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ABSTRACT 

The degradation of mRNA is an important modulator of gene expression 
and the ultimate fate of messenger mRNA. Important steps in the 
degradation of mRNA include initial shortening of its poly(A) tail followed 
by the subsequent removal of the m7G cap. These two processes are linked 
temporally as well as spatially. In addition to physical interactions between 
proteins involved in these two processes, deadenylation and decapping 
enzymes and accessory factors are found in P bodies. P bodies are 
aggregates of protein and mRNA that are induced upon stress in all 
eukaryotes examined. In this thesis, I examine the spatial localization of 
decapping factors and explore the role of P bodies in mRNA turnover in the 
yeast Saccharomyces cerevisiae.    

This thesis is based on three underlying principles. First, mRNA 
decapping factors are membrane associated. More so, we show that 
decapping factors can be co-localized with the endoplasmic reticulum and 
Golgi apparatus. Second, although P bodies were proposed as sites of 
mRNA decay, we found that they stabilize mRNA. We examined the role of 
P bodies in mRNA turnover using a mutant defective in their assembly, 
edc3Δ lsm4ΔC.  This strain is mutated in two decapping activators.  It 
combines a deletion of the gene encoding the Edc3 protein and lacks the 
prion-like domain of Lsm4. Using the edc3Δ lsm4ΔC mutant, we 
demonstrate that mRNA stability is significantly reduced in the absence of 
P bodies for longer-lived mRNA. The effect of mRNA destabilization was 
due to increased deadenylation and decapping dependence. Finally, the 
decapping factor usually found in the cytoplasm, but accumulates in the 
nucleus in the P body deficient strain (edc3Δ lsm4ΔC). This implies a 
possible role in modulating transcription.  

 
A model for the functioning of P bodies that is consistent with our 

work is that P bodies serve a role as a cytoplasmic sink for degradation 
factors. By regulating the access of the cytosol to proteins involved in 
mRNA turnover, P bodies can modulate mRNA stability. This suggests a 
role for P bodies under stress and their potential importance in stress 
adaptation.  
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INTRODUCTION 

1. Creation and functional use of mRNA 

The central dogma of molecular biology outlines fundamental processes 
that define cellular life, whereby the creation of a mature mRNA molecule 
is pivotal. Maintenance of life encompasses the sequential transfer of 
genetic messages from DNA to mRNA to protein. Imprinting the genetic 
information from DNA to mRNA is a process known as transcription and is 
facilitated by RNA polymerase II (RNAPII) and general transcription 
factors (GTF). Nuclear processing events, including the addition of a 7-
methylguanosine cap at the 5’ end, removal of noncoding sequences 
(introns) within the ORF (open reading frame) and the attachment of a 
poly(A) tail to the cleaved 3’ end gives rise to a mature mRNA, ready to be 
exported from the nucleus. Upon arrival in the cytoplasm, translation of a 
protein can begin using the genetic message from the mRNA as template 
[Figure 1]. Translation can be compartmentalized. For example, 
translation is initiated in the cytosol (by cytosolic ribosomes), mRNAs 
encoding for membrane and secretory proteins together with the ribosomes 
engaged in their translation are selectively assigned to the membrane of the 
endoplasmic reticulum (ER). Subsequent to the recruitment to the ER, 
protein synthesis continues across or into the ER membrane. In this section 
of my thesis I will describe the events leading to a mature mRNA molecule 
in depth and why its creation is essential for cellular life.  

 

Figure 1. The life cycle of an mRNA 
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1.1. mRNA transcription and nuclear mRNA processing and their 
interrelation  

The transcription of protein-encoding genes is carried out by RNA 
polymerase II (RNAPII) and several general transcription factors (GTFs) 1. 
The process of transcription is the beginning of gene expression and 
historically the creation of a mature mRNA molecule from DNA has been 
emphasized in understanding gene regulation. The transcription cycle is 
highly sophisticated and the events involved happen either simultaneously 
or sequentially. It includes many phosphorylation and dephosphorylation 
events on the C-terminal domain (CTD) of RNAPII, which is a key 
regulator of active transcription 2. Nevertheless, for simplicity the process 
of transcription can be divided into three parts beginning with 
transcription initiation, followed by elongation and ending with 
transcription termination. Although it should be noted that each of these 
events have additional prerequisites in order to fully engage and result into 
a mature mRNA molecule 3. 

 Prior to transcription initiation, RNAPII and GTFs assemble on 
the promoter of the DNA. This complex is described in the literature as the 
pre-initiation complex (PIC) and the binding of these factors to the 
promoter must occur to enable the initiation of transcription 4. The reason 
for that is, subsequent to its assembly a conformational change gives rise to 
an “open complex” between RNAPII and the DNA its bound to 5. After the 
creation of a DNA single strand, transcription initiation can proceed by the 
addition of nucleoside triphosphates (NTPs) complementary to the 
template DNA strand and the formation of the first phosphodiester bond.  
Addition of the NTPs and partial disassembly of the PIC results in the 
clearance of the promoter and allows for active transcription elongation to 
proceed by which RNAPII synthesizes the RNA molecule in a 5’-to-3’ 
direction 6. 

The final step of the transcription cycle is termination.  It is defined 
by the release of RNAPII from the template stand 7. Detailed mechanistic 
insights into eukaryotic transcription termination are limited. Although, 3’ 
end processing events are crucial determinates for transcription 
termination 8. The existence of poly(A) consensus sequences on the 
transcript also facilitate the termination, yet it remains unclear how these 
consensus sequences in cis direct transcription termination beyond the end 
of the transcribed gene. Extensive research and tremendous efforts into 
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solving the enigma of transcription termination gave rise to two possible 
models, the torpedo model and the allosteric model 9. 

The torpedo model proposes that co-transcriptional decay of the 3’ 
mRNA fragment still attached to elongating RNAPII after cleavage 
initiates transcription termination. The cleavage of the newly created 
transcript leaves a free 5’ phosphate on the mRNA fragment still attached 
to elongating RNAPII. The uncapped mRNA fragment is recognized by 
the nuclear exonuclease Rat1 and degradation occurs co-transcriptional in 
the 5’-to-3’ direction towards the C-terminal domain (CTD) of elongating 
RNAPII (like a torpedo).  Disassembly of RNAPII is facilitated upon 
contact of Rat1 and the CTD of RNAPII triggering a conformational 
change prompting the release of RNAPII from the DNA strand 9-12.  

The allosteric model provides evidence that conformational 
changes of RNAPII, induced by exchange or loss of factors bound to CTD 
occur upon transcription of the poly(A) consensus sequences near the end of 
the gene, which in turn triggers the disassembly of RNAPII from the DNA 
strand and consequently terminates transcription. In this model, 
transcription termination occurs independent of mRNA cleavage and 
poly(A) tail formation 13.  

Both of the above-proposed mechanisms of eukaryotic transcription 
termination bear some resemblance to prokaryotic transcription 
termination models. The torpedo model contains aspects of Rho-dependent 
transcription termination in bacteria. The Rho protein is a transcription 
termination factor which moves along the RNA in a 5’-to-3’ direction 
towards the elongating RNAP. Although the movement along the mRNA 
does not result in decay as it is described in the torpedo model 14.  The 
events of the allosteric model, leading to transcription termination are 
comparable to that of Rho independent transcription whereby cis consensus 
sequences are key elements for the termination process 15. Given the large 
body of evidence supporting both models it is very likely that they are not 
mutually exclusive.  

Completion of the transcription cycle however does not result into 
a mature mRNA that can be exported from the nucleus into the cytoplasm 
and there translated into protein. In eukaryotic organisms the nascent 
mRNA has to undergo processing events, which occur in the nucleus.  
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Nuclear mRNA processing reactions are integrated with 
transcription 8. They include the addition of a cap to the 5’ end of the 
mRNA, the process of splicing by which introns get removed and 3’ end 
formation of the mRNA which includes the cleavage and addition of a 
poly(A) tail to the mRNA. 

 The addition of the cap to the 5’ end of an mRNA takes place after 
20-30 nucleotides of the mRNA are being synthesized. The mechanism of 
how mRNAs are capped can be divided and explained in three parts: First, 
RNA triphosphotase (RTP) hydrolyzes the triphosphate of the first 
nucleotide to diphosphate followed by the fusion of a GMP moiety from 
GTP to the first transcribed nucleotide via a special 5’-5’ triphosphate 
linkage and subsequently, the methylation of the N7 position of the 
transferred GMP resulting in an accurate capped mRNA.  The cap provides 
stability and protects the mRNA from degradation 16. Removal of introns 
on the mRNA is accomplished by the spliceosome, a large 
ribonucleoprotein (RNP) complex (five small nuclear ribonucleoproteins 
(snRNPs) and several accessory proteins) whereby the RNA is the catalytic 
component. The recognition of consensus sequences in cis on the mRNA 
and subsequent assembly of the spliceosome complex on the intron results 
in the removal of these non-coding sequences 17. The 3’ end formation and 
the synthesis of the poly(A) tail is another essential processing step in 
aiding to mRNA maturation.  

In yeast essentially all protein encoding mRNAs, are equipped with 
a repeat sequence of approximately 70 poly-adenosine nucleotides termed 
the poly(A) tail on the 3’ end of the mRNA 18.  Prior to the synthesis of 
poly(A) tail, recognition of consensus sequences in cis trigger slowing of the 
RNAPII following cleavage of the newly synthesized mRNA, facilitated by 
cleavage factors. Cleavage of the non-mature mRNA usually occurs 
between highly conserved hexameric (AAUAAA) and downstream 
sequence elements (DSE) predominantly at CA nucleotides. Consequent to 
cleavage, adenosine monophosphates (AMP) are added to the 3’ end of the 
upstream cleaved mRNA product by enzymes termed poly(A) polymerases, 
creating the poly (A) tail 19.  

 These three processing events are integrated with transcription for 
the reason that processing factors associate with RNAPII throughout the 
transcription cycle. For example, it was observed that the addition of the 
cap promotes downstream processing such as splicing and polyadenylation 
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8. Furthermore, concentrated foci of polyadenylated mRNAs in the nucleus 
were observed in yeast strains defective in 3’ end formation 20-22. Recent 
studies in S. pombe discovered that the protein Seb1 facilitates 
polyadenylation site selection. The Seb1 protein shares similarities to Nrd1 
in S. cerevisiae, a factor involved in the 3’ processing events. The mutant 
strain of seb1 displays a global effect on 3’UTRs and resulted in overall 
longer 3’ UTRs 23.   

Accurate nuclear processing and mRNA export are interrelated.  
For instance, a population of hyperadenylated tails of the PGK1 mRNA 
consisting of roughly 120 adenosines (as compared to the wild type strain 
with 70 adenosines), could be observed in strains defective in export 22.  

 

1.2. The process of translation 

The process of translation can be categorized in three events beginning 
with translation initiation followed by translation elongation and finally 
termination of translation. Efficient initiation of translation is archived by 
adequate association of 80S ribosomes qualified to engage in elongation. 
Two events enforce this process starting with the formation of a 48S 
initiation complex and subsequent joining of the 60S ribosomal subunit 24. 
The 48S initiation complex formation requires binding of a 43S pre-
initiation complex consistent of initiation tRNA (Met-tRNAMet ) bound to 
the P-site of the 40S ribosome in conjunction with eIF2- GTP to the  5’ 7-
methyl guanosine cap of the mRNA 25. Prior to binding, unwinding of 
secondary structures in the 5’ end of the mRNA is facilitated by the cap-
binding complex. The cap-binding complex consistent of three-major 
initiation factors eIF4E, eIF4G, and eIF4A with the respective homologues 
in yeast being the Cdc33, Tif4631/2 and Tif1/2 proteins. Apart from its 
RNA helicase activity, the cap-binding complex bridges with the assistance 
of other initiation factors, the 5’ cap and the 3’ poly(A) tail of the mRNA 
forming a circular structure 16. Subsequent to the binding of the 43S 
initiation complex, scanning of the small ribosomal subunit begins along 
the mRNA in a 5’-to- 3’ direction. Formation of a 48S initiation complex is 
provoked by the binding of the initiation tRNA, Met-tRNAMet to the 
initiation codon on mRNA template in P-site of 40S ribosome.  

Recognition of the initiation codon and consecutive formation of 
the 48S initiation complex stimulates the hydrolysis of GTP bound to eIF2. 
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Hydrolysis of eIF2-GTP to eIF2-GDP subsequently results in its release 
along with other initiation factors 26-28. Joining of the 60S subunits to the 
48S initiation complex is directed by the elongation initiation factor eIF5B-
GTP. Hydrolysis of eIF5B-GTP induced by the recruitment of the 60S 
subunits to the 48S initiation complex, give rise to 80S ribosomes qualified 
to engage in elongation 29,30. Importantly, translation initiation is a cycling 
process, by which ribosomes (40S and 60S) and other factors are reused for 
the next round of initiation. Completion of translation initiation, allows for 
active translation elongation through which the nascent polypeptide is 
created. Active elongation is archived by the recognition of the analogues 
codon on the mRNA by the aminoacyl – tRNA (aa-tRNA). Once decoded, 
the tRNA /mRNA complex translocates by moving the peptidyl tRNA 
from the A-site to the P-site, leaving an empty A-side, which allows 
binding of new aa tRNA ensuring repetition of this process (decoding and 
translocation) 30.  

A ternary complex consists of the elongation factors eEF1A/B and 
the aa-tRNA promotes the process of decoding and translocation. 
Completion of the peptide bond triggers the translocation of the tRNAs 
residing in P and A positions of the ribosome to the E and P site 
respectively, creating a unstable structure known as hybrid state 31. 
Elongation factor eEF2 assists in the stabilization of the hybrid state and 
also inhibits backward movement of tRNA. Once a stop codon is recognized 
in A-site, release factors eRF1 and eRF3 promote termination of 
translation by which eRF1 recognizes all three stop codons and mediates 
the peptidyl tRNA hydrolysis through eRF3–GTP, consequently liberating 
the newly synthesized peptide chain 32-34.  

  

1.3. Localized translation of mRNA  

The classical view of translation refers to the synthesis of proteins in 
cytoplasm. Translation of proteins in eukaryotic cells however, can be 
compartmentalized to the outer membrane of the endoplasmic reticulum 
(ER). Why the ER? Eukaryotic organisms are in the possession of “free” 
ribosomes residing in the cytosol and a constrained population that is 
bound to the surface of the ER membrane. While “free” ribosomes engage 
in the translation of cytosolic proteins, ribosomes bound to the ER 
specialize in the translation of mRNAs encoding membrane proteins and 
proteins dedicated to secretory pathways 35,36.  
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It should be noted that they do not display any physiological or 
biological differences besides their localization. As translation of all 
mRNAs is initiated by cytosolic ribosomes, mRNAs designated for the 
synthesis of membrane or secretory proteins, encode ER signal sequences. 
Relocation of the translating mRNA in conjunction with its ribosomes to 
the ER membrane is provoked by a series of events beginning with the 
synthesis of the ER signals. The selective targeting of membrane and 
secretory proteins to the ER is carried out by signal recognition particles 
(SRP), which recognizes and binds to the synthesized ER signal sequences 
37. Prior to translation of the protein into the ER lumen (translocation), a 
receptor embedded in the ER membrane recognizes the SRP-signal 
peptide-ribosome complex and mediates its translocation. Recent studies 
however gave rise to the possibility that translation on the ER is not 
limited to the synthesis of membrane and secretory proteins and further 
considering a global role for translation on the membrane of the ER 38-40.  

 

2. What are cytoplasmic processing bodies (P bodies)? 

Discrete cytoplasmic foci were defined more than a decade ago in budding 
yeast. These ubiquitous structures are aggregates of protein and RNA 
referred to as messenger ribonucleoprotein (mRNP) granules. Cytoplasmic 
processing bodies or short for P bodies are a very primitive version of 
mRNP granules. P bodies are dynamic structures. The mRNPs found to 
accumulate within P bodies are important for mRNA decapping, storage 
and translational repression. P bodies are concentrated foci of mRNA 
degradation factors, mRNA decay intermediates, translational repressed 
mRNA and proteins involved in translational repression 41-43.  

P bodies are present at a very low basal level in exponentially 
grown unstressed yeast cells. In response to stress however, they increase 
in size, number and intensity. Multiple stressors are recognized induce the 
formation of P bodies, including glucose depletion, hyper- and hypo-
osmotic stress, oxidative stress and growth in alternative carbon sources 
such as galactose or glycerol. P body induction can be rapid (10-15 
minutes) as in the case of osmotic stress or glucose deprivation. Yet, 
formation of P bodies can be gradual. This steady induction is seen when P 
body formation is linked to stages of cellular growth (high OD)  43,44. 
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Interestingly, P bodies have diverse features and this diversity is 
conditional to the origin of stress. Characteristics that define these 
variations are size and number of foci. For instance, depletion of the carbon 
source results in few but large, defined P bodies, while hyper-osmotic stress 
(1M KCl) generates numerous small although, less defined cytoplasmic foci 
granules. The nature and biological significance of these variant P bodies is 
poorly understood. It is absolutely possible however, that these structures 
represent distinctive pools of mRNPs at a given time or stress and may 
account for the diverse appearance of these RNA granules. Nevertheless, P 
bodies are dynamic structures and are influenced by a range of cellular 
perturbations their role however is poorly understood.  

  

2.1. Translation inhibition and P body formation are interdependent.  

It is evident that the cellular perturbations that induce the formation of P 
bodies simultaneously affect processes of translation, more specifically, that 
of repressing translation. The mRNPs found to assemble within P bodies 
act on the 5’-to-3’ degradation pathway and include factors important for 
mRNA deadenylation, decapping, exonucleolytic 5’-to-3’ degradation and 
translational repression. Notably, actively translating mRNAs, ribosomes 
and several translation factors are absent in P bodies 43. Considering that P 
bodies contain proteins involved in translational repression such as Pat1 
and Dhh1 gives an indication that P bodies and translation inhibition are 
interrelated. Over-expression of Pat1 and Dhh1 resulted in inhibition of 
translation and concomitant P body formation. 

Two questions emerge following the observation that conditions, 
which induce P bodies, inhibit translation. First, what aspect of translation 
controls P bodies?  Second, which consequences on P bodies arise upon 
modifications of events in translation? Reduction of translation initiation 
rates results in increased P bodies. This finding was established by the use 
of temperature sensitive mutant strains defective in initiation factors (ts 
allele). Once the temperature sensitive mutant strain was shifted to the 
restrictive temperature, large concentrated foci of Dcp2-GFP or Dhh1-
GFP (both proteins are established as P body markers) where observed. 
Conversely, inhibition of translation elongation causes dissociation of P 
bodies. Induced P bodies were no longer visible following a 10 minute 
treatment with the drug cycloheximide, which slows elongating ribosomes 
stalling translation elongation, 43.  
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The disassembly of P bodies upon cycloheximide treatment is 
independent of decapping. This was demonstrated by the use of a yeast 
strain deficient in decapping whereby the Dcp1 subunit of the decapping 
complex was deleted. In this strain P bodies are constitutively expressed 
even in exponential unstressed growth. Yet, the addition of cycloheximide 
resulted in the disassembly of P bodies. P bodies are dynamic structures; 
they are induced rapidly upon stress coupled with inhibition of translation. 
Restoring translation causes P bodies to disassemble and the mRNAs found 
within them return to the translating pool 45. To summarize, P bodies and 
translation are interrelated. Inhibition of translation initiation induces P 
bodies while concomitantly increasing rates of decapping and 
deadenylation. Inhibition of translation elongation results in P body 
dissociation in a decapping independent manner. The results provide 
insights into how P bodies affect different pools of mRNA. Non-translating 
mRNAs are stored within them as it is in the case of inhibition of 
translation initiation. P bodies dissociate by the addition of cycloheximide 
by which translating mRNAs are trapped their relocation to P bodies 
prevented, and therefore the mRNAs are found to localize with highly 
translating polysomal pool.  

 

2.2. Assembly and disassembly of P bodies  

P bodies are concentrated foci of mRNA degradation factors and proteins 
involved in translational repression. In order to understand the dynamics of 
P body formation, individual proteins found to co-localize within these 
structures were examined for their role in P body formation. The 
inactivation of 5’-to-3’ degradation factors induces P body formation. In 
these mutants, P bodies were present in unstressed conditions. Multiple P 
body markers were used for co-localization experiments in strains defective 
in the 5’-to-3’ degradation pathway with the conclusion that P body 
assembly appears to be redundant because no single protein was absolutely 
required for their formation 44. P bodies show hierarchal rules for assembly, 
considering that there are numerous direct interactions between core P 
body proteins and decapping factors.  P bodies can aggregate through two 
self-interaction domains on decapping related proteins including the Yjef 
domain of Edc3 (enhancer of decapping) and the prion like domain of Lsm4.  
Combining these mutations resulted in loss of P bodies whereby the edc3Δ 
lsm4ΔC strain can be defined as bona fide P body mutant [Figure 2] 46.  
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Figure 2. The edc3Δ lsm4ΔC strain is a bona fide P body mutant 

 

2.3. Comparison of P bodies to other cytoplasmic RNA granules 

P bodies are a conserved archetype of RNA granule. RNA granules are 
found in all eukaryotic organisms examined. P bodies share common 
components with other RNA granule such as neuronal granules where the 
proteins they contain are important for synaptic plasticity and neuronal 
development.  Germinal / maternal granules, another example of 
cytoplasmic granule, contains proteins important for the establishment of 
body asymmetry. P bodies, neuronal and germinal RNA granules share 
core components. They are biochemically and functionally related and the 
ability to store mRNA is shown to be essential for many biological 
responses47.  

 

3. The impact of mRNA stability on gene expression 

Living organisms require frequent reprogramming of gene expression. One 
example in yeast, is sudden changes that occur in the wild including 
desiccation, osmotic stress and starvation.  An example of starvation can be 
the rapid shift from the environment of a grape, to that of a rain-water upon 
a storm which causes the yeast to dislodge. Sudden changes of environment 
such as this requires rapid adjustment of gene expression in order for the 
yeast to thrive in the new setting. It has to reprogram according to its 
needs for instance transcription of genes required to deal with such a 
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sudden scenario. However, the nature of the transcriptional induction can 
be significantly shaped by mRNA degradation.  In addition, the cell must 
concomitantly either destroy or translationally repress transcripts that are 
no longer necessary in the altered conditions. 

Altered growth conditions and stress can result in reprogramming 
of gene expression resulting in alteration of gene expression, mRNA 
abundance and stability 48.  A set of transcriptional and stability responses 
to genetic reprogramming have been proposed to allow adaptation to 
specific situations 49.  Subsequently, several studies have examined the 
effect of changing conditions in terms of transcriptional and decay 
responses and found that these proposed models occur in yeast 50,51,52,53.  
The response of these studies to specific shocks varied considerably with 
most genes clustering according to the proposed models of effects of 
transcription described earlier by Perez-Ortin (2007) 54. In addition, these 
studies showed verifying intensities even when using the same stress, for 
example in hyper-osmotic stress (i.e. from 0.4 – 0.8M NaCl).  In general, 
the clusters had different behaviours during three phases of stress: initial 
shock, adaptation/induction, and recovery.  Two major responses for 
induced genes were observed. One of the most widely observed responses 
was many clusters having transcriptional induction and reduced stability 
during osmotic shock 51-53.  In contrast, DNA damage induced by methyl 
methanesulfonate (MMS) has a lasting effect on the cell. MMS was 
observed to have genes transcriptionally induced, however with a greater 
stability 50.  Repressed genes for their part were generally stabilized 51,53. 
However as for induction, a variety of responses was observed. 

If one examines mRNA turnover genome-wide, there is a 
consistent variability in mRNA stability indicated from multiple studies 
55,56,57,58. One of the earliest of these studies determined that mRNA stability 
in yeast can range from 3 to 300 minutes, averaging about 23 minutes, 
which is currently a generally accepted value 56. While later studies’ 
stability had different ranges depending on the methodology used, the 
order of magnitude in stability difference between remained similar.   

What determines mRNA stability? This remains an open question 
subjected to much research.  Important elements that are considered or 
have been considered in the past include the 5’ and 3’ UTR sequences, the 
length of mRNAs, codon usage and translatability.  However, one key 
observation made in early studies indicated that mRNA stability for certain 
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classes of mRNA involved in similar processes have likewise similar mRNA 
stabilities 56-57. 

The degradation of mRNA stability is important in early 
development, during memory formation in cancerous cells as well as under 
general stress conditions 59. As such changes in mRNA stability can also 
have impact on human disease. Three of the most significant processes that 
impact on human disease are alteration of translation and degradation by 
AU rich elements in the 3’ UTR 60, miRNA 61 and the nonsense-mediated 
decay quality (NMD) control pathway  62.  

The AU rich elements bind to specific proteins, the AU rich 
element (ARE) binding proteins.  Mutations in specific ARE binding 
proteins is correlated with immunological disorders such as autoimmune 
diseases 63. The miRNA pathway, which targets mRNA to more rapid 
deadenylation and decapping in contrast can have multiple links to an 
extensive range of human disease most prominently in cancer 61.  This is in 
part due to the versatility of miRNA, which are 20-22 nucleotide RNA 
sequences that can be directed individually to hundreds of mRNAs.  In 
contrast, nonsense mediated degradation (NMD) is a quality control 
pathway that functions in the recognition of premature stop codons to be 
degraded primarily via decapping 64. However NMD is more widespread 
accounting for up to a third of human diseases ranging from ß-thalassemia 
to spinal muscular atrophy 65. 

 In summary, mRNA stability can affect the abundance of mRNA in 
gene expression and plays a key role in shaping the transcriptional 
response in multiple conditions.  As a vital player in gene expression, it is 
not surprising that multiple diseases can be linked to defects in mRNA 
degradation, especially in more specialized modes of degradation such as 
ARE mRNA, miRNA and in the NMD quality control pathway.  

 

4. Cytoplasmic degradation of mRNA  

All of the cells activities are ultimately coordinated by the conversion of 
genetic messages from DNA into a functional molecule such as mRNA or 
protein (gene expression). Functional mRNA molecules constitute the 
molecular basis of gene expression and accordingly have been extensively 
examined for their role in gene regulation. The main questions asked were 
the temporal nature and the quantity of mRNA produced that is: when and 
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how much mRNA is expressed? In more recent years however, the 
turnover of messenger RNA has been recognized to be an important 
determinant in the control of gene expression, whereby changes of mRNA 
turnover reaction rates entail functional consequences for the cell. More so, 
the process of mRNA degradation is essential for maintaining life. This 
section will review aspects of mRNA turnover in yeast, with the primary 
focus on the cytoplasmic degradation network including its enzymes and 
how the events of the mRNA decay apparatus regulate mRNA turnover 
reaction rates in the cytoplasm. Because genome-wide studies directed for 
the detection of endonucleolytic cleavage sites revealed only a minor 
population of mRNA transcripts are targeted by this pathway and was 
therefore excluded 66.  

 

4.1. General pathways and mechanism of cytoplasmic degradation in 
yeast  

General degradation of cytoplasmic messages follows hierarchical rules. 
The large body of evidence regarding its mechanism provided fundamental 
insights to the processes [Figure 3]. The degradation of mRNA transcripts 
is initiated with the shortening of the poly(A) tail located on the 3’ end of 
the mRNA strand. The reaction is catalyzed by cytoplasmic deadenylases, a 
process known as deadenylation 67,68. Yeast as an organism, is in possession 
of two enzyme complexes competent to deadenylate mRNA, yet display 
differential catalytic activities.  

The initial poly(A) tail shortening reaction is catalyzed by the 
Pan2-3 deadenylase complex and proceeded by the Ccr4-Not deadenylase 
69,70. Once the poly(A) tail is shortened to an A (oligo) length, mRNA 
degradation can initiate from the 5’ or 3’ end of the mRNA promoted by 
cytoplasmic exonucleases. A prerequisite to 5’-to-3’ end degradation is the 
removal of the methyl-7 guanosine cap of the mRNA by the decapping 
complex Dcp1-Dcp2, with Dcp2 being the catalytic subunit of the complex. 
The uncapped mRNA is rapidly degraded in 5’-to-3’ direction by the 
cytoplasmic exonuclease Xrn1 71-75. 

Alternatively, oligoadenylated transcripts can undergo further 
deadenylation (terminal or end-point deadenylation) via the action of the 
Ccr4-Pop2 deadenylase by which the remaining 20 adenosines are removed. 
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Then the body of the mRNA is susceptible to degradation from the 3’ end 
mediated by the nucleolytic active exonuclease, the exosome complex 76.  

 

Figure 3. General mechanism of cytoplasmic mRNA degradation 

 

4.1.1. The relative importance of the different cytoplasmic 
degradation pathways 

Oligoadenylated mRNA transcripts can engage in cytoplasmic degradation 
through two pathways mediated by exonucleases. Removal of the mRNA 
cap is compulsory for mRNA transcripts directed to the 5’-to-3’ 
degradation route. Uncapped mRNA can be digested by the cytoplasmic 
exonuclease Xrn1 in the 5’-to-3’direction. Independent of decapping, 
oligoadenylated messages can be degraded from the 3’ end mediated by the 
exosome complex. As of today, these two pathways are the only ones 
evident to contribute to general cytoplasmic mRNA turnover in yeast. Two 
initial observations supported this notion. Yeast conditional mutant strains 
inactivated in both decay pathways (5’-to-3’ and 3’-to-5’) are not viable at 
the restrictive temperature and have their mRNAs extremely stabilized. 
These observations not only supported the concept of both decay systems 
participating in mRNA degradation but also demonstrated that mRNA 
decay is essential to life.  For the reason that, without a functional mRNA 
degradation pathway, yeast cells are simply not viable 76. 
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The mRNA turnover rates and growth rates are linked, whereby 
abnormalities such as decreased mRNA decay resulted in growth 
deficiencies. Genome-wide studies in yeast, demonstrating a positive 
correlation of mRNA transcription and decay rates with growth rates of 
unstressed and stressed cells 77. The genome-wide studies are consistent 
with the finding of yeast strains defective for a single degradation pathway, 
yet operational in the other, displayed differential responses when tested for 
growth or defects in mRNA decay. For instance, lack of the 5’-to-3’ decay 
machinery was not lethal. Yet, strains with those mutations displayed a 
considerable slow-growth phenotype as compared to the isogenic wild-type 
strain. Consistent with this finding, mutations in the 5’-to-3’ decay pathway 
resulted in increased mRNA half-lives but not to the same extent as 
observed in the conditional double mutant strain 73,76,78. Inactivation of the 
cytoplasmic exosome mediated 3’-to-5’ decay exhibited only minor or no 
effects on mRNA half-life and growth respectively 76,79. 

These observations were suggestive for a differential contribution 
of the decay systems to mRNA turnover. Several observations argue that 
mRNAs have specific decay pathway preferences and this is a consequence 
of differential sensitivities individual mRNAs display to the events of 
deadenylation, decapping and 5’-to-3’ or 3’-to-5’ exonuclease activity, 
leading to their ultimate decay 80. Much of the fundamental understanding 
in the mechanism of decay and individual mRNAs in yeast is attributed to 
pioneering work of Parker and colleges and was implemented by the 
integration of a cassette in a yeast strain, containing the LEU2 gene as well 
as two genes under the control of the GAL1 promoter. The two genes 
encode mRNAs with turnover rates at each end of the stability spectrum 
with an estimated half-life of 22 and 5 minutes for the PGK1 and MFA2 
mRNA respectively. Furthermore, in the degradation process these 
mRNAs generates a decay-intermediate, which can be analyzed in regards 
to abundance and structure [Figure 4]. These decay-intermediates were 
trapped by the addition of a secondary structure (an inserted poly(G) tract) 
in the 3’ UTR of the PGK1 and MFA2 mRNA, which blocks further 
digestion in 5’-to-3’ direction (as well as the 3’-to-5’) by exonucleases and 
thereby generating a poly(G) 3’ end fragment. These fragments are targets 
for 3’ decay reactions and following their quantification, reactions rates of 
the 3’-to-5’ exonucleolytic decay and terminal/end-point  deadenylation can 
be measured 68,72.  
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To understand the differential turnover rate of these mRNAs, they 
were analyzed for distinct sensitivities to rates of deadenylation, decapping 
and 5’-to-3’ or 3’-to-5’ exonuclease reactions. This approach resulted in a 
large number of observations however; to limit the scope, I will summarize 
three key findings. First, stable PGK1 and unstable MFA2 mRNA have 
different deadenylation reaction rates and the deadenylation reaction is 
faster for MFA2 mRNA (3 adenosines/min in comparison to 15 
adenosines/min) 70,80. Second, decapping reaction rates for MFA2 and 
PGK1 mRNA are different and occur also 2.6 fold faster for MFA2 mRNA 
80 . The faster decapping reaction rate was directly attributed to a 
regulatory sequence (cis-acting) in the 3’ UTR of MFA2 mRNA that 
enhanced decapping reactions (and deadenylation) 72,81. Concomitantly, the 
cis-acting element in the coding region of the PGK1 mRNA inhibited 
deadenylation and decapping reaction rates.  

These regulatory sequences represent a logic-corollary accounting 
for differential sensitivities of individual mRNAs to events of the mRNA 
decay apparatus. Perturbations, such as mutation or substitution of cis-
acting elements have functional consequences to deadenylation and 
decapping reaction rates. Thus, modifications of cis-acting sequences of 
individual mRNAs result in accelerated or decelerated rates of 
deadenylation and decapping reactions and exemplified by the disruption of 
the cis-element in the 3’ UTR of the unstable MFA2 mRNA resulted in 
decreased deadenylation and decapping rates. The faster decapping reaction 
rate of MFA2 mRNA was consistent with its significant increase in half-life 
by 4-fold in strains mutated for the decapping-dependent pathway 73,82. 
Finally, several observations suggested that PGK1 and MFA2 mRNA 
degrade from both directions. (5’-to-3’ and 3’-to-5’). The inactivation of the 
decapping-dependent pathway did not significantly increase PGK1 mRNA 
half-life. Moreover, the measured half-life of the poly(G) 3’ end fragment 
increased from 15 minutes to more than 60 minutes in a strain deficient in 
3’-to-5’ degradation for both mRNAs 76. On the basis of these observations, 
it can be concluded that the two degradation pathways are partially 
redundant, because one pathway can partial substitute for the absence of 
the other. In any case, mRNAs show preferences in their decay pathway, 
which can be observed for mRNA surveillance pathways, whereby 
incorrectly processed mRNA transcripts defective in translation are 
degraded. For instance, mRNA transcripts lacking translation termination 
codons are primarily decayed in the 3’-to-5’ direction mediated by the 
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exosome, yet it deviates from the normal 3’-to-5’ decay because transcripts 
degraded either endo or exonucleolytic 83. Another example for decay 
pathway preferences is the nonsense mediated decay (NMD).  NMD targets 
transcripts of premature translation termination codons of which are 
primarily decayed in 5’-to-3’ direction in yeast 84. Yet again, 3’-to-5’ end 
degradation in this pathway also occurs in yeast and mammalian cells.  

The two cytoplasmic degradation pathways in yeast differentially 
contribute to cytoplasmic mRNA turnover and the lion’s share of mRNAs 
are degraded in the 5’-to-3’direction. This concept was based on the 
following observations: First, yeast mutant strains defective for 5’-to-3’ 
decay displayed a characteristic slow-growth phenotype at all temperatures 
and concomitant increase in mRNA stability 78,85. Whereas inactivation of 
the 3’-to-5’ decay pathway did not result in the same effect 76. Second, the 
majority of individual mRNAs tested for stability displayed greater 
sensitivities to defects in decapping rate reactions. Finally, this result was 
consistent with the observation that deletions of the 5’-to-3’ exonuclease 
Xrn1 resulted in stabilization of most mRNAs genome-wide and whereby 
short-lived mRNA transcripts stabilized significantly 86.  

 

Figure 4. Generation of poly(G) fragment from (1) mRNA decapping, (2-3) 
exonucleolytic digestion from 5’-3’ or 3’-5’, (4) generated fragment from 5’-3’ 

digestion, (5) Generated fragment from both 5’-3’ or 3’-5’ digestion. 
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4.2. The RNA degradative enzymes and their role in cytoplasmic 
mRNA turnover  

Messenger RNA degradation is neither random nor uncontrolled and its 
regulation lies within the mRNA itself. The mRNA architecture contains 
two structural elements, the m7G mRNA cap located on the 5’ end and the 
poly(A) tail located on the 3’ end of the mRNA strand. Removal of these 
structures subsequently triggers rapid degradation of the remainder of the 
mRNA body. Messenger RNA degradative enzymes or enzyme assemblies 
orchestrate these processes by catalyzing nucleotide cleavage reactions. 
The nucleotide cleavage reactions engage on the 5’ and 3’ end of the 
mRNA. Their biochemical and genetic characterization provided 
mechanistic insights into mRNA turnover.  

 

4.2.1. Structure and mechanism of the yeast mRNA deadenylases 
Ccr4-Not and Pan2-3 complex 

The mRNA deadenylase Ccr4-Not  

The Ccr4-Not complex is essentially involved in all steps of gene 
regulation beginning with its nuclear role of transcription initiation and 
elongation events, nuclear degradation of snRNA and rRNA linking it to 
mRNA export. Among its nuclear roles in gene-expression, the Ccr4-Not 
complex controls aspects of translation and cytoplasmic mRNA turnover 
such as mRNA decapping and deadenylation reaction rates 57,70,87,88. The 
functional diversity of the complex is a result of several associated proteins 
with distinct enzymatic activities. The basic complex assembles of nine 
proteins, Ccr4 Caf1-Pop2 Not proteins 1-5 and Ccr4 associated factors 
Caf40 and Caf130. Its competence to deadenylate mRNA derives from two 
catalytic subunits, Ccr4 and Caf1-Pop2. Sequence analysis of the Ccr4 
protein identified a conserved exonuclease domain on the C-terminal end 
that is characteristic for exonuclease-endonuclease-phosphatases (EEP) and 
classifies Ccr4 into the EEP superfamily. Enzymatic activity assays of 
recombinant purified Ccr4 protein confirmed a 3’-to-5’ Mg2+-dependent 
exonuclease activity with cleavage specificity for poly(A) nucleotides 89. 
Moreover, Ccr4 catalyzes deadenylation reactions in vivo. Thus, deletion of 
Ccr4 (ccr4Δ) decreased deadenylation reaction rates by 80%-60% 
(dependent on the reporter mRNA) 70.  
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Furthermore, sequence analysis of Ccr4 identified homologous 
leucine-rich repeats (LRR) in its center region. Structural motifs like LRR 
typically promote protein-protein interactions 90. Similarly, in vitro binding 
assays verified the physical interaction of the two catalytic subunits, Ccr4 
and Caf1-Pop2 through the LRR motif and more so, this interaction was 
required for normal deadenylation rates in vivo. Although the deletion of 
Caf1-Pop2 (pop2Δ) resulted in decreased deadenylation rates, catalytic 
inactive Pop2 had no functional consequences for in vivo deadenylation rate 
reactions 70,91. In any case, sequence comparison of Caf1-Pop2 identified a 
related nuclease domain corresponding to signature sequences of the 
DEDD-type exonuclease family. Recombinant purified Caf1-Pop2 protein 
confirmed 3’-to-5’ exonuclease activity with preference to catalyze poly(A) 
cleavage reactions 89. Several observations argue that Ccr4 is the primary 
deadenylase. Amongst other things, the catalytically inactive Caf1-Pop2 
protein did not alter deadenylation reactions in vivo 92. Residual 
deadenylation was observed in yeast mutant strains inactivated for both 
Ccr4 and Caf1-Pop2 (ccr4Δ pop2Δ) consistent with Pan2-3 complex 
contribution to deadenylation reactions in yeast 70.  

 

The mRNA deadenylase Pan2-Pan3 

The second deadenylation complex in yeast consists of two subunits, Pan2 
and Pan3. A conserved exonuclease motif in the C-terminal region of the 
Pan2 assigns this protein to the DEDD-type exonuclease family 93. 
Interestingly, in spite of the absence of Pan3 nuclease activity, it is required 
for the deadenylase activity in vitro. Pan3 has two conserved domains of 
known function, a zinc finger domain in the N-terminal region and a 
pseudokinase domain both of which are crucial to deadenylation reactions 
93-95. Recent structural and functional analysis validated Pan3 binding the 
poly(A) of the mRNA through this domain while on the contrary, the 
catalytic active subunit Pan2 did not. More so, the zinc finger domain of 
Pan3 exhibited strong binding affinity for poly(A) nucleotides and with low 
affinity binding of RNA from the pseudokinase domain 93,96-97.  These 
observations argue that Pan3 facilitates deadenylation by supplying Pan2 
with the poly(A) RNA. Consistent with these findings, longer poly(A) tails 
were measured in deletion strains of either Pan2 (pan2Δ) or Pan3 (pan2Δ) as 
compared to the wild type 70.  
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Cytoplasmic deadenylation is a two- phase process 

The poly(A) tail of mature mRNAs after export the nucleus into the 
cytoplasm has an approximate length of 70 adenosines in yeast. Shortening 
of the poly(A) tails is accomplished in two steps. They shorten first through 
an initial deadenylation phase via the action of the Pan2/3 deadenylase to 
approximately 27 adenosines, which also represent the median poly(A) tail 
length in yeast 98. Subsequent deadenylation of tails is catalyzed by Ccr4-
Not deadenylase to an oligo length of roughly 10 adenosines. Additionally, 
the studies indicated that initial deadenylation reaction rate of Pan2-3 
deadenylase occurs slower than the succeeding deadenylation reaction via 
the action of Ccr4-Not 99.  

Amongst other evidence supportive of the two-phase model of 
deadenylation were that deletions of the Pan2 (pan2Δ) in yeast resulted in 
differential poly(A) tail length of full length mRNAs thereby longer poly(A) 
tail with more than 50 adenosines could be observed 69. Consistently, the 
deletion of Ccr4 (ccr4Δ) resulted in shorter poly(A) tails thus no shorter 
species of 20-26 adenosines could be observed in this mutant strain which 
argued that Ccr4 is required for endpoint or terminal deadenylation 99.   

 

The paradigm of poly(A)-binding protein Pab1 and regulation of cytoplasmic 
deadenylation and its caveats.  

The biphasic nature of deadenylation was proposed on the basis of various 
observations to be a functional consequence for the dependence of the 
poly(A) binding protein Pab1. Pab1 binding to the poly(A) tail inhibited the 
deadenylase activity of recombinantly purified Ccr4 100. That Pab1 
stimulates the initial poly(A) shortening process by Pan2-Pan3 emerged 
from observations that the deletion mutant of Pab1 (pab1Δ) resulted in 
defects of initial deadenylation reaction with longer poly(A) tails 101. The 
biphasic nature of deadenylation was therefore plausible with the logic that 
the Pan2-Pan3 complex deadenylates until the Pab1 protein can no longer 
bind and release of Pab1 allows deadenylation to continue with the Ccr4-
Not complex. However, the recent structural and functional analysis of the 
Pan2-Pan3 complex challenged this model.  

In vitro activity assays showed that Pan2-Pan3 complex did not 
require Pab1 for deadenylation activity although its presence stimulated the 
poly(A) tail shortening process 96,97. Furthermore, the differential 
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nucleotide binding affinity of the Pan3 could explain the two-phase model. 
For the reason that its zinc finger domain strongly binds adenosine 
ribonucleotides and in the process of deadenylation the contact with low 
affinity ribonucleotides would trigger release the Pan2-Pan3 complex from 
the mRNA 96,97. 

 

4.2.2. The mRNA decapping complex Dcp1-Dcp2 

Decapping reactions in yeast are primary performed by the holoenzyme 
Dcp1-Dcp2, which catalyze the cleavage by hydrolyzing the m7GppN cap 
resulting in a 5’ monophosphate mRNA and m7GDP molecule. Dcp2 is the 
catalytic subunit although Dcp1 enhances decapping reaction. Dcp2 
belongs to the Nudix-family of pyrophosphatases. In vitro decapping with 
Dcp2 alone or in conjunction with Dcp1 confirmed its activity 73,78,102,103.  
However, the Dcp1-Dcp2 complex is a weak catalyst and requires enhancer 
proteins to increase the efficiency to catalyze decapping reactions.  

Several proteins are found to enhance the process of decapping and 
in brief I will list the most important ones and their roles of enhanced 
decapping. Edc3 (enhancer of decapping) stimulates decapping rate 
reactions in vivo and in vitro 103,104,46,105. Furthermore, recent structural 
analysis of the Dcp1-Dcp2 complex demonstrated that the interaction of 
Dcp1 recruits the Edc3 protein to Dcp2 106. It is therefore plausible that 
binding of Edc3 to Dcp2 promotes conformational changes to the complex, 
which are favourable for Dcp2 and mRNA cap binding and in consequence 
enhance catalytic activity of Dcp2.  

Several observations demonstrate that the Pat1 protein, which is 
also involved in translation repression, is functionally important for the 
decapping process in vivo and in vitro. Amongst them are that Pat1 
enhances decapping reactions by six-fold in vitro 107. Also, in vivo studies 
demonstrate that the Pat1 protein is crucial for the decapping process 
whereby it represses translation and then acts as a scaffold protein to 
recruit other decapping factors to the mRNA and decapping holoenzyme 
Dcp1-Dcp2 107. An example of recruited factors by Pat1 is the Lsm1-7 
complex. Like Pat1 this complex promotes translational repression and in 
consequence facilitates decapping reactions 107,108,109,110.  
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4.2.3. The exonucleases: Xrn1 and the exosome complex 

5’-to-3’ exonuclease Xrn1 

Subsequent to decapping the mRNA can be degraded in the 5’-to-3’ 
direction by the Xrn1 exonuclease. Xrn1 rapidly degrades mRNAs with a 
5’ phosphate generated from the decapping reaction. Xrn1 is a conserved 
exonuclease and is highly abundant. The exonuclease is inhibited by the cap 
structure and secondary structures of the mRNA. Xrn1 is not essential for 
yeast thus deletion increases decapped mRNA111-113.  

 

3’-to-5’exonucleolytic degradation by the exosome complex 

The cytoplasmic exosome complex is a multimeric complex formed like a 
ring structure and contains six RNase-PH like proteins and three smaller 
RNA binding proteins which are important for the assembly and ensure 
proper folding of the assemblies. Its active subunit is Rrp44 (Dis3) which 
exhibits both endo and exonuclease activity 114 . Sequence analysis place it 
in the RNase-R like protein family. Prior decapping of an mRNA is not 
required for the exosome to engage in the degradation reaction. 
Nevertheless 3’-to-5’ degradation reactions are slow in comparison to 
decapping reaction rates and for this reason the exosome has only minor 
contribution to cytoplasmic mRNA turnover rates 76. Another essential part 
of the exosome is the multiprotein Ski-complex. The Ski complex has four 
subunits: Ski 2/3/8 and Ski7. Only the combination of the exosome ring 
complex and the Ski complex ensures competent mRNA degradation from 
the 3’ end 115,116. Structural and functional analysis demonstrated that 3’-to-
5’ degradation activity in the cytoplasm requires the Ski-complex whereby 
Ski7 is shown to guide the targeted mRNA into the active side promoting 
3’-to-5’ degradation 117,114,118,119. 

 

5. Effect of inhibition of translation on mRNA degradation 

Aspects of translation can modify the cytoplasmic mRNA turnover of mRNAs.   

The functional consequence on mRNA turnover depends on its origin of 
translation inhibition. Downstream effects on mRNA turnover rates result 
from direct translation inhibition or a global responses triggered by 
perturbations to the cell. The sources can be either intrinsic or extrinsic. If 
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the source of inhibition of translation is intrinsic, mRNA degrades faster. 
Mutations in translation initiation factors and cis-acting sequences of 
mRNA and proteins are associated with intrinsic effects on translation and 
more specifically with translation initiation 102,120. The more rapid mRNA 
decay was attributed to elevated rates of deadenylation and mRNA 
decapping. The faster turnover resulting from intrinsic effects on 
translation is not a global affect because translational repression is directed 
to a specific mRNA or subset of mRNAs.  Subsequent, the pool of 
translationally repressed mRNAs is faster degraded which may benefit the 
cellular program of inhibited translation 102,120. 

Extrinsic inhibition of translation results from perturbation to the 
cell as in glucose deprivation or osmotic stress. Extrinsic effects have 
functional consequences to the cell. External stresses inhibit translation yet 
they generally increase overall mRNA stability. Inhibition of deadenylation 
is the source of increased mRNA stability 121. Extrinsic effects on mRNA 
decay are independent of translation for the reason that the source is 
external stress to the cell and not inhibition of translation. Furthermore, 
the consequences of extrinsic effects differ from intrinsic. Deadenylation is 
the first stage in mRNA decay and extrinsic effects result in inhibition of 
deadenylation, which is upstream of the decay steps affected by intrinsic 
effects on translation initiation. Therefore, extrinsic effects are not sensitive 
to consequences of intrinsic effects on translation initiation. Extrinsic 
translation inhibition globally affects mRNA translation and in 
consequence globally affects mRNA turnover.  

 

5.1. Mutations in cap binding complex results in faster mRNA decay 
rate which is reflected in the rate of translation  

The cap-binding complex emerged to be the key denominator in terms of 
intrinsic effects of translation and the fate of an mRNA in the cytoplasm.  

Mutations in the cap-binding complex (eIF4G, 4A, and 4E) 
strongly inhibit translation initiation and results in more rapid mRNA 
turnover rates. These observations were validated by the use of two 
reporter mRNAs PGK1 and MFA2 mRNA.  Observed decreases in PGK1 
mRNA stabilities ranged from 32% for mutations in eIF4G to as much as 
65% in strains harboring mutations in eIF4E gene. For MFA2 mRNA 
reductions up to 50% could be observed in a strain mutated in the eIF4G 
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gene, a component of the cap-binding complex 102,120. The effects on mRNA 
degradation reflected on the rates of translation. In other words, the effects 
of mutations in initiation factors on mRNA decay rates coincided with the 
effects on the rate of translation. Experimental evidence for this claim was 
provided determining the translation efficiency of the mutant strains by 
their ability to incorporate 35S radiolabeled methionine. All mutants 
therefore showed defects in the rate of translation although to different 
extents 102.  

 

5.2. Extrinsic translation-independent effects on mRNA turnover  

Perturbations to the cell have the functional consequence of overall 
increased mRNA stability and concomitant inhibition of translation. Yet, 
the effects on mRNA turnover originate from the external stressors not as 
a consequence of translation inhibition. Several observations argue that 
inhibition of deadenylation is the source of the slow mRNA turnover. 
Amongst them are inhibition of deadenylation is rapid and occurs within 
two minutes of stress. Translational repression has not been reported to 
respond so quickly. In addition, inhibition of deadenylation was observed 
even though translation was halted or slowed (such as with the drug 
cycloheximide). These and other findings are consistent that extrinsic 
effects are independent of translation inhibition and to intrinsic effects of 
translation inhibition to mRNA decay. It is plausible that extrinsic effects 
may give the cell time to reprogram gene expression and act accordingly.  

 

6.  Localization of mRNA and localized mRNA degradation 

Messenger RNA localization is a common theme in nature 122.  One can 
observe it especially in neurons and in development, with approximately 
70% of mRNA in Drosophila embryos having a distinct localization pattern 
123. However, it is not limited to multicellular organisms. For instance, it 
has been recently shown that mRNA can in be specifically localized in E. 
coli even when not translating  124.   

In budding yeast, localization can occur during translation, most 
commonly to localization on the rough endoplasmic reticulum via the 
signal recognition particle 125. Localization can also be independent of 
translation. One of the most well studied translation-independent 
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localizations of mRNA in yeast is the ASH1 mRNA. ASH1 mRNA travels 
to the daughter cell on actin cables and begins translation upon arrival.  
The Ash1 protein then ensures only the mother can undergo mating type 
switching 126.  Other specific localizations found in yeast include the shmoo 
tip of mating yeast 127, the endoplasmic reticulum 39, mitochondria 128 and 
the peroxisomes 129. 

Specific localization of mRNAs open the possibility of degradation 
at spatially distinct sites.  However, currently localized mechanisms of 
degradation are not believed to be abundant in yeast.  One of the most well 
studied is the endoplasmic reticulum localized endonuclease Ire1, which 
activates the cytoplasmic splicing of the HAC1 mRNA during the unfolded 
protein response (UPR), which encodes for a transcription factor induced 
under stress triggering the UPR 130.  This endonucleolytic cleavage forms 
foci in response to triggers for the UPR 131. Interestingly, upon glucose 
starvation, they co-localize with another structure proposed to be involved 
in localized degradation, processing bodies 131. 

 

6.1. P bodies as sites of mRNA degradation 

Processing bodies (P bodies) were first identified and proposed as sites of 
mRNA degradation by co-localization of mRNA degradation intermediates 
and mRNA decapping and degradation factors 42.  While it is still widely 
held that P bodies are sites of mRNA degradation, studies over ten years 
ago have suggested that they do not significantly affect mRNA stability 
46,132,133.  However, these studies specifically examined short-lived mRNAs 
in the expectation that absence of P bodies would promote their stability.  
More recent evidence has suggested that P bodies may in fact not be sites 
of mRNA degradation and may promote mRNA stability 82,134. 

The possibility that P bodies may not be sites of mRNA 
degradation is consistent with a new model for mRNA degradation.  This 
model proposes that mRNA degradation can occur co-translationally and 
does to a large extent 135,136.  Similarly, ribosomes have not been localized to 
P bodies 44. This observation, which has not been contradicted since, 
suggests that degradation co-translational mRNA degradation and P body 
mediated decay are not compatible. 
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6.2. mRNA degradation on membranes its localization in yeast and 
other organisms  

A possible connection to localized degradation has been suggested by 
recent work demonstrating that P bodies are increased in secretory 
pathway mutants in yeast 137.  Furthermore, while P bodies were increased 
in these strains, mutations in the decapping in activators Pat1 and Scd6 
resulted in the absence of P bodies. The possible connection between the 
membrane and the decapping activators was found by experiments 
suggesting interaction with the endoplasmic reticulum.  Using Dcp2 as a 
marker protein for P bodies, they were found to be both co-localized to the 
ER as well and being physically connected.  These data suggested that P 
bodies assemble on the ER and the authors proposed that this provides 
evidence that decay could occur in a spatially coordinated manner on the 
ER. 

 This possibility was supported by functional data linking the rough 
ER with siRNA mediated RNA silencing in human cells 138.  Similar to 
Kilchert et al. (2010), they found that mRNA decapping and degradation 
proteins associate with membranes.  Likewise, proteins involved in the 
RNAi pathway were also membrane-associated.   This significance of this 
study is study the evidence that that RISC-complex loading and siRNA 
targeting occurs on the rough ER.   

 These studies reveal the tantalizing possibility that mRNA 
degradation can occur on membranes in eukaryotes.  This has been found in 
gram negative E. coli, where recent evidence is more comprehensive 
suggesting of a link between mRNA degradation and membrane 
localization 139.  Components of the major decay pathway in bacteria, RNase 
E and the degradosome have been found to be localized to the inner 
cytoplasmic membrane 140.  Further experiments suggest that the 
localization is important for mRNA degradation 141.  Similar results were 
observed in gram positive B. subtilis, which uses RNase Y instead of RNase 
E to degrade the bulk of its mRNA 142.  It too has been found by multiple 
studies to be membrane associated 142-144.  Taken together these data 
suggest the possibility that the membrane localization of mRNA 
degradation factors could be an important factor in modulating the mRNA 
selected for degradation as well as a site of control.   
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7. RESULTS AND DISCUSSION 

7.1. Messenger RNA decapping factors are found in the polysomal 
region 

There exists a significant interrelationship between translation and mRNA 
decay 145.  Recently, a new insight into this relationship was identified by 
the Coller laboratory 135.  They found that co-translational mRNA 
degradation and decapping can occur.  Furthermore, they observed links 
between mRNA degradation factors with translating mRNA. One manner 
of examining this question is polysome analysis, that is separation of 
cellular extracts on a sucrose gradient subjected to ultracentrifugation 146. 

We wished to examine whether mRNA decapping factors were 
localized to the polysomal fractions of extracts separated on sucrose 
gradients.  We found that the decapping factors were localized in the dense 
fractions of the gradient consistent with highly translating mRNA [Paper 
I].  Surprisingly, we found this association was resistant to RNase 
digestion, which would preclude association with mRNAs.  In addition, the 
polysomal association persisted even using high salt extraction, suggesting 
that salt dependent complexes, such as the cytoskeleton was also not 
involved.  In contrast, use of non-ionic detergent causes the mRNA 
decapping factors to no longer be present and instead be enriched in the 
early non-translation or ribonucleoprotein (RNP) fractions [Paper I]. 
These results provided evidence suggesting that decapping factors are 
membrane associated.  That is, if mRNA decapping factors are bound to 
large membranous structure generated during lysis, the effect would be 
localization in the densest fractions of the gradient, as we observed. With 
detergent, the decapping enzyme Dcp1-Dcp2 was found in the least dense 
fractions suggesting lack of association with the ribosome.  In contrast, the 
decapping activator Dhh1 was found in fractions consistent with 
translation even after detergent extraction.  This is consistent with the 
observation that Dhh1 is associated with translating fractions using 
polysome analysis after treatment with formaldehyde to crosslink the 
mRNA to protein 147.  

There have been many observations of polysome association of 
mRNA degradation factors that have observed previously 148-150. These 
studies displayed a similar distribution pattern to what we have observed.  
As these studies were detecting nonsense mediated degradation and 
associated decay factors, these studies linked the polysomal distribution to 



28 
 

co-translational degradation of mRNA with a pre-mature stop codon. 
However, we observed the sedimentation pattern is RNA and salt 
independent, but detergent sensitive.  These results suggest that this as 
well as other studies polysomal fractionation is due to membrane 
association.  If the previously observed proteins were examined similarly, it 
is likely that they would support our model. If so, then our experiments 
suggest that the role of the apparent polysomal sedimentation of the decay 
factors in the other studies may be different from that proposed previously. 
To further examine the source of the rapid sedimentation of decapping 
factors, we wished to confirm membrane-association through subsequent 
experiments. 

 

7.2. mRNA decapping factors are membrane associated 

The detergent sensitivity of the polysome localized mRNA decapping 
factors suggested that they are membrane associated. To further explore 
this possibility, we used membrane flotation assays.  This assay uses 
equilibrium centrifugation of cellular extracts in the dense fractionation 
material iodixanol (OptiPrep), which is a heavy iodinated organic 
compound. We found that the decapping factors floated on the gradients, 
demonstrating that they are attached to a structure that is less dense than 
proteins [Paper I].  Similarly, other membrane marker proteins also floated 
in a similar pattern to the decapping factors.  In contrast, cytosolic control 
proteins were found in the dense fractions.  We further demonstrated that 
the decapping factors were not membrane enclosed as they were digestible 
by proteinase K unlike the Kar2 protein, which is found in the lumen of the 
ER.  

 Membrane flotation experimentations are the de facto standard for 
demonstrating membrane association.  As such, we have found mRNA 
decapping factors behave as being membrane associated and are not found 
in a membrane enclosed structure.  Similarly, multiple studies have linked 
mRNA degradation factor association with membranes in yeast 137 and 
metazoans 138,151-153.  These studies point to a distinct similarity in the 
localization of eukaryotic and prokaryotic mRNA degradation factors as 
studies in bacteria have demonstrated similar associations of important 
degratory enzymes.  In the gram negative prokaryote, E. coli, its major 
RNase, RNase E, is associated with the cytoplasmic face of the plasma 
membrane 140,141. Similarly, RNase Y, the major ribonuclease in the gram 
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positive bacteria B. subtilis has also been found to be membrane associated 
143,154.  

 Given the conservation of membrane association of mRNA 
degradation factors from bacteria to humans, what are the possible 
functions and consequences of their membrane localization?  We propose 
two potential uses: storage and degradation.  First, mRNA decay factors 
may safely be stored on membranes protecting them before they are 
required for degradation. This can be important as early-unintended 
degradation of mRNA could alter gene expression in a negative manner.  
This spatial separation could allow regulation to modulate the activity of 
enzymes. Alternatively, membranes may be sites of mRNA degradation, as 
has been proposed in prokaryotes 140.  In this scenario, mRNA intended for 
degradation would be delivered to the mRNA degradation enzymes on 
membranes.   Here regulation could occur in the localization of the mRNA. 
A corollary of this possibility, is that ER associated mRNA engaging in 
translation could have a unique spatial relationship to degradation 
enzymes.  For example, recent evidence suggests that mRNA is degraded 
in a co-translational fashion 135,136. This raises the possibility, that 
translating mRNA on the ER and the cytosol would have deferring 
requirements for degradation.  To this end, we examined which membranes 
mRNA decapping factors were associated. 

 

7.3. mRNA decapping factors co-localize with the ER and Golgi 

To support our biochemical analyses, we performed microscopic co-
localization experiments with decapping factors and membranous cellular 
structures [Paper I].  We found that a small portion (15%) of decapping 
enzyme (Dcp2) foci co-localized with Golgi, while 79% co-localized with 
the ER.  Similarly, the decapping activators Dhh1 and Lsm1, both 
demonstrated over 80% co-localization with the ER. As these results are 
broadly similar to results in human cells 138, it is possible that localization 
of decay factors occurs in the Golgi and ER. They data raise the possibility 
of decay being linked to translation through membrane interactions.  The 
ER is an important site of translation, with 75% of translation in yeast 
occurring on the ER 155.  Recently it has been shown that mRNA lacking a 
ER signal sequence, which doesn’t interact with the signal recognition 
protein (SRP) can be translated on the ER in yeast and humans 39,40. 
Furthermore, experiments in mammals have revealed that translation of 
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mRNA encoding cytosolic proteins may preferentially translated on the ER 
during stress 156.  This combined with the model of co-translational 
degradation 135,136, opens the possibility that the membranes could serve as 
a triage site to sort mRNA under stress into storage, translation or 
degradation. 

 

7.4. Membrane association of decapping factors is constitutive 

One possibility for these effects could be the induction of P bodies.  In 
unstressed exponentially growing cells, using microscopy mRNA 
decapping factors are predominantly found diffused in the cytosol, with no 
clear membrane localization.  Upon stress, the decapping factors 
accumulate within P bodies, which we have shown to co-localize to the ER 
and Golgi [Paper I].  We considered whether this accumulation could 
result in alterations in the behaviour of decapping factors in the sucrose 
gradient analysis (polysome analysis). However, for technical reasons, we 
could not examine unstressed versus stressed conditions using membrane 
flotation.  We found that P bodies induction under osmotic stress and 
glucose starvation did not result in any change in the behaviour of the 
decapping factors on sucrose gradients.  These data suggest that the 
association with membranous structures is constitutive and not modulated 
by the presence of P bodies.   

Constitutive association of mRNA decapping factors could indicate 
that they could be all closely linked to membrane associated proteins, or 
possibly localized in larger complexes themselves.  What might be the 
functional consequences of constitutive membrane localization?  One 
possibility is that the membrane could act as two-dimensional surface to 
allow more rapid aggregation of decay factors, such as into P bodies under 
stress. Two-dimensional diffusion can increase the rate of biological 
interactions, for example in the case of proteins bound on a DNA versus in 
the nucleoplasm 157.  A corollary to this possibility is that aggregation of P 
bodies must then occur on membranes.  An open question, is if P bodies are 
associated with membranes.  Supporting this possibility, P bodies have been 
co-localized to membrane bound organelles (i.e. ER, Golgi and 
mitochondria) by both light microscopy and electron microscopy  [Paper I] 
137,158,159.  Nevertheless, membrane association of mRNA decapping factors 
will need to be further examined to determine its importance in mRNA 
stability and RNA granule formation.  



31 
 

7.5. Yeast unable to form P bodies have less stable mRNA 

When P bodies were first identified, they were proposed as the cytoplasmic 
sites of mRNA degradation.  Given this model, subsequent studies have 
examined this possibility by knocking out or down genes important for P 
body assembly and examining their effect on mRNA stability 46,132,133. These 
studies found no increase in the stability of the inherently unstable mRNAs 
in mammals, Drosophila and yeast.  However, we hypothesized that P bodies 
may act as sites of sequestration and thus affect mRNA stability in the 
opposite manner proposed upon the discovery of P bodies: that is P bodies 
could function to increase mRNA stability.  To examine this hypothesis, we 
used a yeast strain mutated in two mRNA decapping activating proteins: 
Edc3 and Lsm4.  These mutations were a deletion of Edc3 and the removal 
of the prion-like C-terminus of Lsm4 46.   We first examined the stability of 
two model mRNAs, PGK1 and MFA2.  These mRNAs represent different 
ends of the stability spectrum and have been extensively characterized 
67,68,71,72,160.  Similar to results obtained by other groups, we found that the 
stability of the short-lived MFA2 mRNA was not significantly affected by 
the absence of P bodies in the edc3Δ lsm4ΔC mutant.  However, consistent 
with our hypothesis, the PGK1 mRNA was significantly reduced in mRNA 
stability [Paper II].   We observed this effect only when the two mutations 
were combined.  Individually, the two mutants behaved as mRNA 
decapping factors or had no effect on mRNA stability.  This is consistent 
with other studies, which found that for example, the edc3 deletion had no 
effect on mRNA stability 46,105.  The absence of the prion-like C-terminus of 
Lsm4 in contrast significantly increased the PGK1 stability but did not 
affect MFA2 mRNA half-life.  Similar effects on short-lived mRNA have 
been reported previously for this mutant as well 46,161. 

To extend these mRNA stability measurements, we determined 
mRNA half-lives of multiple mRNA using the drug thiolutin to inhibit 
transcription.  We found a similar trend, in that longer-lived mRNAs such 
as ADH1 were significantly destabilized in the double mutant, while 
shorter-lived mRNAs did not show significant differences. Again, the single 
mutants did not demonstrate an effect on mRNA stability, except on the 
longer-lived mRNA ADH1. Here, the absence of Edc3 significantly 
increased mRNA stability with ADH1.  Taken together, these results 
suggest that P bodies reduce mRNA stability, significantly in all longer-
lived mRNAs that we examined. One question that arises from these 
experiments is why the longer-lived mRNA are significantly stabilized, 
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while the shorter lived are not.  We favour a model, supported by our 
stability data, that mRNAs are generally destabilized in the edc3Δ lsm4ΔC 
mutant.  More rapid degradation of mRNA may be difficult to detect for 
technical reasons.  An additional possibility is that these unstable mRNA 
may be approaching the limit for deadenylation-dependent mRNA 
degradation, and thus the rate of turnover cannot be significantly 
accelerated in these cases 80,162  

 Our results suggest that P bodies are sites of enhanced mRNA 
stability, rather than sites of mRNA degradation.  A mechanism for the 
enhanced stability conferred by P body mutant edc3Δ lsm4ΔC consistent 
with our experiments is that P bodies concentrate mRNA degradation 
factors, reducing their cytosolic concentration.  Similarly, these two 
pathways (5’-to-3’ degradation and deadenylation) have the most significant 
effect on mRNA stability in yeast, they are the most likely to affect mRNA 
stability 80. Finally, this is consistent with multiple experiments, which 
have localized both deadenylation and decapping factors have been 
localized to P bodies 42-45,163-165.  

 

7.6. Destabilization is due to increased decapping dependence (PGK1) 
and Ccr4-Not mediated deadenylation (MFA2) 

We wished to obtain insight into the possible mechanism of mRNA 
stabilization that we observed in the edc3Δ lsm4ΔC mutant.  Previous work 
has demonstrated that the relative dependence on a mRNA degradation 
pathway is correlated with the extent of stabilization in its absence 80.  We 
therefore examined the relative stabilization of PGK1 and MFA2 mRNAs 
in three decay pathway mutants: deadenylation (ccr4Δ), 5’-to-3’ decapping-
dependent (xrn1Δ), and the 3’-to-5’ exosome-mediated (ski2Δ) pathways 
[Paper II].    These experiments had two main observations:  In the P body 
formation mutant (edc3Δ lsm4ΔC), PGK1 was significantly more stabilized 
in the deadenylation mutant and MFA2 was significantly more stabilized in 
the decapping-dependent mutant, but significantly more destabilized in the 
exosome-mediated mutant.  Taken together, these results are consistent 
with the reduced mRNA stability in the absence of P bodies being 
correlated with faster deadenylation of the PGK1 mRNA and faster 
decapping in the MFA2 mRNA. These data suggest that the absence of P 
bodies result in more rapid degradation due to faster deadenylation and 
decapping.  The difference between these two mRNAs can be understood in 



33 
 

the context of MFA2 already having maximal deadenylation rate 120.  Since 
mRNA deadenylation is rate limiting for degradation in yeast, faster 
deadenylation results in proportionally faster decapping in the PGK1 
mRNA. 

 

7.7. mRNA is less stable in a P body deficient strain under osmotic 
stress 

Up to this point, we only examined the effect of absence of P bodies under 
unstressed exponential growth conditions.  Under these conditions, P 
bodies are present, but not highly induced [Paper III]. We reasoned that 
induction of P bodies by stress would exacerbate the reduction in mRNA 
stability that we observed in the mutant defective in P body formation 
(edc3Δ lsm4ΔC). We chose osmotic stress to examine as it is one of the 
major rapidly induces stresses that can occur in yeast 166.  In addition, this 
stress only induces P bodies and not the related RNA granules, stress 
granules 165. We found that that in the absence of P bodies in the edc3Δ 
lsm4ΔC mutant, both PGK1 and MFA2 were significantly destabilized 
[Paper III]. In fact, all mRNAs that we examined were significantly 
destabilized under these conditions.  These results suggest that the greater 
presence of P bodies can have more of an effect on mRNA stability.  
However, the extent of destabilization observed under both conditions was 
similar in magnitude. This suggests the possibility that the greater number 
of mRNAs significantly destabilized may be a result of the increased half-
lives under osmotic stress. That is, these results can indicate that the 
presence of P bodies increases mRNA stability by a certain extent 
irrespective of stress situation. However, under osmotic stress, the half-
lives of the mRNA are longer, which can allow for more significant 
differences to be measured.  A corollary of this result is that P bodies can 
have a proportional effect under all conditions. If this is the case, then the 
absence of significant reduction in mRNA stability in the edc3Δ lsm4ΔC 
under unstressed conditions could be due to the technical difficulty of 
measuring two short half-lives (See section 7.5). Taken together these 
results support our hypothesis that that under exponential growth, P 
bodies are smaller, but the sequestration that they provide can have as 
significant effect to when P bodies are larger due to the more rapid 
degradation required during non-stressed conditions. 
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7.8. Faster degradation is correlated with more rapidly shortened 
poly(A) tails  

We also wanted to examine the manner that mRNA was destabilized in the 
edc3Δ lsm4ΔC mutant under osmotic stress. We examined the structure of 
the MFA2 and PGK1 mRNA, specifically the length of the poly(A) tail.  
Deadenylation is the rate-limiting step under normal degradation, and is 
even more to control stability important during osmotic stress 121.  We 
found that PGK1 had significantly shorter steady-state poly(A) tails after 
osmotic stress, consistent with faster deadenylation. We did not observe 
any differences in MFA2. However, the sensitivity of steady-state mRNA 
poly(A) length to effects on deadenylation may be insufficient. Therefore, 
we examined the reduction of the MFA2 poly(A) tail after transcriptional 
inhibition over time.  We found that the length of the poly(A) tail decreased 
more rapidly in the edc3Δ lsm4ΔC mutant as compared to the wild-type 
strain. These data suggest that the rate deadenylation under osmotic stress 
is what determines half-life.  Furthermore, the effect of P bodies on mRNA 
stability due to osmotic stress is likely attributable to sequestration of 
deadenylase complexes into P bodies, removing them from the cytosol. 

 

7.9. Reduced mRNA stability can be attributable to cytoplasmic 
deadenylases  

To compliment these experiments, we again examined the effect of 
degradation mutants on mRNA stability. Our results, in brief, was a 
significant increase in mRNA stability in edc3Δ lsm4ΔC strain for the 
MFA2 mRNA deficient in Ccr4 mediated degradation.  PGK1 did not show 
any significant differences in that mutant, and was in fact less stabilized 
[Paper III]. In this case, we did not use the 5’-to-3’ decapping-dependent 
mutant xrn1Δ. The mRNA half-life increase in the xrn1Δ mutant was 
already to greater than an hour under unstressed conditions. Combined 
with osmotic stress, we surmised that the extremely long resulting half-
lives could result in non-physiological effects on mRNA stability.  
Nevertheless, since we did not observe any differences in the exosome 
mutant (ski2Δ), which should show a complementary effect if mRNA 
stability is altered in the absence of Xrn1 [Paper II]. 

How can these results be reconciled with the shorter poly(A) tail 
length?  One possibility could be that the PGK1 mutant is deadenylated to 
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a greater extent by the Pan2-Pan3 deadenylation complex, which has 
increased importance under stress 121. This also raises a possibility that the 
Ccr4-Not and Pan2-Pan3 could have different target mRNA sensitives 
under osmotic stress. Therefore, these results suggest that mRNA 
targeting can be different between mRNA.  If in fact, the Pan2/3 targets 
the PGK1 mRNA differentially, these results raise the possibility that 
deadenylase complexes may act on different mRNAs based on spatial 
localization or other idiosyncratic factors.  

 

7.10. The decapping enzyme accumulates in the nucleus in the mutant 
unable to form P bodies 

We found that the lack of P bodies in the edc3Δ lsm4ΔC is also correlated 
with an increase in Dcp2 in the nucleus [Paper III]. This increase in 
nuclear resident Dcp2 opens the possibility that P bodies serve as a 
cytoplasmic anchor for decapping and deadenylation factors. Consistent 
with this possibility, when lsm1 is deleted, Pat1 no longer is found in the 
cytoplasm and accumulates in the nucleus 44. This raises a possibility that 
one function of P bodies could be retention of mRNA degradation factors in 
the cytoplasm. Why would these factors need to be retained outside the 
nucleus? Messenger RNA degradation factors, including decapping factors, 
have been recently shown to function in transcriptional elongation 167,168. 
These studies suggested various models in which mRNA degradation could 
result in compensatory changes in transcription.  However, the cytoplasmic 
retention of decapping factors by P bodies could act as an mRNA 
degradation sensor, reducing the amount of degradation factor mediated 
transcriptional induction observed in response to slowing mRNA 
degradation. For example, when mRNA degradation is slowed, P bodies are 
large and when it is rapid, as in the edc3Δ lsm4ΔC mutant, there are no P 
bodies to sequester mRNA degradation factors. Thus, when degradation 
occurs rapidly, P bodies would be small, resulting in nuclear accumulation 
of mRNA degradation factors. As a result, these factors would promote 
mRNA transcription and result in mRNA levels staying at a constant level.  
Similarly, if degradation was slowed, P bodies would enlarge and sequester 
the decay factors in the cytoplasm, reducing transcription and again 
maintaining mRNA homeostasis.  
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7.11. The P body deficient strain edc3Δ lsm4ΔC has greater viability 
during long-term starvation 

We also examined the growth of the P body deficient mutant edc3Δ lsm4ΔC 
compared to wild type cells.  Under most conditions there was no 
significant difference in growth behaviour.  One condition that we 
examined was viability after long-term starvation.  Long-term starvation is 
a significant stress for yeast.  This is also termed chronological aging, 
which in term is linked to human aging.  We found that after over thirty 
days of the starvation, the viability of the wild type yeast significantly 
dropped, while the edc3Δ lsm3ΔC retained viability.  This could indicate an 
unappreciated importance of negative consequences of P bodies.  A recent 
study in yeast found that yeast that were able to survive long term 
starvation, so-called quiescent yeast cells had a reduction of P bodies as 
compared to less viable non-quiescent cells 169. The importance of this 
should be explored in further experiments. 
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CONCLUDING REMARKS  

The work presented here investigates spatial control of mRNA degradation 

in two manners. One is to examine the subcellular localization of mRNA 

decapping factors. The other is to examine the role of P bodies, aggregates 

of mRNA and degradation enzymes, in mRNA metabolism. Both of these 

lines of research reveal alternative ways of thinking about mRNA 

degradation. The identification of mRNA localization to membranes in 

yeast is consistent with work showing co-localization in metazoans and 

bacteria. The reoccurrence of this theme in the various domains of life 

suggests that this may reflect ancient characteristics of RNA degradation 

enzymes. Nevertheless, these discoveries do not yet reveal a central 

purpose or role for membrane localization.  Its conservation suggests that 

there may be multiple important connections revealed upon further studies.  

On the other hand, our work to understand the role of P bodies suggest 

that the localized degradation within them may not be occurring.  Our data 

support a model in which P bodies acts as spatial center to regulate 

availability of mRNA turnover proteins to the cytosol accessible mRNA.  

Furthermore, this possibility suggests that P bodies can regulate the 

stabilities of a broad range of mRNA substrates. One possibility is that 

certain classes of mRNA can avoid modulation of P body mediated 

stabilization. A tempting possibility is that upon stress, P bodies could 

stabilize mRNAs encoding housekeeping genes and allow certain mRNAs 

encoding genes such as for proteins in ribosome biogenesis and ribosomal 

proteins to be subject to degradation. To further study these potential 

possibilities, further study will be required. 
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