1 allele (Figure 4A, iii), but not in strains containing either WT Upf1p or empty vector 

(Figure 4A, i & ii). This suggests that the ATP hydrolysis activity of Upf1p is not 

required for P body targeting, and instead may promote a rearrangement within P bodies 

that can trigger mRNA degradation. 

  Additional evidence for the role of the ATP hydrolysis activity of Upf1p comes 

from overexpression of the DE572AA upf1 allele from a two-micron plasmid in wild 

type strains expressing GFP-tagged Upf1p, Upf2p, Upf3p, Dhh1p, Pat1p, or Lsm1p.  We 

observed that GFP-tagged Upf1p, Dcp2p, Dhh1p, Pat1p and Lsm1p localized to P bodies 

in strains over-expressing the DE572AA upf1 allele (Figure 4B, iii; 4C, iii, vi & ix), but 

over-expressing WT Upf1p, or presence of empty vector, had no effect on the 

localization of all the proteins tested (Figure 4B, i & ii; 4C, i, ii, iv, v, vii & viii 

respectively). Moreover, we observed that the accumulation of P bodies in strains over-

expressing DE572AA upf1 allele is independent of Upf2p and Upf3p, as evident by the 

accumulation of Dcp2p-GFP in upf2Δ and upf3Δ strains (Figure 4D, iii & vi). In contrast 

to Upf1p, GFP-tagged Upf2p and Upf3p did not localize to P bodies in strains over-

expressing either WT Upf1p or the DE572AA upf1 allele (Figure 4B, v & vi and viii & ix 
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respectively). This observation indicates that either the DE572AA upf1 allele may have 

lost its ability to recruit Upf2p or Upf3p, or that Upf2p and Upf3p may associate with the 

mRNP after the ATP hydrolysis step. 

 

Upf1p can target normal mRNAs to P bodies 

  The accumulation of proteins in P bodies in the DE572AA allele of Upf1p argues 

that PTC-containing mRNAs should also accumulate in P bodies in this strain. To test 

this prediction, we examined the localization of both normal and nonsense mRNAs in a 

upf1∆ strain expressing the DE572AA upf1 allele. Our results show that the localization 

of the PTC (C22)-containing PGK1 reporter mRNA increases in the strain expressing the 

DE572AA upf1 allele as compared to a strain expressing WT Upf1p (Figure 5A, bottom 

panel compare left to right & B, right panel). These results argue that ATP hydrolysis by 

Upf1p is not required for localization of nonsense mRNAs, or associated proteins, to a P 

body, but acts at a downstream step. 

 Surprisingly, we also observed that expression of the DE572AA upf1 allele also 

led to accumulation of WT mRNAs in P bodies (Figure 5A, top panel compare left to 

right & B, left panel). This observation implies that Upf1p can also target normal mRNAs 

to P bodies and that they accumulate there either because ATP hydrolysis is required for 

their degradation, or for their release back into translation.  We examined the kinetics of 

decay of a WT PGK1 mRNA in upf1Δ strain harboring either  WT Upf1p or the 

DE672AA upf1 allele by a transcriptional pulse chase experiment, which allows 

measurement of the rates of both deadenylation and decapping of the mRNA (Cao and 
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Parker, 2003).  We observed that deadenylation, decapping, and overall decay rates of the 

PGK1 mRNA were not affected by the DE572AA upf1 allele (Figure 5C). Moreover, we 

did not observe even a small pool of mRNAs which might be stuck in a non-productive 

intermediate in the DE572AA allele and thereby be responsible for the increased P 

bodies.  This suggests that the ATP hydrolysis activity of Upf1p is likely to be required to 

release a pool of normal mRNAs that can be targeted to P bodies by Upf1p.   

   

  The observation that Upf1p leads to the accumulation of normal mRNAs in P 

bodies suggests that Upf1p can repress the translation of normal mRNAs.  This predicts 

that over-expression of Upf1p might generally affect translation. To test this possibility, 

we overexpressed either WT Upf1p or the DE572AA upf1 allele from the galactose 

promoter in wild-type cells and examined P body formation and polysome profiles after 

induction for two hours with galactose. Strikingly, compared to vector alone (Figure 6A), 

overexpression of the DE572AA upf1 allele reduced polysomes (Figure 6C, compare i to 

ii) and showed a clear accumulation of P bodies (Fig 6C, compare iii to iv).  In addition 

to a reduction in polysomes and an increase in P body size, overexpression of the 

DE572AA upf1 allele also inhibited growth (Figure 6C, compare v to vi) whereas 

overexpression of WT Upf1 caused a minor, but clear, decrease in growth rate (Figure 

6B, compare v to vi).  These results are consistent with Upf1p repressing the translation 

of a pool of “normal” mRNAs and targeting those transcripts to P bodies.  Moreover, 

because the DE572AA allele is more severe than over-expression of the WT Upf1p, it 
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implies that the DE572AA is inhibiting the recycling of mRNAs back into translation 

(see discussion).  
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DISCUSSION 

 

A Model for the process of Nonsense-mediated Decay 

Based on the literature and the above experiments, a model for the process of 

NMD and the roles of the Upf proteins can be proposed with the following salient 

features which are discussed further below (Figure 7).  First, there are two kinds of 

translation termination events: normal and aberrant, with aberrant terminations leading to 

the recruitment of Upf1p to the termination complex. Because Pab1p is thought to 

compete with Upf1 for access to the termination complex (Amrani et al., 2004), this 

initial distinction between normal and aberrant termination, on both normal and PTC-

containing mRNAs, may simply be a result of competition between Pab1p and Upf1p for 

access to the termination complex.  Second, the presence of Upf1p promotes the mRNA 

exiting the translating pool and forming a P body  monomer mRNP by recruiting Dcp1p, 

Dcp2p, Dhh1p, Pat1p, and Lsm1p-7p, which could potentially aggregate into a larger P 

body. Third, following ATP hydrolysis by Upf1p within the P body state, normal mRNAs 

are unable to recruit Upf2p or Upf3p and therefore return to translation. In contrast, 

following ATP hydrolysis by Upf1p, PTC-containing mRNAs efficiently recruit Upf2p 

and Upf3p, thus allowing a second distinction between normal and nonsense mRNAs. 

Fourth, interaction of Upf1p with Upf2p and Upf3p bound on the nonsense mRNAs 

triggers decapping and 5’ to 3’ degradation of the nonsense mRNA within the P body.  
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NMD involves targeting of PTC-containing substrates to P bodies.  

Several observations suggest that the process of NMD involves the assembly of 

an mRNP, which is required for decapping and can assemble into a P body. First, Upf1p, 

Upf2p, and Upf3p are localized to P bodies when NMD is inhibited at the nucleolytic 

steps in degradation (Figure 1).  Second, this accumulation of the Upf proteins in P 

bodies is specific to the NMD pathway and does not occur during inhibition of decapping 

of normal mRNAs (Figure 1). Third, reporter mRNAs harboring PTCs are localized to P 

bodies in a Upf-dependent manner (Figure 2). Fourth, when NMD is blocked in an 

upf2∆ or upf3∆ strain, P bodies increase in size and number and contain Upf1p and 

Dcp2p (Figure 3).  Fifth, when NMD is blocked using an ATPase defective allele of 

Upf1, P bodies increase in size (Figure 4).  We interpret these observations to indicate 

that NMD occurs within complexes that can accumulate into P bodies.  An unresolved 

issue is whether NMD requires assembly of aggregates into a larger structure to occur, or 

if decapping can occur within the P body monomer unit.  

 

NMD recruits the “normal” mRNA decapping complex.  

Data from several experiments suggest that the mRNP assembled during NMD 

contains a decapping complex similar to that assembled during normal decapping.  First, 

in upf2∆ or upf3∆ strains, Dcp1p, Dcp2p, Xrn1p, Dhh1p, Pat1p, and Lsm1p all 

accumulate within P bodies (Figure 3 and data not shown).  Moreover, this P body 

accumulation is due to NMD since Dcp2p-GFP does not accumulate in upf1∆upf2∆ or 

upf1∆upf3∆ strains (Figure 3), and because normal mRNAs do not accumulate in upf2∆ 
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or upf3∆ strains (Figure 2).  Similarly, in the strain harboring the DE572AA allele of 

Upf1p, a similar set of proteins accumulates in P bodies (Figure 4). Since Dhh1p interacts 

directly with Dcp2p (Decker and Parker, unpublished observations), we believe that 

Dhh1p, Pat1p, Lsm1-7p, and Xrn1p could be recruited as part of a complex with 

Dcp1p/Dcp2p.  Thus, the complex of proteins that forms in response to NMD contains 

the normal decapping complex, even though some of those proteins are not required for 

NMD.  

 

Upf1p acts upstream of Upf2p and Upf3p to promote P body mRNP formation 

Multiple lines of evidence suggest that Upf1p is required for targeting of PTC-

containing mRNAs to P bodies whereas Upf2p and Upf3p act downstream of this step. 

First, we observe that Upf1p-GFP and Dcp2p-GFP accumulate in P bodies in upf2∆ or 

upf3∆ strains (Figure 3). Moreover, the accumulation of Dcp2p-GFP in P bodies is 

dependent on Upf1p, since P body size decreases in upf1∆upf2∆ and upf1∆upf3∆ strains 

as compared to upf2∆ or upf3∆ strains (Figure 3). Second, Upf2p and Upf3p do not 

accumulate in P bodies in an upf1∆ strain (Figure 3). Third, overexpression of the 

DE572AA allele of upf1 causes accumulation of Dcp2p in P bodies, independent of 

Upf2p or Upf3p (Figure 4). Importantly, reporter mRNA localization data are also 

consistent with this model, as mRNAs harboring both early as well as late nonsense 

codon localize to P bodies in Upf1p-dependent manner (Figure 2). These observations 

argue that Upf1p has a central role in targeting of nonsense mRNAs to P bodies.  
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A second line of evidence for the role of Upf1 in the formation of the P body 

complex comes from our studies of the DE572AA upf1 allele. Strains expressing the 

DE572AA upf1 allele accumulate P body complexes, demonstrated by the accumulation 

of Upf1p, Dcp2p, Dhh1p, Lsm1p, and Pat1p (Figure 4). Interestingly, strains expressing 

the DE572AA allele of Upf1p do not show an accumulation of Upf2p and Upf3p in P 

bodies (Figure 4). This latter observation suggests that the ATP hydrolysis function of 

Upf1p is required for recruiting Upf2p and Upf3p to P bodies. The expression of the 

DE572AA allele also leads to an increase in accumulation of nonsense mRNAs in P 

bodies (Figure 5). These observations imply that that the ATP hydrolysis function of 

Upf1p is not required for the initial recognition and targeting of mRNAs to P bodies. 

More importantly, it implies that NMD in yeast may require at least two phases of 

substrate distinction, one outside of P bodies during translation termination event and 

another within the P body following ATP hydrolysis.  

 

Upf1p can target normal mRNAs to P bodies 

 Several lines of evidence argue that Upf1p can also target normal mRNAs to P 

bodies. First, strains containing the DE572AA upf1 allele show an accumulation of the 

normal PGK1 mRNAs in P bodies (Figure 5). Second, overexpression of the DE572AA 

upf1 allele leads to a clear reduction in polysomes and an increase in P body size (Figure 

6).  Because over-expression of WT Upf1p also has a minor, but clear, effect on growth 

rate, polysome profile, or accumulation of P bodies, the repression of normal mRNA 

translation is not unique to the DE572AA allele.  This suggests that the stronger defect in 
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the DE572AA allele is due to the ATPase mutant trapping mRNAs in P bodies that 

would otherwise normally return to translation.  Third, overexpression of DE572AA upf1 

allele also inhibits growth even in the absence of Upf2p and Upf3p (Figure 6 and data not 

shown).  Moreover, Upf1p can affect the rate of decapping of normal mRNAs in 

xrn1∆ strains (He and Jacobson, 2001).  These observations suggest that Upf1p can target 

at least a subset of normal mRNAs to P bodies.  Since normal mRNAs accumulate in P 

bodies but are not degraded (Figure 5), it suggests that a second mode of distinction is 

required after P body targeting to determine the substrates actually degraded by the NMD 

process.  This also implies that Upf1p may function, independent of NMD, as a 

translation repressor in some contexts, which is consistent with the role of Upf1p, but not 

Upf2p, in Staufen-mediated decay (Kim et al., 2005), and degradation of mammalian 

histone mRNAs (Kaygun and Marzluff, 2005). 

 

Upf2p and Upf3p function to promote degradation of “nonsense” mRNAs within P 

bodies.  

Several observations indicate that one function of Upf2p and Upf3p is to trigger 

decapping of the “nonsense” mRNA within P bodies.  First, Upf2p and Upf3p are clearly 

required for NMD, since lesions in any of the three Upf proteins results in stabilization of 

aberrant mRNAs and similar kinetics of deadenylation and decapping (Leeds et al., 1991; 

Leeds et al., 1992; Cui et al., 1995; Lee and Culbertson, 1995; He and Jacobson, 1995; 

Wang et al., 2001). Second, Upf1p and Dcp2p accumulate within P bodies in upf2∆ and 

upf3∆ strains (Figure 4), indicating they have a specific function within P bodies.  Third, 
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mRNAs with early nonsense codons show a slight increase in their accumulation in P 

bodies in upf2∆ and upf3∆ strains as compared to upf1∆ strain (Figure 2). The role of 

Upf2p and Upf3p in NMD is downstream of Upf1p function, since upf1∆ upf2∆ strains 

do not show any accumulation of Dcp2p in P bodies (Figure 4). The simplest 

interpretation of these results is that Upf2p and Upf3p function, at least in part, to trigger 

decapping and 5’ to 3’ decay of NMD substrates within P bodies.   

 

These results also imply that interaction of the mRNA substrate with Upf1p and 

Dcp2p, and its accumulation within P bodies, is not sufficient to trigger mRNA decay.  

The key observation supporting this hypothesis is that Upf1p and Dcp2p accumulate in P 

bodies in upf2∆ and upf3∆ strains, yet the mRNA is not subject to NMD-mediated 

degradation.  We interpret this to suggest that NMD will require multiple distinct phases, 

including recognition of aberrant termination by Upf1p, targeting to a P body and 

recruitment of Dcp1p/Dcp2p, ATP hydrolysis, and finally activation of decapping by 

Upf2p and Upf3p.  Activation might involve physical interactions that activate Dcp2p for 

catalysis, or might involve removal of inhibitors of decapping, such as eIF-4E/4G 

(Schwartz and Parker, 1999; Schwartz and Parker, 2000).  However, we have observed 

that eIF4E does not accumulate in P bodies when the DE572AA upf1 allele is 

overexpressed (data not shown). 

 

Since the efficient targeting of a reporter mRNA harboring a late PTC to P bodies 

requires all three Upf proteins (Figure 2), it raises the possibility that Upf2p and Upf3p 
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also function to increase the efficiency of recognition of aberrant termination events.  

However, it is possible that some phenotypes of the upf2∆ and upf3∆ strains are due to 

the accumulation of Upf1p in P bodies. This would essentially create a situation wherein 

Upf1p is limiting, giving a upf1Δ phenocopy in these upf2∆ and upf3∆ strains.  

Consistent with this possibility, it has been observed that some of the phenotypes of the 

upf2∆ and upf3∆ strains are partially suppressed by over-expression of Upf1p (Maderazo 

et al., 2000).  Thus, whether Upf2p and Upf3p also have a direct role early in the NMD 

process remains to be clarified.   

 

 The function of Upf2p and Upf3p within P bodies to promote degradation of the 

nonsense mRNA provides a second distinction between normal and NMD substrates that 

could complete the selection of mRNAs by the NMD process. Specifically, following 

Upf1p-dependent targeting of an mRNA to a P body, yeast mRNAs with PTCs  would be 

able to recruit Upf2p and Upf3p effectively, perhaps because of RNA binding proteins 

capable of interacting with Upf2p or Upf3p still bound to the coding region of the mRNA 

such as Hrp1p (Gonzalez et al., 2000).  On mRNAs with a complete open reading frame, 

such proteins would have been dislodged by elongating ribosomes. The use of multiple 

steps to distinguish substrates is a common principle in biological processes and can 

often increase the specificity of the overall selection process. Thus, this dual distinction 

mechanism would be expected to increase the fidelity of the NMD process.  Moreover, 

we note that a similar mechanism could function in mammalian cells where the 

recruitment of Upf2p and Upf3p may be more efficient due to stable and pre-existing 
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recruitment of Upf2p and Upf3p to the mRNP through physical interactions with the 

exon-junction complex.  
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EXPERIMENTAL PROCEDURES: 

Yeast Strains: 

See Table S1. 

 

Preparing cells for Confocal Microscopy: 

The cells were grown to an O.D600 of 0.3 at 30ºC in YEP or synthetic medium containing 

2% dextrose as a carbon source, washed 2 times with complete minimal medium 

containing 2% dextrose, resuspended in the same medium used for washing and rapidly 

observed. Observations were made using a Nikon PCM 2000 Confocal Microscope using 

a 100X objective with 2X or 3X zoom using Compix Software. All images are a 

compilation of 8-12 images in a stack. 

 

Co-localization experiments: 

GFP-tagged strains were transformed with a TRP1 cen plasmid containing Dcp2p-RFP 

(pRP1156). The transformants were grown to an O.D600 of 0.3 in synthetic media 

containing 2% dextrose lacking tryptophan. The cells were then washed twice in media 

containing 2% dextrose lacking tryptophan. The cells were collected and observed as 

described above. 

 

Method for visualizing the full length reporter mRNA: 

Wild type yeast cells were transformed with plasmid pRP1187 (expressing the U1A-GFP 

fusion protein), and either plasmid pPS 2037 (centromeric plasmid expressing the WT 
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PGK1 mRNA with U1A binding sites) or plasmid pRP1292 (centromeric plasmid 

expressing PGK1 mRNA harboring an early nonsense mutation at position 22 and U1A 

binding sites), or plasmid pRP1293 (centromeric plasmid expressing the PGK1 mRNA 

with a nonsense codon at position 225 and U1A binding sites). The cells were grown to 

an O.D600 of 0.3 in selective media containing 2% dextrose, collected and observed as 

described above.  For co-localization, the same cells were transformed with plasmid 

pRP1296 (expressing Dcp2p-RFP on a cen plasmid with the TRP marker). 

 

RNA analysis:  

Transcriptional pulse chases were done as described earlier (Decker and Parker, 1993).  

 

Polysome analysis: 

Performed as described in (Coller and Parker, 2005). Cycloheximide was omitted as it 

alters decapping and P bodies (Sheth and Parker, 2003). Cells were grown in selective 

media containing 2% sucrose, harvested, split into two cultures. They were resuspended 

in media containing either 2% Sucrose or 0.25% Sucrose and 2% Galactose. Cultures 

were incubated for 120 minutes and then harvested. The polysomes were analyzed using 

15%–50% sucrose gradients.  
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FIGURE LEGENDS: 
 
Figure 1: Upf proteins are localized to P bodies. 
 
A.  Top panel: Localization of Upf1p-GFP (left), Upf2p-GFP (middle) and Upf3p-GFP 

(right) in WT cells. 

   Bottom Panel: Localization of Upf1p-GFP (left), Upf2p-GFP (middle) and Upf3p-

GFP (right) in a dcp1∆ strain. 

B. Panel on the left (vertical) shows localization of GFP-tagged Upf proteins;   middle 

panel (vertical) shows localization of RFP-tagged Dcp2p and panel on the right 

(vertical) shows the merge generated using Adobe Photoshop. Top row shows 

localization of Upf1p, middle panel shows the localization of Upf2p, and bottom 

panel shows localization of Upf3p.  

C. Shows localization of GFP-tagged Upf1p in WT strain (left), lsm1∆ (middle) and 

dcp2∆ (right). 

D. Localization of Dhh1p-GFP in a WT strain (left), lsm1∆ (middle) and dcp1∆ (right). 

 

Figure 2: Nonsense containing full length reporter mRNA localizes to P  

                  bodies.  

A. Top panel from left to right: Wild type PGK1 reporter mRNA with U1A binding sites 

and plasmid expressing U1A GFP in WT (i), upf1Δ (ii), upf2Δ (iii) and upf3Δ (iv) 

strains, respectively. 
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      Middle panel from left to right: PGK1 mRNA with a premature stop codon at position 

22 with U1A binding sites and plasmid expressing U1A GFP in WT (v), upf1Δ (vi), 

upf2Δ (vii), and upf3Δ (viii) strains respectively.  

Bottom panel from left to right: PGK1 mRNA with a premature stop codon at 

position 225 with U1A binding sites and plasmid expressing U1A GFP in WT (ix), 

upf1Δ (x), upf2Δ (xi), and upf3Δ (xii) strains, respectively. 

 All the mRNAs lack the pG tract to trap the decay intermediate. The schematic 

diagram of the reporter RNA and its interaction with the U1A-GFP fusion protein is 

shown on the left. 

B. Histogram showing localization of WT, C22 and C225 U1A reporter mRNAs in WT 

strain.  

C. Histogram showing localization of WT U1A reporter mRNA in WT, upf1Δ, upf2Δ, 

and upf3Δ strains, respectively. 

D. Histogram showing localization of C22 U1A reporter mRNA in WT, upf1Δ, upf2Δ, 

and upf3Δ strains, respectively. 

E. Histogram showing localization of C225 U1A reporter mRNA in WT, upf1Δ, upf2Δ, 

and upf3Δ strains, respectively. 

The Y axis on this histogram represents percentage of cells containing at least one P 

body. The error bar represents the standard deviation calculated from three independent 

experiments. 
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Figure 3: Analysis of Upf mutants 

A. Top panel (left to right): Localization of GFP-tagged Dcp2p in, WT (i), upf1Δ (ii), 

upf2Δ (iii) upf3Δ (iv) strains. 

Bottom panel (Left to right): Localization of GFP tagged Dcp2p in upf1Δ upf2Δ (v), 

upf1Δ upf3Δ (vi) and upf2Δ upf3Δ (vii) strains respectively. 

 

B. Top panel (left to right): Localization of GFP-tagged Dhh1p in, WT (i), upf1Δ (ii), 

upf2Δ (iii) and upf3Δ (iv) strains. 

Bottom panel (left to right): Localization of GFP-tagged Lsm1p in, WT (v), upf1Δ 

(vi), upf2Δ (vii) and upf3Δ (viii) strains. 

 

C. Top Panel: Localization of GFP-tagged Upf1p in WT (i), upf2∆ (ii) and upf3∆ (iii) 

strains. 

Middle Panel: Localization of GFP-tagged Upf2p in WT (iv), upf1∆ (v) and upf3∆ 

(vi) strains. 

         Bottom panel: Localization of GFP-tagged Upf3p in WT (vii), upf1∆ (viii) and upf2∆ 

(ix) strains. 

 

Figure 4: Analysis of the DE572AA upf1 allele  

A. upf1∆ strain, transformed with low copy plasmid, empty vector (i), or WT Upf1p (ii), 

or DE572AA upf1 allele (iii). All strains are transformed with plasmid containing 

Dcp2p-GFP as a marker for P bodies. 
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B. Top panel (left to right): localization of GFP tagged Upf1p containing 2μ plasmid, 

empty vector (i), or WT Upf1p (ii), or DE572AA upf1 allele (iii). 

Middle panel (left to right): localization of GFP tagged Upf2p containing 2μ plasmid, 

empty vector (iv), or WT Upf1p (v), or DE572AA upf1 allele (vi). 

Bottom panel (left to right): localization of GFP tagged Upf3p containing 2μ plasmid, 

empty vector (vii), or WT Upf1p (viii), or DE572AA upf1 allele (ix). 

C. Top panel (left to right): localization of GFP tagged Dhh1p containing 2μ plasmid, 

empty vector (i), or WT Upf1p (ii), or DE572AA upf1 allele (iii). 

Middle panel (left to right): localization of GFP tagged Pat1p containing 2μ plasmid, 

empty vector (iv), or WT Upf1p (v), or DE572AA upf1 allele (vi). 

Bottom panel (left to right): localization of GFP tagged Lsm1p containing 2μ 

plasmid, empty vector (vii), or WT Upf1p (viii), or DE572AA upf1 allele (ix). 

D. Top panel (left to right): localization of GFP tagged Dcp2p in upf1Δupf2Δ 

transformed with 2μ plasmid, empty vector (i), or WT Upf1p (ii), or DE572AA upf1 

allele (iii). 

Bottom panel (left to right): localization of GFP tagged Dcp2p in upf1Δupf3Δ strain 

transformed with 2μ plasmid, empty vector (iv), or WT Upf1p (v), or DE572AA upf1 

allele (vi). 
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Figure 5: ATPase activity of Upf1p is not required for targeting of mRNAs to    

      P bodies 

A. Top panel: Localizing WT U1A mRNA in upf1Δ strain transformed with WT Upf1p 

(left panel) or with DE572AA upf1 allele (right panel). 

Bottom panel: Localizing C22 U1A mRNA in upf1Δ strain transformed with WT 

Upf1p (left panel) or with DE572AA upf1 allele (right panel). 

B. Left Panel: Histogram showing localization of WT U1A mRNA in upf1Δ strain 

expressing either WT Upf1p or DE572AA upf1 allele. 

Right Panel: Histogram showing localization of C22 U1A mRNA in upf1Δ strain 

expressing either WT Upf1p or DE572AA upf1 allele. 

C. Transcriptional pulse chase of WT PGK1 mRNA in upf1∆ strain expressing, WT 

Upf1p (left panel) or DE572AA upf1 allele (right panel). Plasmid pRP469 was 

introduced into the strains by transformation and transcriptional pulse chase 

performed as previously described (Decker and Parker, 1993).  

Figure 6: Overexpression of DE572AA upf1 allele causes translational   

                    repression, an increase in P bodies and inhibition of growth.  

Polysome profiles (i & ii), P body accumulation (iii & iv) and growth assays (v & vi) in 

strains expressing empty vector (A) or cells over-expressing WT Upf1p (B), or 

DE572AA upf1 allele (C). Times after induction by the addition of galactose are 

indicated. P bodies were visualized using Dcp2p-GFP.  

Figure 7: A Model for the process of Nonsense-Mediated Decay.  
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Table S1: Yeast strains used/generated in this study: 

 
 

Strain 
 

Genotype 
 

 
Source 

yRP840 MATa leu2, trp1, ura3-52, his4, cup1::LEU2/PGK1pG 
/MFA2pG 
 

(Hatfield et 
al., 1996a) 

yRP841 MAT� leu2, lys2, trp1, ura3-52, cup1::LEU2/PGK1pG/ 
MFA2pG 
 

(Hatfield et 
al., 1996b) 

yRP1212 Mata lys2, leu2, trp1, his4, ura3-52, cup1∆::URA3, 
upf1∆::URA3 

(Muhlrad and 
Parker, 
1999b)

yRP1305 Mata leu2, lys2, his4, trp1, ura3-52, cup1∆::URA3, upf2∆::NEO (Muhlrad and 
Parker, 
1999a)

yRP1306 Mat � lys2, leu2, his4, trp1, ura3-52, cup1∆::URA3, 
upf3∆::NEO 

(Muhlrad and 
Parker, 
1999a)

yRP1674 
 

MATa his3, leu2, met15, ura3 Resgen 
Genetics 

yRP1724 
 

MATa leu2, trp1, ura3-52, his4, cup1::LEU2/PGK1pG/ 
MFA2pG, DHH1-GFP (NEO) 
 

(Sheth and 
Parker, 2003) 

yRP1727 
 

MATa leu2, trp1, ura3-52, his4, 
cup1::LEU2/PGK1pG/MFA2pG, DCP2-GFP (NEO) 
 

(Sheth and 
Parker, 2003) 

yRP1729 
 

MATa leu2, trp1, ura3-52, his4, cup1::LEU2/PGK1pG/ 
MFA2pG, LSM1-GFP (NEO) 
 

(Sheth and 
Parker, 2003) 

yRP1736 
 

MATa leu2, trp1, ura3-52, his4,cup1::LEU2/PGK1pG/ 
MFA2pG, dcp1::URA3, DHH1::GFP(NEO) 
 

(Sheth and 
Parker, 2003) 

yRP1739 
 

MATa leu2, lys2-201, trp1,ura3-52, cup1::LEU2/PGK1pG/ 
MFA2pG,lsm1::TRP1, DHH1::GFP(NEO) 
 

(Sheth and 
Parker, 2003) 

yRP1834 Mata leu2, trp1, ura3-52, his4, cup1::LEU2/PGK1pG/ 
MFA2pG, UPF1-GFP (NEO) 

This study 

yRP1836 Mata leu2, trp1, ura3-52, his4, cup1::LEU2/PGK1pG/ 
MFA2pG, UPF2-GFP (NEO) 

This study 

yRP1838 Mata leu2, trp1, ura3-52, his4, cup1::LEU2/PGK1pG/ 
MFA2pG, UPF3-GFP (NEO) 

This study 
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Strain 

 
Genotype 

 

 
Source 

yRP1840 Mata leu2, trp1, his4, cup1::LEU2/PGK1pG/MFA2pG, dcp1∆:: 
URA3, UPF1-GFP (NEO) 

This study 

yRP1842 Mata leu2, cup1::LEU2/PGK1pG/MFA2pG, dcp1∆:: URA3, 
UPF2-GFP (NEO) 

This study 

yRP1844 Mata leu2, cup1::LEU2/PGK1pG/MFA2pG, dcp1∆:: URA3, 
UPF3-GFP (NEO) 

This study 

yRP1846 Mata leu2, his4, ura3-52, cup1::LEU2/PGK1pG/MFA2pG, 
lsm1∆:: TRP1, UPF1-GFP (NEO) 

This study 

yRP1848 Mata leu2, ura3-52, lys2, cup1::LEU2/PGK1pG/MFA2pG, 
lsm1∆:: TRP1, UPF2-GFP (NEO) 

This study 

yRP1850 Mata leu2, ura3-52, his4, lys2, cup1::LEU2/PGK1pG/MFA2pG, 
lsm1∆:: TRP1, UPF3-GFP (NEO) 

This study 

yRP1852 Mat a leu2, ura3-52, his4, cup1::LEU2/PGK1pG/MFA2pG, 
dcp2∆:: TRP1, UPF1-GFP (NEO) 

This study 

yRP1854 Mata leu2, ura3-52, lys2, cup1::LEU2/PGK1pG/MFA2pG, 
dcp2∆:: TRP1, UPF2-GFP (NEO) 

This study 

yRP1856 Mata leu2, ura3-52, lys2, his4, cup1::LEU2/PGK1pG/MFA2pG 
dcp2∆:: TRP1, UPF3-GFP (NEO) 

This study 

yRP1858 Mata leu2, ura3-52, lys2, his4, trp1, upf1∆:: URA3, LSM1-GFP 
(NEO) 

This study 

yRP1860 Mata leu2, ura3-52, lys2, his4, trp1, cup1∆:: URA3, upf2∆:: 
NEO LSM1-GFP (NEO) 

This study 

yRP1862 Mata leu2, ura3-52, lys2, his4, trp1, cup1∆:: URA3 upf3∆:: 
NEO, LSM1-GFP (NEO) 

This study 

yRP1864 Mata leu2, ura3-52, lys2, his4, trp1, upf1∆:: URA3, DCP2-GFP 
(NEO) 

This study 

yRP1866 Mata leu2, ura3-52, lys2, his4, trp1, upf2∆::NEO, DCP2-GFP 
(NEO) 

This study 

yRP1868 Mata leu2, ura3-52, lys2, his4, trp1, cup1∆::URA3, 
upf3∆::NEO, DCP2-GFP (NEO) 

This study 

yRP1870 Mata leu2, ura3-52, lys2, his4, trp2, cup1∆::URA3, 
upf2∆::NEO, UPF1-GFP (NEO) 

This study 
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Strain 

 
Genotype 

 

 
Source 

yRP1872 Mata leu2, ura3-52, his4, trp1, cup1::LEU2/PGK1pG/MFA2pG, 
upf3∆::NEO, UPF1-GFP (NEO) 

This study 

yRP1874 Mata leu2, ura3-52, lys1, his4, 
trp1,cup1::LEU2/PGK1pG/MFA2pG, upf1∆::URA3, UPF2-
GFP (NEO) 

This study 

yRP1876 Mata leu2,ura3-52, his4, trp1 cup1::LEU2/PGK1pG/MFA2pG, 
upf3∆::NEO, UPF2-GFP (NEO) 

This study 

yRP1878 Mata leu2, ura3-52, lys2, his4, trp1, upf1∆::URA3, UPF3-GFP 
(NEO) 

This study 

yRP1880 Mata leu2, ura3-52, lys2, his4, trp1,cup1∆::URA3, upf2∆::NEO, 
UPF3-GFP (NEO) 

This study 

yRP1906 Mata leu2, ura3-52, lys2, his4, trp1, cup1∆::URA3, 
upf1∆::URA3, upf2∆::NEO, DCP2-GFP (NEO) 

This study 

yRP2077 MATa, ura3, his3, leu2, met15, upf1::NEO 
 

Resgen 
Genetics 

yRP2078 MATa, ura3, his3, leu2, met15, upf2::NEO 
 

Resgen 
Genetics 

yRP2079 MATa, ura3, his3, leu2, met15, upf3::NEO 
 

Resgen 
Genetics 

yRP2080 MATa his3, leu2, met15, ura3, Dcp2-GFP (HIS3) 
 

Invitrogen 

yRP2081 MATa his3, leu2, met15, ura3, Dhh1-GFP (HIS3) Invitrogen 

yRP2082 MATa his3, leu2, met15, ura3, Pat1-GFP (HIS3) Invitrogen 

yRP2083 MATa his3, leu2, met15, ura3, Lsm1-GFP (HIS3) Invitrogen 

yRP2084 MATa his3, leu2, met15, ura3, Cdc33-GFP (HIS3) Invitrogen 

yRP2085 Mata leu2, ura3-52, lys2,his4, trp1, cup1∆::URA3, 
upf1∆::URA3 upf3∆::NEO, DCP2-GFP (NEO) 

This study 
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Strain 

 
Genotype 

 

 
Source 

yRP2086 Mata leu2, ura3-52, lys2,his4, trp1, cup1∆::URA3, upf2∆::NEO 
upf3∆::NEO, DCP2-GFP (NEO) 

This study 

yRP2087 Mata leu2, ura3-52, lys2,his4, trp1, cup1∆::URA3, upf1∆::NEO, 
Xrn1-GFP (NEO) 

This study 

yRP2088 Mata leu2, ura3-52, lys2, his4, trp1, cup1∆::URA3, 
upf2∆::NEO, Xrn1-GFP (NEO) 

This study 

yRP2089 Mata ura3-52, his4, trp1, cup1∆::URA3, upf3∆::NEO, Xrn1-
GFP (NEO) 

This study 

yRP2090 Mata ura3-52, his4, lys2, trp1, cup1∆::URA3, upf1::URA3, 
Dcp1-GFP (NEO) 

This study 

yRP2091 Mata leu2, ura3-52, lys2, his4, trp1, cup1∆::URA3, 
upf2∆::NEO, Dcp1-GFP (NEO) 

This study 

yRP2092 Mata leu2, ura3-52, his4, trp1, cup1∆::URA3, upf3∆::NEO, 
Dcp1-GFP (NEO) 

This study 

yRP2093 Mata ura3-52, lys2, trp1, cup1∆::URA3, upf1::URA3, Dhh1-
GFP (NEO) 

This study 

yRP2094 Mata leu2, ura3-52, lys2, his4, trp1, cup1∆::URA3, 
upf2∆::NEO, Dhh1-GFP (NEO) 

This study 

yRP2095 Mata leu2, ura3-52, lys2, his4, trp1, cup1∆::URA3, 
upf3∆::NEO, Dhh1-GFP (NEO) 

This study 

yRP2096 Mata leu2, ura3-52, lys2, trp1, cup1∆::URA3, upf1::URA3, 
Pat1-GFP (NEO) 

This study 

yRP2097 Mata leu2, ura3-52, lys2, his4, trp1, cup1∆::URA3, 
upf2∆::NEO, Pat1-GFP (NEO) 

This study 

yRP2098 Mata ura3-52, his4, trp1, cup1∆::URA3, upf3∆::NEO, Pat1-GFP 
(NEO) 

This study 

yRP2099 Mata leu2, ura3-52, lys2,his4, trp1, cup1∆::URA3, upf2∆::NEO 
upf3∆::NEO, UPF1-GFP (NEO) 

This study 

yRP2100 MATa his3, leu2, met15, ura3, Upf1-GFP (HIS3) Invitrogen 
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Strain 

 
Genotype 

 

 
Source 

yRP2101 MATa his3, leu2, met15, ura3, Upf2-GFP (HIS3) Invitrogen 

yRP2102 MATa his3, leu2, met15, ura3, Upf3-GFP (HIS3) Invitrogen 

yRP2103 MATa his3, leu2, met15, ura3, upf1∆::NEO, upf2∆::NEO This study 

yRP2104 MATa his3, leu2, lys2, met15, ura3, upf1∆::NEO, upf3∆::NEO This study 
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