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ABSTRACT 

The major pathway of mRNA degradation in yeast occurs through deadenylation, 

decapping and subsequent 5' to 3' exonucieolytic decay of the transcript body. The 

products of the DCPl and DCP2 genes are required for mRNA decapping. DCPl 

encodes a conserved mRNA decapping enzyme. Dcp2p is a highly conserved protein 

that is required for the activation of Dcplp. The Dcp2p contains a functional MutT motif 

that is required for its decapping function, suggesting that Dcp2p encodes a 

pyrophosphatase. These results suggest that Dcp2p hydrolyzes a specific pyrophosphate 

bond that either directly activates Dcplp or removes a specific inhibitor of Dcplp. In 

addition to Dcp2p, several additional proteins were identified that influence mRNA 

decapping. Edclp and Edc2p are related proteins whose overexpression suppressed 

conditional mutations in dcpl and dcp2, respectively. The Edcl protein interacts //; vivo 

with Dcplp and Dcp2p. Based on similar genetic data for EDCl and EDC2, the Edc2p 

also likely interacts directly with the mRNA decapping machinery. Edclp and Edc2p 

may function to activate transitions in the decapping complex that lead to the Dcp2p-

dependent activation of Dcplp. The SBPl protein was identified as an overexpression 

suppressor of a conditional dcp2 allele, termed dcp2-7. SBPl overexpression also 

suppressed a conditional allele of the decapping enzyme (dcpl-2). In addition, the sbplA 

was found to partially suppress the decapping defect of the dcp2-7 allele. This suggests 

that SBPl, which is a highly conserved RNA binding protein related to nucleolin, may 

influence the assembly or organization of the mRNP. Lastly, loss of function mutations 

in the previously uncharacterized IDCl gene were shown to stimulate decapping in the 
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presence of the dcp2-7 mutation. This suggests that the wild-type Idclp inhibits mRNA 

decapping. Interestingly, the idcl mutations described here represent the only known 

loss of function mRNA decapping suppressors that are not known to influence the rate of 

translation initiation, suggesting a more direct role for Idclp in the inhibition of Dcp2p 

function. Combined, these results indicate that mRNA decapping is a highly controlled 

process involving the intricate and coordinated function of multiple proteins, in addition 

to the Dcp 1 p decapping enzyme. 
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CHAPTER 1 - Messenger RNA decapping in eukaryotic cells 

Biological significance of mRNA degradation 

The regulation of gene expression is important for essentially all biological 

processes. The degradation of messenger RNA is an important control point in gene 

expression. In eukaryotes, depending on the cell-type, mRNA half-lives can vary from a 

few minutes to many hours. This wide range has important functional significance in 

determining gene expression since the time required for an mRNA to reach a new steady-

state level following induction is directly proportional to its half-life (Hargrove and 

Schmidt, 1989). Additionally, individual mRNA decay rates can be significantly 

influenced by physiological stimuli. Specific cues include changes in nutrient availability 

(Gonzalez and Martin, 1996; Cereghino and Scheffler, 1996; Moriarty et ai, 1998), 

developmental transitions (Surdej and Jacobs-Lorena, 1998) and viral infection (Montel 

et al., 1997). The increasing number of these examples suggests that the regulation of 

mRNA degradation is an important aspect of gene regulation. 

Pathways of mRNA degradation in eukaryotes 

At least four distinct pathways exist for the degradation of polyadenylated mRNA 

in eukaryotic cells (Figure 1.1). Work in the yeast Saccharomyces cerevisiae has shown 

that the bulk of cellular mRNA is degraded through two general decay pathways in this 

organism. The predominant mRNA decay pathway occurs sequentially via shortening of 

the poly(A) tail and removal of the 5' cap structure by the Dcplp decapping enzyme. 
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which exposes the body of the transcript to Xm 1 p-catalyzed 5'-3' exonucleolytic 

digestion (Hsu and Stevens, 1993; Decker and Parker, 1993; Muhlrad et aL, 1994; 1995). 

There is a growing body of evidence to suggest that this deadenyiation-dependent decay 

pathway is conserved in higher eukaryotes. For example, deadenylated and decapped 

mRNA degradation intermediates have been detected in murine liver cells (Couttet et al., 

1997). Additionally, intermediates in mRNA decay that are shortened at their 5' ends 

have also been identified in both plant and animal cells (Lim and Maquat, 1992; Higgs 

and Colbert, 1994; Gera and Baker, 1998). Lastly, the proteins involved in decapping 

and 5' to 3' decay, such as Dcplp, Dcp2p, Lsmlp to LsmTp and Xmlp, are conserved in 

other eukaryotes (Tharun and Parker, 1999; Dunckley and Parker, 1999; Salgado-Garrido 

etal., 1999; Bashkirov e/a/., 1997). 

A second general pathway of mRNA degradation occurs wherein mRNAs are 

degraded in a 3' to 5' direction following deadenylation (Muhlrad et al., 1995; Anderson 

and Parker, 1998; van Hoof et aL, 2000). The degradation of mRNA in a 3' to 5' 

direction is catalyzed by the highly conserved exosome complex, consisting of multiple 

3' to 5' exonucleases (Anderson and Parker, 1998; van Hoof et al., submitted). In yeast, 

the degradation of mRNA through the 3' to 5' decay pathway occurs more slowly than 

the decapping and 5' to 3' decay pathway. However, all mRNAs in yeast are substrates 

for the 3' to 5' decay pathway (Anderson and Parker, 1998). This is supported by the 

observation that either general decay pathway is sufficient to support viability. However, 

combinations of mutations that prevent efficient degradation through both pathways 
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result in synthetic lethality (Johnson and Kolodner, 1995; Anderson and Parker, 1998; 

Dunckley and Parker, manuscript in preparation). 

In addition to the two general mRNA decay pathways, a highly conserved 

pathway exists for the rapid degradation of aberrant mRNAs, including those containing 

premature translation termination codons, unspliced introns, and extended 3' UTRs 

(Muhlrad and Parker, 1994). This degradation pathway, which may exist to prevent the 

production of potentially deleterious truncated proteins, has been referred to as mRNA 

surveillance (for reviews see Hilleren and Parker, 1999; Czapiinski et al., 1999). In the 

mRNA surveillance pathway, mRNAs are decapping extremely rapidly prior to poly(A) 

shortening. However, the decapping and degradation of mRNA through the mRNA 

surveillance pathway requires the same catalytic enzymes, including Dcplp, Xmlp, and 

Dcp2p (see Chapter 2 below), as does decay through the deadenylation-dependent decay 

pathway. Thus, the important distinction between the two pathways appears to be the 

ability of the nonsense codon to bypass the inhibition of decapping imposed by the 

poly(A) tail and associated poly(A) binding protein, Pablp. 

Decapping is an important step in mRNA decay 

Decapping of the mRNA is a critical step in the degradation of mRNA for several 

reasons. First, decapping of the mRNA precedes and permits the rapid degradation of the 

transcript body. Thus, decapping effectively terminates the function of an mRNA. 

Additionally, individual mRNAs are decapped at different rates, indicating that 

decapping is a controlled process that contributes to differential mRNA stability 
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(Muhlrad et al., 1994; 1995). Decapping also plays a crucial role in the mRNA 

surveillance pathway described above, wherein mRNAs containing premature translation 

termination codons are very rapidly decapped and degraded in a 5' to 3' direction 

(Muhlrad and Parker, 1994; Hagan et al., 1995; Beelman et al., 1996; Dunckley and 

Parker, 1999). Because of its prominence in mRNA degradation, an important goal has 

been to identify and to understand the function of the proteins involved in the decapping 

of mRNA. 

The mRNA decapping enzyme. Dcplp 

The DCPl gene encodes the yeast mRNA decapping enzyme. As expected for a 

decapping enzyme, Dcplp is required for all known decapping />/ v/vo and is sufficient 

for mRNA decapping m vitro (Beelman et al., 1996; LaGrandeur and Parker, 1998). 

Dcp 1 p cleaves within the mRNA cap structure to yield ^mGDP and an mRNA containing 

a 5' monophosphate end. Purified Dcplp preferentially cleaves substrates containing 7-

methyl guanine over those containing an unmethylated cap (LaGrandeur and Parker, 

1998). This demonstrates that the 7-methyl modification on the cap structure contributes 

to Dcplp's specificity. Additionally, Dcplp shows enhanced decapping activity on 

longer mRNA substrates. In vitro, Dcplp does not efficiently decap messenger RNAs 

shorter than 25 nucleotides in length, indicating that Dcp 1 p likely recognizes a portion of 

the mRNA in addition to the 7-methyl modification. Consistent with Dcplp requiring 

recognition of the mRNA body, the in vitro activity of Dcplp is inhibited by the addition 

of uncapped mRNA but not by the addition of cap analog, 'mGpppG (LaGrandeur and 
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Parker, 1998). A requirement for the recognition of a length of mRNA for efficient 

decapping may prevent the inappropriate decapping of mRNAs onto which translation 

initiation complexes are assembled on the 5' UTR. 

Additional Decapping Factors 

DCP2 

In addition to Dcplp, several additional proteins have been shown to affect the 

process of mRNA decapping (Table l.I). The DCP2 protein was identified as a high 

copy suppressor of a conditional dcpl mutant (Dunckley and Parker, 1999; Chapter 2 

below). Subsequent analyses of the dcp2A mutant demonstrated that Dcp2p is required 

for decapping of both normal and aberrant mRNAs through the mRNA surveillance 

pathway. The Dcp2p physically associates with the Dcplp decapping enzyme. Further, 

the interaction between Dcplp and Dcp2p is required for the activation of Dcplp 

(Dunckley and Parker, 1999 and manuscript in preparation; see also Chapters 2 and 3 

below). The specific mechanism whereby Dcp2p activates Dcplp is unclear. However, 

since Dcp2p possesses a functional MutT motif that is found in a family of 

pyrophosphatases, the Dcp2p-mediated activation of Dcplp likely requires cleavage of an 

as yet unknown pyrophosphate bond (for a review of the MutT motif see Bessman et al., 

1996; Koonin, 1993). 
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Table 1.1. Proteins involved in mRNA decapping 

Gene Function Reference 

DCPl 

DCP2 

EDCl, 
EDC2 

LSM1-LSM7 

PATl/MRTl 

mRNA decapping enzyme 

Activates Dcplp 

Interact with Dcp 1 p and Dcp2p 
to stimulate decapping 

Binds to mRNA to promote 
decapping 

Interacts with Lsm complex, 
Dcplp and Dcp2p to stimulate 
decapping 

Beelman e/a/., 1996 

Dunckley and Parker, 1999 

Dunckiey and Parker, 
submitted 

Tharun et al., 2000; 
Bouveret et al., 2000 

Bouveret el al., 2000; 
Tharun and Parker, 
manuscript in preparation 

PABl 

GRC5, SLA2, 
MRT4 

Binds to poly(A) tail to inhibit 
Decapping 

Stimulate decapping 

Caponigro and Parker, 1995 

Zukt;/a/., 1999 

SBPl 

IDCl 

Overexpression suppresses 
dcp 1-2 and dcp2-7 alleles 

Inhibits dcp2-7 

Dunckiey and Parker, 
manuscript in preparation 

Dunckiey and Parker, 
manuscript in preparation 

UPFl, UPF2, 
UPF3 

Required for mRNA surveillance reviewed in Hilleren and 
Parker, 1999; Czaplinsky 
et al., 1999 
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Like-SM proteins and PATl/MRTl 

The LSM, or Like SM. proteins represent another set of proteins that influence the 

mRNA decapping rate. There are seven Lsm proteins (Lsml to Lsm 7) that affect mRNA 

decapping (Boeck et al.^ 1998; Tharun et al., 2000; Bouveret et al., 2000). The Lsm 

proteins are related to the Sm proteins that are components of snRNPs and appear to form 

a seven membered protein complex that binds to mRNA to promote mRNA decapping 

(Tharun et al., 2000; Bouveret et al., 2000). In addition, the Lsm protein complex 

involved in mRNA decay stably interacts with the PATl/MRTl gene product, an 

additional decapping factor (Hatfield et al., 1996; Tharun et al., 2000, Bouveret et al., 

2000). However, neither the LSM complex nor the Patl/Mrtlp are required for 

decapping through the mRNA surveillance pathway. Thus, the Patl/Mrtl-Lsm complex 

likely functions in the deadenylation dependent decapping pathway to bind to 

deadenylated mRNAs to promote decapping by a yet to be determined mechanism. 

EDC1 and EDC2 

Two related Enhancer of mRNA DeCapping proteins, Edclp and Edc2p, appear 

to modulate the rate of mRNA decapping (Dunckley and Parker, submitted; see also 

Chapter 3 below). The Edcl and Edc2 proteins stimulate mRNA decapping if 

overexpressed in conditional dcpl-2 and dcp2-7 mutants, respectively. Loss of Edclp 

and Edc2p has no detectable effect on mRNA decapping in an otherwise wild-type cell, 

suggesting that Edclp and Edc2p activity are not rate-limiting for mRNA decapping. 
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However, interestingly, in dcpl-2 and dcp2-7 mutants, where mRNA decapping is 

slightly inefficient even at the permissive temperature, the Edc proteins have critical roles 

in the maintenance of efficient mRNA decapping rates. An analogous situation in which 

proteins that are involved in a specific function are also dispensable for that function 

under optimal conditions has been observed previously in instances involving formation 

of large protein complexes. For example, individual members of the pre-mRNA splicing 

machinery, such as Msl5p, are dispensable for normal splicing (Rutz and Seraphin, 

2000). However, in situations where splicing is made inefficient, through mutation of the 

consensus splice site sequences for example, the function of individual proteins such as 

Msl5p is evidenced clearly. The fact that Edclp and Edc2p show strong decapping 

defects when decapping is inefficient is consistent with Edclp and Edc2p being 

modulatory protein components of a larger decapping complex. Indeed, Edclp interacts 

in vivo with both Dcp 1 p and Dcp2p (Dunckley and Parker, manuscript in preparation; see 

Chapter 3 as well). 

SBPl and IDCl 

Two additional proteins, Sbplp and Idclp, have been identified as suppressors of 

the conditional dcp2-7 allele (Dunckley and Parker, manuscript in preparation; see 

Chapter 4 below). Overexpression of SBPl suppresses the dcp2-7 mutation. Further, 

SBPl overexpression also suppresses the conditional dcpl-2 mutation. This suggests that 

SBPl may have general effects on the decapping machinery, possibly through affecting 

the organization or stability of the mRNP (see Chapter 4). In contrast to SBPl, deletion 
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of the IDC 1 gene suppresses the decapping defect of the dcp2-7 mutation. Thus, Idc 1 p 

likely normally serves as an inhibitor of dcp2-7p function. Idclp represents the only 

known decapping inhibitor that is not a known translation initiation factor and suggests 

possible models for Idclp function (see Chapter 4). 

Translation and Decapping 

In addition to the decapping factors discussed above, translation initiation factors 

are in some cases inhibitors of decapping. For example, the poly(A) tail and the 

associated poly(A) binding protein are inhibitors of decapping (Caponigro and Parker, 

1995). Similarly, several lines of evidence suggest that there is a competition between 

the cap binding protein, eIF4Ep, and Dcplp for the cap structure. For example, the 

eIF4E protein inhibits decapping in a purified system (Schwartz and Parker, submitted). 

Moreover, in vivo mutations in eIF4E increase the rates of decapping and can suppress 

partial loss of function alleles in Dcplp (Schwartz and Parker, 1999; Schwartz and 

Parker, submitted). These observations imply that more highly translated mRNAs are 

stable, at least in part, because they are bound to initiation factors more frequently than 

poorly translated mRNAs, thereby slowing the decapping rate for highly translated 

rtiRNAs. An important goal of future work is to understand the relationship between the 

numerous decapping factors discussed above and the inhibition of decapping imposed by 

the translation initiation machinery. 
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CHAPTER 2 

The DCP2 protein is required for mRNA decapping in 

Saccharomyces cerevisiae and contains a functional MutT motif 
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SUMMARY 

The major pathway of mRNA degradation in yeast occurs through deadenylation, 

decapping and subsequent 5' to 3' exonucleolytic decay of the transcript body. In order 

to identify proteins that control the activity of the decapping enzyme, which is encoded 

by the DCPl gene, we identified a high copy suppressor of the temperature sensitive 

dcpl-2 allele, termed DCP2. Overexpression of Dcp2p partially suppressed the dcpl-2 

decapping defect. Moreover, the Dcp2 protein was required for the decapping of both 

normal mRNAs and aberrant transcripts that are degraded by the mRNA surveillance 

pathway. The Dcp2 protein contains a MutT motif, which is found in a class of 

pyrophosphatases. Mutational analyses indicated that the region of the Dcp2p containing 

the MutT motif is necessary and sufficient for Dcp2p's function in mRNA decapping. 

This suggested that Dcp2p may function as a pyrophosphatase in vivo. The Dcp2p also 

coimmunoprecipitates with the DCPl decapping enzyme and is required for the 

production of enzymatically active Dcplp. These results suggest that interaction of 

Dcp I p and Dcp2p is required for activation of the DCP1 decapping enzyme, perhaps in a 

process requiring the hydrolysis of a pyrophosphate bond. 
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INTRODUCTION 

The stability of messenger RNA is an important determinant in gene expression 

(for reviews, see Caponigro and Parker, 1996; Ross, 1995; Jacobson and Peltz, 1996). 

An important goal will be to define the pathways of mRNA degradation and the 

mechanisms by which mRNA decay pathways are modulated. Recent results have 

indicated that two general pathways of mRNA decay function in the yeast 

Saccharomyces cerevisiae. The predominant decay pathway occurs via shortening of the 

poly(A) tail followed by removal of the 5' cap structure by the Dcpl decapping enzyme 

(Beelman et al., 1996), which exposes the body of the transcript to Xmlp-dependent 5' 

to 3' exonucleolytic degradation (Hsu and Stevens, 1993; Decker and Parker, 1993; 

Muhlrad et ai, 1994; 1995). A second general mRNA decay pathway occurs by 

deadenylation of polyadenylated mRNA to an oligo(A) tail length followed by 3' to 5' 

exonucleolytic decay of the transcript body (Muhlrad et al., 1995; Anderson and Parker, 

1998). 

Several lines of evidence indicate that these decay pathways identified in yeast are 

conserved in other eukaryotes. For example, deadenylated, decapped, full-length mRNA 

species have been detected from murine liver cells (Couttet et al., 1997). Intermediates 

in mRNA decay that are shortened at their 5' ends have also been identified in both plant 

and animal cells (Lim and Maquat, 1992; Higgs and Colbert, 1994; Gera and Baker. 

1998). An important role for 3' to 5' mRNA decay in plants has also been demonstrated 

(Higgs and Colbert, 1994). Finally, the yeast proteins involved in these general mRNA 
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decay pathways, such as Xmlp, Ski2p, Ski6p/Rjp41p and Rrp4p, have homologs in 

higher eukaryotes (Dangel et al., 1995; Lee et al., 1995; Bashkirov et al., 1997; Mitchell 

etal.^ 1997). 

Decapping is a key step in the 5' to 3' mRNA degradation pathway since it both 

precedes and permits the decay of the transcript body. Since individual mRNAs are 

decapped at different rates, decapping is also an important control point in mRNA decay 

(Muhlrad et al., 1994; 1995). Decapping also plays a critical role in the process of 

mRNA surveillance wherein aberrant nonsense codon-containing mRNAs are very 

rapidly decapped and degraded in a 5' to 3' direction (Muhlrad and Parker, 1994; Hagan 

et al., 1995; Beelman et al., 1996). The product of the DCPl gene has been shown to be 

necessary for mRNA decapping in vivo and sufficient for decapping in vitro, suggesting 

that the DCPl gene encodes the yeast mRNA decapping enzyme (Beelman et al., 1996; 

LaGrandeur and Parker, 1998). Understanding how the Dcpl protein is regulated in vivo 

will be critical for understanding the basis for differential mRNA decay rates. However, 

to date little is known about the factors that modulate the activity of this key enzyme. 

To identify proteins that affect the activity of the DCPl decapping enzyme we 

have performed a genetic screen. The design of this screen exploits the observation that 

loss of function mutations in the Dcplp decapping enzyme or the Xmlp cytoplasmic 5' 

to 3' exoribonuclease are synthetically lethal with mutations in proteins that are required 

for normal 3' to 5' mRNA degradation, such as Ski2p, Ski3p, SkiSp or Rrp41p/Ski6p 

(Johnson and Kolodner, 1995; Anderson and Parker, 1998). One implication of this 

finding is that mRNA decay is required for cell growth. We have made the synthetic 
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lethality of dcplA skiSA double mutants conditional using a temperature-sensitive allele 

of the DCPI decapping enzyme, termed dcpl-2 (Tharun and Parker, 1999). To then 

identify proteins involved in mRNA decapping, we isolated high copy suppressors of the 

temperature sensitive growth defect of the dcpI-2 skiSA strain. 

One suppressor, referred to as DCP2, suppressed the growth defect of dcpl-2 

skiSA mutants. Moreover, DCP2 overexpression partially suppressed the decapping 

defect of the dcp 1-2 mutation. We show that Dcp2p is required for mRNA decapping in 

vivo. A region of the Dcp2 protein that contains a MutT motif is both necessary and 

sufficient for mRNA decapping in vivo. Since MutT motifs are found in a class of 

pyrophosphatases, this observation suggested that Dcp2p's required function in mRNA 

decapping in vivo may be as a pyrophosphatase. Lastly, we show that Dcp2p and Dcp 1 p 

interact in vivo and provide evidence that Dcp2p is required for the production of active 

Dcplp. These results suggest that the interaction between Dcplp and Dcp2p is important 

for activation of the DCPI decapping enzyme, perhaps in a process requiring the 

hydrolysis of a pyrophosphate bond. 
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RESULTS 

Identification of high copy suppressors of the conditional growth defect of dcpl-2 skiSA 

mutants 

To identify proteins involved in mRNA decay, we performed a genetic screen for 

high copy suppressors of dcpl-2 skiSA mutants. The dcpl-2 skiSA strain grows at 24 °C, 

the permissive temperature for dcpl-2 function (Tharun and Parker, 1999). However, the 

double mutant fails to grow at temperatures greater than 30°C, which is the restrictive 

temperature for dcpl-2 function (Tharun and Parker, 1999). The restrictive temperature 

for growth of the dcpl-2 skiSA mutant correlates with the temperature at which mRNA 

decay is severely inhibited (data not shown), suggesting that the inability of this mutant 

to grow results from a block to mRNA decay. We therefore reasoned that suppressors 

that restore the ability of the dcpl-2 skiSA double mutant to grow at the restrictive 

temperature would do so by restoring mRNA decay. 

We screened five genome equivalents of a yeast 2 f i  genomic DNA library for 

genes that, when overexpressed, would suppress the growth defect of the dcpl-2 skiSA 

double mutant. In cases where growth at 34 °C was restored, we showed plasmid-

dependence of the growth phenotype through isolating the plasmid, retransforming the 

parental dcpl-2 skiSA double mutant, and retesting the growth phenotype. We identified 

42 plasmid dependent suppressors. Four of these plasmids were found to contain the 

DCPI gene and 34 were shown to contain SKIS. In addition, we identified three 

plasmids containing the PSU1/DCP2 gene as the only common open reading frame. 
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Subsequent testing of only the PSU1/DCP2 gene demonstrated that this gene was 

sufficient to restore growth to the dcpl-2 skiSA mutant (Figure 2.1). Finally, one plasmid 

was found that contained six open reading frames. Of these YGL222C was shown to be 

the gene responsible for suppression (data not shown). Characterization of YGL222C 

will be reported in future work. Here we define an important role for PSU1/DCP2 in 

mRNA decapping. The PSU1/DCP2 gene has been previously identified as a high copy 

suppressor of a nuclear petite mutant (A. TzagaloflF, personal communication). However, 

based on the identification of a critical role of this protein in mRNA decapping presented 

here, we will refer to the PSUl gene hereafter as the DCP2 gene. 

Overexpression of Dcp2p partiallv rescues the mRNA degradation defect of the dcp 1 -2 

mutation 

In principle, the rescue of the dcpl-2 skiSA double mutant's growth defect by 

DCP2 overexpression could be accompanied by some restoration of either 5' to 3' or 3' 

to 5' mRNA degradation. To determine if Dcp2p overexpression restored mRNA decay 

through either of these pathways we made use of a galactose-inducible MFA2 mRNA 

that contains a poly(G) insertion in its 3' UTR, termed MFA2pG (Decker and Parker, 

1993). By blocking the exonucleases that degrade mRNA, poly(G) insertions can be 

used to trap intermediates in the degradation of mRNA (Vreken and Raue., 1992; Decker 

and Parker, 1993; Anderson and Parker, 1998). Importantly, the specific degradation 

intermediates that are trapped can be used to infer the directionality of mRNA decay 

(Figure 2.2A; see also He and Parker, 1998). Therefore, we introduced the DCP2 gene 
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Figure 2.1. DCP2 overexpression rescues the growth defect of dcpl-2 skiSA mutants. 

Strains yRP840 and yRP1345, containing either a 2ii plasmid (yEP351) or DCP2 

expressed from a 2|i plasmid (pRP925), were grown at 24°C for three days on minimal 

media lacking leucine then replica plated and grown for an additional 2 days at either 

24°C or 34°C. 



• 
• 

Figure 2.1 
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Figure 2.2. DCP2 overexpression specifically suppresses the mRNA decay defect of the 

dcpl-2 mutation. Shown schematically in (A) is the 5' to 3' decay pathway that produces 

the poly(G)->3' end fi^agment and the 3" to 5' decay pathway that produces the 5' 

end—>poly(G) fragment. For (B, C, D, E, and F), shown is the decay of the MFA2pG 

mRNA in either wild-type (yRP840), dcpl-2 (yRP1341), dcpl-2 [DCP2/LEU2] 

(yRP1355), dcplA (yRPI356), or dcplA [DCP2/LEU2] (yRP1357), respectively. The 

experiment was performed as described in Materials and Methods. Time points represent 

minutes after transcriptional repression. 
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on a high copy number plasmid into either dcpl-2 or skiSA mutants that also contained 

the MFA2pG mRNA and determined the mRNA decay phenotype of the resulting strains 

(see Materials and Methods). 

Dcp2p overexpression partially rescues the mRNA degradation defect of the 

dcp 1 -2 mutation at the restrictive temperature (Figure 2.2, compare C and D). This effect 

is seen in the dcpl-2 mutant overexpressing Dcp2p as a small, but clear, increase in the 

level of mRNA degradation intermediate corresponding to that produced from 5' to 3' 

mRNA decay, referred to as the poly(G)—>3' end fragment (Anderson and Parker, 1998). 

Consistent with only a partial restoration of 5' to 3' mRNA decay, Dcp2p overexpression 

did not restore production of the poly(G)—>3' end fragment to wild-type levels. 

Importantly, Dcp2p overexpression did not restore 5' to 3' mRNA degradation in a 

dcplA mutant (Figure 2.2, compare E and F). This observation indicated that Dcp2p 

overexpression was not a bypass suppressor of dcpl mutations. Finally, DCP2 

overexpression had no detectable effect on the mRNA decay defect of the skiSA mutant 

(data not shown), suggesting that Dcp2p overexpression does not significantly affect 3' to 

5' mRNA decay. 

Dcp2p is required for 5' to 3' mRNA degradation 

Since Dcp2p overexpression affects 5' to 3' decay in a Dcplp-dependent fashion, 

we hypothesized that Dcp2p normally functions in the 5' to 3' mRNA decay pathway. 

To determine if Dcp2p has a role in mRNA decay, we deleted the DCP2 gene from the 

genome through homologous recombination and assayed the phenotypes resulting from 
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loss of Dcp2p. The Dcp2p is not required for viability in our strain background, though 

DCP2 has been reported to be an essential gene in other strain backgrounds (A. 

Tzagaloff, personal communication). However, the dcp2A strain grows extremely 

slowly, a phenotype comparable to that resuhing from loss of the Dcplp decapping 

enzyme (Beelman e/a/., 1996). 

.Analysis of mRNA degradation in the dcp2A mutant showed that Dcp2p was 

required for normal rates of decay of both stable and unstable transcripts (Table 2.1). 

Specifically, loss of Dcp2p function resulted in an approximately two-fold stabilization of 

the PGKlpG mRNA (Figure 2.3) and a greater than three-fold stabilization of the 

MFA2pG mRNA (Figure 2.4). The dcp2A also caused a two-fold stabilization of the 

GALl and GAL7 mRNAs and a four-fold stabilization of the GAL 10 mRNA compared 

to wild-type. Moreover, the poly(G)—>3' end fragment that is normally produced upon 5' 

to 3' degradation of the PGKlpG mRNA is not detectable in dcp2A mutants, suggesting a 

complete block to 5' to 3' mRNA decay (Figure 2.3). Consistent with a complete block 

to 5' to 3' decay, the residual decay rates we observed in the dcp2A strain were very 

similar to those seen in a dcplA strain (Table 2.1) and result from the transcripts now 

being degraded by the alternative 3' to 5' decay pathway (see Anderson and Parker. 

1998). These observations indicated that Dcp2p is required for the 5' to 3' degradation 

of a wide range of transcripts. 



Table 2.1. Comparison of mRNA half-lives between wild-type 

(yRP840), dcplA (yRP1070), and dcp2A (yRP1346) yeast strains. 

mRNA wt dcplA dcp2A 

MFA2pG 3.5 12 14 
PGKIpG 25 >40 >40 
GAL I 6 10 13 
GAL7 5 11 14 
GAL 10 4 10 16 

mRNA half-lives were determined as described in Materials and 
Methods. Numbers shown represent the average of three separate 
experiments. 
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Figure 2.3. DCP2 is required for 5' to 3' mRNA decay. Shown is the decay of the stable 

PGKlpG transcript in wild-type (yRP840) and dcp2A (yRP1346) yeast strains. Strains 

were grown at 30°C to mid-log phase in YEP medium containing 2% galactose. Cells 

were harvested and resuspended in YEP medium. Glucose was added to a final 

concentration of 4% to repress transcription. Time points represent minutes after 

transcriptional repression. Hybridizations were performed with an oligonucleotide 

(oRPI41, Caponigro and Parker, 1995) specific for the PGKlpG mRNA. 
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Figure 2.4. Dcp2p is required for 5' to 3' mRNA decay following deadenylation. 

Shown is the decay of the unstable MFA2pG mRNA in wild-type (yRP840) and dcp2 

(yRPI346) strains. Transcriptional repression was performed as for figure 3. 

Hybridizations were performed with an oligonucleotide (oRP140, Caponigro and Parker, 

1995) specific for the MFA2pG mRNA. 
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Dcp2p is required for 5' to 3' decay following deadenvlation 

To define the role of Dcp2p in 5' to 3' mRNA decay, it was important to 

determine at which step 5' to 3' decay is blocked in the dcp2A mutant. In principle, any 

of the steps of deadenylation, decapping, or 5' to 3' exonucleolytic decay could be 

affected. To distinguish between these possibilities, we first examined the steady-state 

poly(A)-tail distribution of full-length MFA2pG mRNA. Oligoadenylated, full-length 

mRNA containing short poly(A)-tails, typically 0-15 adenosines, accumulates in mutants, 

such as dcpl, mrtl, mrt3 and spb8, that inhibit mRNA decapping (Beelman et al, 1996; 

Hatfield et al, 1996; Boeck et al., 1998). Therefore, if loss of Dcp2p blocks 5' to 3' 

decay following deadenylation, oligoadenylated mRNA species should be stabilized and 

therefore should accumulate in the dcp2A mutant. 

To determine the steady-state poly(A)-tail distribution of full-length MFA2pG 

mRNA in the dcp2A mutant, we analyzed RNA from time points following glucose 

repression of the galactose-induced MFA2pG mRNA on polyacrylamide northern gels to 

resolve polyadenylated and oligoadenylated mRNA species (Figure 2.4). Using this 

analysis, we found that the dcp2A mutant shifts the distribution of polyadenylated mRNA 

into the oligoadenylated pool at the early time points. Additionally, the oligoadenylated 

form of the mRNA persists at the later time points, suggesting that loss of Dcp2p function 

stabilizes the oligoadenylated form of the mRNA. The stabilization of oligoadenylated, 

full-length mRNA species indicated that 5' to 3' mRNA decay in the dcp2A mutant was 

blocked following deadenylation, either at the decapping or 5' to 3' decay steps. Further 

evidence that loss of Dcp2p function does not significantly affect deadenylation was 
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obtained in transcriptional pulse-chase experiments wherein mRNA from the dcp2A 

mutant underwent poly(A) shortening with essentially wild-type kinetics (data not 

shown). 

Oligoadenvlated mRNA species are capped in dcp2A mutants 

To distinguish between a role for Dcp2p in decapping or in 5' to 3" 

exonucleolysis, we performed immunoprecipitation experiments using antibody specific 

for the 5' cap structure of the mRNA (see Materials and Methods). In dcplA mutants, 

which block mRNA decapping, the mRNA is immunoprecipitable using these anti-cap 

antibodies (Figure 2.5; see also Beelman et al., 1996). However, in xmlA mutants that 

block 5' to 3' exonucleolysis following decapping, only polyadenylated mRNAs are 

immunoprecipitable (Figure 2.5; see also Muhlrad et al., 1994). Results for the dcp2A 

mutant showed that the oligoadenylated, full-length MFA2pG mRNA from a dcp2A 

strain was immunoprecipitable using these antibodies (Figure 2.5), indicating that the 

deadenylated mRNA that accumulated in dcp2A mutants was capped. This finding 

indicated that Dcp2p is required for mRNA decapping in vivo. 

Dcp2p is required for deadenvlation independent decapping 

Decapping of mRNA is a key step not only in the deadenylation-dependent decay 

pathway but also in the deadenylation-independent decay pathway, which acts to degrade 

aberrant mRNAs. In this pathway, aberrant mRNAs, such as those containing premature 

translation termination codons, are rapidly decapped and degraded independently of 
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Figure 2.5. Dcp2p is required for mRNA decapping in vivo. Immunoprecipitation of the 

MFA2pG mRNA with antisera directed against the 7-methyl cap structure is shown. 

Abbreviations used are T, total input RNA; P, immunoprecipitate pellet; S, supernatant. 

The strains used are xmlA (yRP1359), dcplA (yRP1070), and dcp2A (yRP1346). 

Hybridizations were performed as for Figure 4. 
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deadenylation (Muhlrad and Parker, 1994). The same DCPl decapping enzyme that 

functions in the normal mRNA decay pathway is required for the decapping of aberrant 

nonsense codon-containing mRNAs through the nonsense-mediated decay pathway 

(Beelman et al. 1996). However, a second class of proteins that have nonessential roles 

in deadenylation-dependent decapping, such as Mrtlp, Mrt3p, and SpbSp are not required 

for deadenylation-independent decapping of aberrant mRNAs (Hatfield et al., 1996; 

Boeck et al., 1998). Since Dcp2p was essential for the decapping of mRNAs through the 

deadenylation-dependent decapping pathway, an important question was whether Dcp2p 

was also required for deadenylation-independent decapping of nonsense codon-

containing mRNA. 

To determine if Dcp2p is required for nonsense-mediated decay, we measured the 

half-life of a mutant PGKl mRNA that contains an early nonsense codon, termed 

b55tPGKInio3pG (Muhlrad and Parker, 1994), in both wild-type and dcp2A yeast strains. 

Consistent with earlier work, in wild-type cells the BssxPGKlNioapG mRNA has a half-

life of less than two minutes (Figure 2.6, panel A). The same mRNA in the dcp2A 

mutant was stabilized more than 20-fold (Figure 2.6, panel B). This observation 

indicated that Dcp2p was required for the rapid, deadenylation-independent decapping of 

nonsense codon-containing mRNA. Interestingly, the Dcp2 protein was also previously 

identified in a two hybrid screen as interacting with the Upflp (He and Jacobson., 1995; 

referred to as NMDl). Since the Upflp is a critical factor in triggering the degradation of 

aberrant mRNAs during mRNA surveillance (see Jacobson and Peltz, 1996 for review). 
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Figure 2.6. Dcp2p is required for deadenylation independent decapping. The 

degradation of the BSSTPGKINIOSPG mRNA, which contains a premature 

translation termination codon, is shown. Wild-type (yRP684) and dcp2A 

(yRP1358) strains containing the BSSTPGKINICOPG transcript expressed from the 

GALl upstream activating sequence were grown at 30°C to mid-log phase in 

selective media containing 2% galactose. Transcriptional repression and 

hybridizations were performed as described for Figure 3. 
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this identifies a set of interactions linking premature translation termination and the 

mRNA decapping machinery, with obvious mechanistic implications (see discussion). 

Dcp2p contains a MutT motif that is required for mRNA decapping 

The observations above indicated that Dcp2p was required for mRNA decapping 

in vivo. An important issue was the role of the Dcp2p in mRNA turnover. Insight into a 

possible function for Dcp2p came from an analysis of the protein sequence. The Dcp2 

protein contains a conserved 23 amino acid MutT motif in its amino terminus (amino 

acids 134-156). This MutT motif is also conserved in several homologs of Dcp2p found 

in the data bases (Figure 2.7). The MutT motif is found in a class of proteins that 

hydrolyze pyrophosphate linkages (for reviews see Koonin, 1993; Bessman et al., 1996). 

Moreover, mutagenic studies have identified specific residues within the MutT motif that 

are required for the catalytic activity of these enzymes (Lin et al., 1996; Safranay et al., 

1998). The presence of a conserved MutT motif in Dcp2p suggested that this protein 

might also be involved in the hydrolysis of pyrophosphate bonds, of which the mRNA 

cap structure contains two. For this reason, we determined if the MutT motif was 

important for Dcp2p's function in decapping. 

To determine if the region of Dcp2p containing the MutT motif was sufficient for 

Dcp2p's function in mRNA decapping we constructed two amino-terminally FLAG-

tagged deletion mutants of Dcp2p (See Materials and Methods). One deletion, dcp2-AC, 
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Figure 2.7. The MutT motif is conserved in Dcp2p homologs. Shown is the most 

conserved region of an alignment of Dcp2p and its closest homologs. Only amino acids 

that are conserved in at least four of the homologs are highlighted. The core residues of 

the MutT motif are in bold. The alignment was generated using the ClustalW alignment 

program with the default parameters. Accession numbers (followed by percent identity 

and similarity to DCP2 in parentheses) for the sequences shown are; DCP2, L43065; 

Schizosaccharomyces pombe, 2388911 (39%, 59%); Gossypium hirsutum, AI054538 

(39%, 58%); Drosophila melanogaster, AA802328 (33%, 58%); Caenorhabditis e/egans, 

3947559 (32%, 52%). 
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consists of the FLAG peptide foUowed by the aminc-terminal 300 amino acids, which 

contains the MutT motif and is the most highly conserved region of the Dcp2p. The 

second deletion, dcp2-AN, consists of the FLAG peptide followed by the C-terminal 670 

amino acids of Dcp2p. Both deletions were expressed from the GPD promoter in a 

dcp2A background. Expression of either a full-length FLAG-Dcp2p fusion protein or of 

the amino-terminal 300 amino acids completely rescued both the slow growth (data not 

shown) and mRNA decapping defect of the dcp2A mutation, as measured by the 

production of wild-type levels of the poly(G)—>3' end fragment (Figure 2.8, panel A). 

This result indicated that the amino-terminal 300 amino acids of Dcp2p, which contain 

the MutT motif, are sufficient to perform the Dcp2p's function in mRNA decapping. 

Conversely, the dcp2-AN construct failed to rescue either the slow growth or mRNA 

decay defect of the dcp2A mutant. However, one cannot accurately interpret this result 

since this construct is not stably expressed in vivo (Figure 2.9B and data not shown). 

To determine if the MutT motif was required for mRNA decapping we introduced 

mutations in the Dcp2p MutT motif at key residues that have previously been shown to 

be essential for the catalytic activity of other MutT motif-containing proteins (Lin et al., 

1996; Safranay et al., 1998). Specifically, changing the C-terminal conserved glutamic 

acid in the MutT motif to glutamine has been shown to greatly reduce the enzymatic 

activity of both the canonical E. coli MutT protein and the rat diphosphoinositol 
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Figure 2.8. The MutT motif is necessary and sufficient for mRNA decapping in vivo. 

For (A), shown is the steady-state distribution of the full-length MFA2pG mRNA and the 

poly(G)—>3' end fragment decay intermediate. Abbreviations used are: FL-Dcp2, full-

length FLAG-Dcp2p fusion; dcp2-AC, amino-terminally FLAG-tagged N-terminal 300 

amino acids of Dcp2p; dcp2-AN, amino-terminally FLAG-tagged C-terminal 670 amino 

acids of Dcp2p. FLAG fusions were constructed as described in Materials and Methods. 

Strains used are wild-type (yRP840) and dcp2A (yRPI346) transformed with the 

indicated FLAG-DCP2 construct. Strains were grown to mid-log phase at 30°C in 

selective media. Cells were harvested and RNA prepared as described in Materials and 

Methods. The MFA2pG mRNA was detected as described for Figure 4. For (B),. 

abbreviations used are: dcp2-l, an RI48A, El49A, El52A, El53A quadruple mutant; 

dcp2-2, an E152Q, EI53Q double mutant; dcp2-3, an E152Q single mutant; dcp2-4, an 

EI53Q single mutant. The dcp2 alleles shown were constructed as described in Materials 

and Methods. The wild-type and dcp2A strains used are the same as for Figure 8A. RNA 

was prepared and detected as for Figure 8A. 
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Figure 2.8 
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Figure 2.9. Dcplp, as well as decapping activity, copurify with Dcp2p. For (A), a silver 

stained SDS-PAGE gel of the FLAG-Dcp2p preparations from both wild-type DCPl 

(yRP1346) and dcplA (yRP1070) strains is shown. Abbreviations used are FL, full-

length FLAG-tagged Dcp2p; AC, dcp2-AC; AN, dcp2-AN. Numbers on the left 

correspond to molecular weight markers in kilodaltons. For (B), shown is a western 

using antibody specific for the FLAG epitope. Lanes shown are the same as those for 

(A). For (C), a western using antibody specific for Dcplp of the same samples as in (B) 

is shown. The His-Dcplp sample represents purified 6X FflS-tagged Dcplp from which 

the 6X HIS epitope has been cleaved (Beelman et al., 1996). Shown in (D) are in vitro 

decapping assays using the purified FLAG-Dcp2p fractions. Samples shown are identical 

to those shown in (C) with the exception of the first lane (neg), which represents a 

decapping assay performed with no protein sample added. Shown are the 20 minute time 

points of the decapping assays. The products of the reaction were separated using PEl-

cellulose TLC. 
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polyphosphate phosphohydrolase (DIPP). We therefore constructed different 

combinations of mutations incorporating this conserved glutamic acid residue, 

which corresponds to glutamic acid 153 in the Dcp2 protein. In one allele, dcp2-l, we 

changed four of the conserved amino acids in the MutT motif to alzmine (Argl48, 

GluI49, Glul52, and GluI53). As shown in Figure 2.8 (panel B), the dcp2-l allele was 

unable to promote the decapping of the MFA2pG mRNA as measured by the lack of 

production of the poly(G)—>3' end fragment. Similarly, the dcp2-2 allele, which contains 

both an E152Q mutation and the key EI53Q mutation, was nonfunctional in mRNA 

decapping. The dcp2-3 allele, containing the single EI52Q mutation, was functional for 

decapping as evidenced by the production of near wild-type levels of the poly(G)->3' 

end fragment. Importantly, the single EI53Q mutation in the dcp2-4 allele completely 

eliminated Dcp2p's function in decapping. Since the identical mutation in the 

homologous glutamic acid residue of E. coli MutT and rat DIPP greatly reduces the 

catalytic activity of those enzymes, this result with the EI53Q mutation strongly 

suggested that the activity of Dcp2p's MutT motif was required for mRNA decapping. 

This implies that Dcp2p may function in some manner as a pyrophosphatase that is 

required for the decapping of mRNA (see discussion). 
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Purified Dcp2p lacks mRNA decapping activity itself in vitro but copurifies with active 

Dcplp 

Since Dcp2p was required for decapping and contained a fijnctionzil MutT motif, 

a simple possibility was that the Dcp2p was a second decapping enzyme. In order to test 

this possibility, we purified the FLAG-tagged Dcp2p fiision proteins described above 

from a wild-type strain and assayed for their ability to decap a synthetic mRNA in vitro 

(Beelman et al., 1996; LaGrandeur and Parker, 1998; See also Materials and Methods). 

To avoid any possible contaminating decapping activity fi'om the Dcplp decapping 

enzyme, we also purified the FLAG-Dcp2p proteins fi'om dcplA strains. 

A silver stained SDS-PAGE gel of the purified FLAG-Dcp2p fi-actions showed 

that this affinity selection yielded proteins of the expected size for the Dcp2p fi-om both 

the wild-type and the dcp2-AC mutant (Figure 2.9A). A western using anti-FLAG 

antibody to detect the presence of the FLAG epitope confirmed that the proteins of the 

expected size were indeed the FLAG-Dcp2 fijsion proteins. Two FLAG-fiision proteins 

were present in the fiill-length Dcp2p preparation. One species corresponds to 

approximately 110 kD, the predicted molecular weight of the fijil-length FLAG-Dcp2 

fusion protein. The second fiision protein has a mobility of 44 kD. At present it is 

unclear if the smaller molecular weight protein represents an artifactual in vitro 

degradation product arising during purification, or if this form of the protein represents a 

relevant in vivo processing reaction. The protein detected by the FLAG antibodies in the 

dcp2-AC preparation corresponds to the predicted molecular weight of this fijsion protein. 

No specific proteins were detectable by western analysis in the preparation fi-om strains 
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expressing the dcp2-AN fusion (Figure 2.9B). Additionally, we have been unable to 

detect expression of this fusion protein in crude cell extracts (data not shown). This 

suggests that the dcp2-AN fusion protein likely is not stably expressed in vivo. 

Interestingly, several other proteins copurified with the full length Dcp2p and the 

Dcp2-ACp that were not observed with the Dcp2-AN construct, which serves as the 

negative control since this Dcp2p fusion protein is not expressed (Figure 2.9B). For 

example, a protein of approximately 88 kD copurifies with both the FL-Dcp2p and dcp2-

AC constructs, but is not detectable in the dcp2-AN purification. Although the identity of 

this protein is unclear at this time, the presence of such co-purifying proteins, and the 

interaction of Dcp2p with Dcplp (see below), suggests that multiple protein-protein 

interactions are required for mRNA decapping. 

To determine if Dcplp interacts with Dcp2p, we performed westerns on the 

partially purified FLAG-Dcp2p fractions using antibodies specific for the Dcpl protein. 

As shown in Figure 2.9C, Dcplp interacts with the flill-length FLAG-Dcp2 fusion protein 

and with the dcp2-AC fusion protein. Dcplp is not present in the dcp2-AN preparation, 

which contains no Dcp2p fusion protein (Figure 2.9B). The Dcplp antibodies detect no 

band in either the full-length FLAG-Dcp2p or the dcp2-ACp fractions from the dcpl A 

strain (Figure 2.9C). This result indicated that the protein interacting with the full-length 

Dcp2p and with the dcp2-AC protein from the wild-type strain was Dcplp. This result, 

when combined with the genetic interaction data summarized in Figure 2.2, suggests that 

Dcp I p and Dcp2p interact in vivo, either directly or through interactions with additional 

members of a larger complex. 



We next assayed for decapping activity of the purified Dcp2p preparations using 

an in vitro decapping assay described previously (Beelman et al., 1996; LaGrandeur and 

Parker, 1998). In this assay, the decapping of an in vitro transcribed mRNA containing a 

radiolabeled cap is monitored over time using PEI-cellulose thin layer chromatography to 

separate reaction products. Using this assay we found that both the purified full-length 

Dcp2p and the purified dcp2-ACp fi-om the wild-type strain were active for decapping, as 

evidenced by the production of the 'mGDP decapping product (Figure 2.9D). The 

purified dcp2-ANp fi^action containing neither Dcplp nor FLAG-Dcp2p protein lacked 

detectable decapping activity. Importantly, fijll-length Dcp2p and dcp2-ACp purified 

from the dcp 1A strain lacked any detectable decapping activity. This finding shows that, 

although decapping activity copurifies with Dcp2p, the activity is dependent upon the 

presence of the Dcplp decapping enzyme. Thus, under these in vitro conditions, Dcp2p 

is not itself capable of decapping an mRNA (see discussion). 

Dcpl protein levels are unaffected by loss of Dcp2p 

Since Dcp2p was essential for decapping in vivo but does not appear to be a 

decapping enzyme in vitro, we explored other possible functions for Dcp2p in decapping. 

One possibility was that Dcp2p was required for the expression of Dcp 1 p, and that the 

defect in decapping that we observed resulted from a decrease or a loss of Dcplp. To test 

this hypothesis, we determined if the dcp2A affected the level of the Dcplp decapping 

enzyme by western analysis using anti-Dcplp antibodies. We found that Dcplp 

expression was comparable between the wild-type strain and the dcp2A mutant (Figure 
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Figure 2.10. Dcp2p is required for the production of active Dcplp. For (A), westerns 

using anti-Dcplp antibodies are shown. Cell extracts from wild-type (yRP840), dcplA 

(yRPlOTO). and dcp2A (yRP1346) strains were prepared as previously described 

(Beelman et al., 1996). The FLAG-Dcplp control used in this experiment was purified 

previously (LaGrandeur and Parker, 1998). For (B), shown is a silver stained SDS-

PAGE gel of purified FLAG-Dcplp preparations from wild-type DCP2 (yRP1070) and 

dcp2A (yRP1346) strains. Abbreviations used are: NO iT-AG, a mock purification from 

a wild-type strain (yRP840) that does not express a FLAG-Dcplp construct; wt, FLAG-

Dcplp purified from a DCP2 strain (yRP1070); dcp2A, FLAG-Dcplp purified from a 

dcp2A strain (yRP1346). Numbers on the left indicate molecular weight standards In 

kilodaltons. For (C), decapping assays using the purified FLAG-Dcplp preparations 

from (B) are shown. Lanes shown correspond to those from (B) with the addition of the 

negative control (neg) and positive control (His-Dcplp). Shown are the products 

produced at the end of a 20 minute time course separated using PEI-cellulose TLC. 
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2. lOA). This observation indicated that the block to decapping seen in the dcp2A mutant 

was not the result of an eflfect on the level of expression of Dcplp. 

Dcp2p is required for the production of active Dcplp 

The observation that Dcplp was present at wild type levels in dcp2A mutants 

suggested the possibility that the Dcp 1 protein made in the dcp2A mutant was 

nonfunctional, perhaps due to the lack of a required modification. This possibility was 

based on the prior observations that Dcplp is modified and that only a fraction of the 

protein purified from yeast cells is enzymatically active (LaGrandeur and Parker, 1998). 

To test the possibility that Dcp2p is required for the production of active Dcp I decapping 

enzyme, we purified a FLAG-tagged version of Dcplp from wild-type DCP2 and dcp2A 

strains and assayed for the ability of the purified Dcplp to cleave a capped mRNA in 

vitro using the assay described above. 

An important observation was that the purified FLAG-DcpIp from dcp2A strains 

was inactive for decapping in vitro (Figure 2.IOC). In contrast, the Dcplp purified fi-om 

the DCP2 strain was active in vitro. This suggested that either the Dcp2p was required 

for the activation of the Dcplp, or that extracts from dcp2A strains contained an inhibitor 

of decapping. However, the presence of a diffusible inhibitory molecule in the 

preparations from the dcp2A strain is unlikely since the addition of active Dcp I p to these 

preparations yielded decapping activity (Figure 2. IOC, last lane). It should be noted that, 

although additional proteins copurified with Dcplp in these preparations, the additional 

proteins were indistinguishable between Dcplp preparations from the DCP2 and dcp2A 
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strains. This argues that the inactivity of Dcplp from the dcp2A strain does not result 

from copurification of a polypeptide that is inhibitory to decapping. Therefore, these 

results suggested that the Dcplp made in the dcp2A strain was inactive for decapping and 

imply that the Dcp2p is required for the production of active Dcplp decapping enzyme 

(see Discussion). 
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DISCUSSION 

Dcp2p is required for mRNA decapping 

Several observations showed that Dcp2p was required for mRNA decapping in 

vivo. First, both stable and unstable mRNAs were stabilized in dcp2 mutants (Table 2.1). 

Second, dcp2A mutants accumulated oligoadenylated, full-length mRNAs (Figure 2.4), 

indicating that the block to decay occurs following deadenylation. Third, 

immunoprecipitation experiments with anti-cap antibody showed that these deadenylated 

mRNAs accumulating in dcp2A mutants were capped (Figure 2.5). Fourth, the Dcp2 

protein was required for the decapping of mRNAs that contain premature translation 

termination codons (Figure 2.6). Since Dcp2p was required for both deadenylation 

independent decapping and deadenylation dependent decapping, and no 5' to 3' decay 

products were observed in dcp2A strains (Figure 2.3), we conclude that Dcp2p, like the 

DCPI decapping enzyme (Beelman et al., 1996), is required for all mRNA decapping in 

vivo and is therefore likely to be a critical component of the mRNA decay machinery. 

This is in contrast to other proteins such as Mrtlp, Mrt3p, and SpbSp that affect the 

efficiency of decapping, but are not absolutely required for decapping (Hatfield et a/., 

1996; Boecke/a/., 1998) 

Dcp2p is required for the production of active Dcplp 

The decapping defect seen in the dcp2A strains can be attributed, at least in part, 

to the absence of active Dcplp. The critical observation was that although Dcplp is 
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present at normal levels in a dcp2A mutant (Figure 2.10A), when purified this Dcplp is 

inactive for decapping in vitro (Figure 2.IOC). This suggests that the inactive Dcplp 

made in the absence of Dcp2p may be in some way significantly altered fi^om the active 

Dcpl protein made in the wild-type strain (see below). The simplest interpretation of 

these observations is that Dcp2p is required to produce active Dcplp enzyme and that this 

is the basis for the decapping defect seen in the dcp2A strains. However, it should be 

noted that we cannot rule out the possibility that Dcp2p has additional roles in mRNA 

decapping. 

Dcp2p is likely to function as a pyrophosphatase 

Consideration of the specific role of Dcp2p should include the inference that 

Dcp2p is likely to function as a pyrophosphatase. This was first suggested by the fact 

that Dcp2p contains a MutT motif, which has been previously described in a variety of 

pyrophosphatases (Koonin, 1993; Safi^anay e/a/., 1998). Three observations suggest that 

this MutT motif is central to the function of Dcp2p in decapping. First, this region and 

the MutT motif are conserved in several Dcp2p homologs in other species (Figure 2.7). 

Second, deletion analysis of the Dcp2 protein showed that the region of the protein 

containing the MutT motif was sufficient to rescue the decapping defect of the dcp2A 

mutation. Third, based on prior work on other MutT-like enzymes, mutation of the key 

glutamic acid residue in the Dcp2p MutT motif eliminated the function of Dcp2p in 

mRNA decapping (Figure 2.8). The simplest interpretation of these observations is that 
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Dcp2p's role in decapping is to hydrolyze a specific pyrophosphate bond, which must be 

cleaved to allow decapping to occur. 

Possible Mechanisms of Dcp2p function 

Based on the points above there are two critical, and possibly related, issues for 

understanding the role of Dcp2p in mRNA decay. First, what is the actual pyrophosphate 

bond cleaved by Dcp2p? Second, why is Dcplp produced in an inactive form in dcp2^ 

strains? One formal possibility was that Dcp2p was the decapping enzyme and that all 

Dcplp preparations previously tested for decapping activity were contaminated with 

Dcp2p. Three observations make this possibility extremely unlikely. First, separation of 

Dcp I p from other proteins by denaturing gel electrophoresis followed by renaturation of 

Dcplp yields a protein capable of decapping an mRNA substrate (LaGrandeur and 

Parker, 1998). Second, fractionation of purified Dcplp by size exclusion 

chromatography yielded a peak of active enzyme at 30 kD, the expected size for Dcplp 

(LaGrandeur and Pzirker, unpublished observation). Third, we have not been able to 

demonstrate cleavage of an mRNA substrate by purified Dcp2p under standard (Figure 

2.9) or a variety of other conditions (data not shown), wherein highly purified Dcplp 

does have decapping activity (LaGrandeur and Parker, 1998). We interpret these 

observations to indicate that Dcplp is a decapping enzyme and that Dcp2p is somehow 

required for its activation. 

Given the possible pyrophosphatase function of Dcp2p we propose a working 

hypothesis that Dcp2p activates Dcplp by cleaving a pyrophosphate bond that either 
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relieves a specific inhibitory effect or provides an activation of Dcplp function. For 

example, the Dcp2 protein could be required either for an activating covalent 

modification of Dcplp or to prevent an inaaivating modification of Dcplp. In this view, 

the Dcp 1 p that is produced in dcp2A strains would never be properly modified and would 

therefore be inactive for decapping. The Dcp 1 protein is a phosphoprotein (LaGrandeur 

and Parker, 1998). However, the form of the phosphorylation is unknown and could 

consist of covalent linkage of a small pyrophosphate-containing molecule. It may be that 

both active and inactive forms of Dcplp are phosphorylated and that the enzymatic 

activity of Dcp2p's MutT motif functions to alter the form of the phosphorylation, 

perhaps by releasing the covalently bound small molecule, thereby converting inactive 

Dcplp to active Dcplp. Alternatively, Dcp2p could be required for the hydrolysis and 

subsequent inactivation of a small inhibitor of Dcplp, or for the production of a small 

molecule that activates Dcplp. This model differs from the first only in that the 

pyrophosphate-containing molecule need not be covalently linked to Dcplp. 

Could Dcp2p be an important site for control of mRNA surveillance? 

Several observations suggest that the Dcp2p may be a critical site for the control 

of mRNA surveillance. First, Dcp2p is required for the rapid degradation of nonsense 

codon containing mRNAs. Second, Dcp2p is required for the production of active 

Dcplp. Third, Dcp2p was identified several years ago as a protein that showed two 

hybrid interactions with Upflp (He and Jacobson, 1995; referred to as NMDl). The 

Upflp is required for mRNA surveillance (Leeds et al., 1991) and part of its role is to 
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function as an ATPase, whose ability to hydroiyze ATP is required for activation of 

decapping (Weng et al., 1996). Since we have shown a physical association between 

Dcp2p and the DCPl decapping enzyme (Figure 2.9), the interaction between Dcp2p and 

Upflp, which has been shown to associate with translation termination release factors 

(Czaplinski et al., 1998), provides a continuous set of interactions from the site of 

translation termination to the decapping enzyme. This suggests a possible mechanism 

wherein the hydrolysis of ATP by Upflp would trigger Dcp2p to hydroiyze its as yet 

unknown substrate, which would then lead to activation of Dcplp and decapping of the 

mRNA. Future experiments should be able to test the relevance of this specific 

hypothesis. 
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MATERIALS AND METHODS 

Plasmids and Strains 

Strains used in this study are listed in Table 2.2. Strain yRP1340 was constructed 

in three steps. First, a portion of genomic DNA 3' of the DCPl gene was PCR amplified 

from piasmid pRP872 and cloned into the pBluescriptn KS+ vector using the BamHI and 

SacU sites. Next, the TRPl gene was cloned into the BamHI site of this piasmid to 

generate piasmid pRP926. The dcpl-2 allele was then PCR amplified fi-om piasmid 

pRP872 and cloned into pRP926 using the Apal and Clal sites. This piasmid was then 

digested with Apal and Sad to release the region of DNA containing the dcpl-2 allele. 

TRP1, and the genomic DNA from the region 3' of DCP1. This fi-agment was then 

transformed into yRPlOTO and TRP+ transformants were screened at 24 °C for loss of the 

URA3 marker. Genomic integration of the dcpl-2 allele was confirmed by southern 

analysis. 

The dcp2A strain was constructed by PCR amplification of the regions flanicing 

the DCP2 gene fi-om piasmid pRP925. The PCR products were subcloned on either side 

of the TRPl gene in a pBluescript vector. The resulting piasmid was digested to release 

the dcp2A cassette and transformed into a wild-type diploid (yRP840 crossed to yl<P84I). 

Heterozygous transformants were identified using southern analysis and dissected to 

generate strain yRP1346. 

The FLAG-DCP2 fiisions were constructed using in vivo recombination between 

a FLAG-tagged DCP2 PCR product and BamHI/Sall digested pRP935 in strain yRP1346. 



Table 2.2. Strains used in this study 

Strain Genotype Source 

VRP684 
yRP840 
yRP84I 
yRP1070 

yRP1340 
yRP134l 

VRP1345 
yRP1346 

yRP1355 

yRP1356 

yRP1357 

VRP1358 
VRPI359 

Mata. his-l-539 leu2-3112 lys2-201 trpl uraJ-52 
Mau his-4-539 Ieu2-3H2 trpl ura3-52 cupI::LEUZ'PCKlpCy\iFA2pC 
Mstta leu2-3112 lys2-201 trpl ura3-52 cupl::LEU2/PGKlpG/\fFA2pG 
Mau his4-539 Ieu2-3I12 trpl ura3-52 dcpI::URA3 
cupl::LEUZTGKlpG/i4FA2pC 

[MFA2pG/LYS2| 

Hatfield et al. (1996) 
Hatfield et a/. (1996) 
Hatfield et al. (1996) 
Beelman et al. (1996) 

cupl::LEUZTGKIpG/MFA2pG 
Mau his-t-539 Ieu2-3112 lvs2-20 
[MFA2pG/LYS2| [DCP2>t1eU21 
Mau his4-539 leu2-3112 lvs2-20 
[MFA2pG/LYS2I 
Mau his4-539 Ieu2-3112 lvs2-20 
[MFA2pG/LYS2| PCP2/LEU21 
Mata his4-539 Ieu2-3112 lys2-20 
Mata his4-539 Ieu2-3ll2 lvs2-20 
cupl::LEUZPGKlpG.'\(FA2pG 

trpl ura3-52 dcpl-2::TRPl 
trpl ura3-52 dcpl-2::TRPl 

This study 
This study 

trpl ura3-52 dcpl-2::TRPl skiS: 
trpl ura3-52 dcp2::TRPl 

:URA3 This study 
This study 

trpl ura3-S2 dcpl-2::TRPl This study 

trpl ura3-52 dcpl::URA3 cupl:: URA3 This study 

trpl ura3-52 dcpl::URA3 cupl:: URA3 This study 

trpl ura3-52 dcp2::TRPl 
ura3-52 xml::URA3 

This study 
This studv 
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Plasmids were rescued from the resulting transfoimants and sequenced to confirm that no 

mutations were introduced during PCR. The full-length FLAG-DCP2 fusion PCR 

product was constructed through amplification of the DCP2 gene fi'om pRP925 using 

universal PCR primers from Research Genetics (#YNLI 18C). This product was then 

reampiified using oRP798 and oRP799. The dcp2-AC allele was constructed through 

amplification of the N-terminal 900 nucleotides of DCP2 from pRP925 using the 

Research Genetics YNLl 18C forward primer and oRP752. This PCR product was then 

reampiified using oRP798 and oRP799. The dcp2-AN allele was constructed through 

amplification of the C-terminal 2010 nucleotides of DCP2 from pRP925 using the 

Research Genetics YNLl 18C reverse primer and oRP75l followed by reamplification 

with oRP798 and oRP799. 

The FLAG-Dcplp fusion was constructed in two steps. The FLAG-DCPl fusion 

was PCR amplified from plasmid pRP80l using primers oRP311 and oRP312. This PCR 

product was then cotransformed into strain yRP1070 with BamHI/Sall digested pRP935 

Plasmids resulting from in vivo recombination that complemented the dcplA were 

rescued to E. coli using a yeast DNA isolation system (Stratagene), sequenced, and 

subsequently transformed into yRP1346. 

DCP2 missense mutations were constructed using oligonucleotide-directed 

mutagenesis as previously described (Tharun and Parker, 1999). The template was the 

DCP2 gene, containing its native promoter and terminator elements in pRS416. 
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Genetic Screening Procedures 

To screen for high copy suppressors of the dcpl-2 skiSA mutant, strain yRP1345 

was transformed with a yeast 2n genomic DNA library (ATCC #37323). Transformants 

were selected at 24 °C. Positive transformants were then replica plated and screened for 

growth at 24 °C, 34 °C, and 37 °C. Plasmids were isolated from clones that supported 

growth at either 34 °C or 37 °C, retransformed into yRP1345 and retested for growth at 

the restrictive temperature. The inserts from plasmids that conferred growth at high 

temperature were then sequenced. 

RNA procedures 

RNA samples were prepared and isolated as previously described (Caponigro et 

al., 1993). Half-lives were determined by quantitation of blots using a Molecular 

Dynamics phosphorimager. Loading corrections for quantitation were determined by 

hybridization to the 7S RNA, a stable RNA polymerase III transcript. 

Determination of dcp 1 -2 suppression 

Strains yRP849, yRP1341, yRP1355, yRP1356, and yRP1357 were grown at 24 °C to 

mid-log phase in selective media containing 2% galactose. Cultures were then shifted to 

34 °C and grown for an additional 1 hr. Cultures were then pelleted and resuspended in 

1/10 volume YEP medium. Dextrose was then added to 4% to repress transcription from 

the GAL 1 upstream activating sequence. Aliquots of cells were harvested at various time 
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points following repression of transcription. EINA was prepared as previously described 

(Caponigro et al., 1993). 

Immunoprecipitation using anti-cap antibodies 

Anti-cap immunoprecipitations were performed as described by He and Jacobson 

(Manuscript in preparation). Briefly, 10 mg Protein A-Sepharose CL4B was swelled in 

IPPH buffer (500mM NaCl, lOmM Tris (pH 7.5), 0.1% NP-40). The swelled protein A 

was washed three times and resuspended in 1ml IPPH. Ten microliters of anti-cap 

antibody (Munns et al., 1982) was then added to the beads and allowed to bind overnight 

at 4 °C in the presence of 0. lu/|il RNasin. The antibody-coupled beads were washed five 

times with IPPL buffer (ISOmM NaCl, lOmM Tris (pH 7.5), ImM EDTA 0.05% NP-

40). Ten micrograms of total RNA was added to lOO^il antibody-coupled beads and 

incubated overnight at 4 °C with 40 units RNasin. The supernatant was recovered and 

bound to fresh antibody-coupled beads overnight. The two pellets were combined and 

resuspended in ISOul IPPL. RNA was eluted during a one hour incubation at room 

temperature using SDS at a final concentration of 1%. The solution was centrifuged to 

pellet the Protein A-Sepharose and the resulting supernatant extracted with 

phenol/chloroform. Fractions were analyzed on a 6% polyacrylamide northern gel. 

Purification of FLAG fusion proteins 

A 500ml culture containing the appropriate FLAG fusion was grown to late log 

phase in selective medium containing 2% dextrose. Cells were washed once with 30ml 



74 

ddH20, once with 30ml TMN-I50 (lOmM Tris-HCl, pH 7.7, 150 mM NaCl, SmM 

MgC12, 0.5mM PMSF, 0.5 mM DTT), and resuspended in 5ml TMN-150. 2.5ml acid-

washed beads were added to the cell suspension and cells were lysed by 10 cycles of 

vortexing for 30 s and 45 s in ice water. The lysate was centrifuged at 18,000g for 15 

min at 4°C and the supernatant removed. This supernatant was spun at 36,000g for an 

additional 45 min at 4°C. The clear lysate was then removed and glycerol added to 20% 

For purification of the FLAG-construct, 500^1 of the lysate was added to 100^.1 anti-

FLAG M2 affinity gel (Kodak) pre-equilibrated in TMN-150. Binding was performed in 

batch overnight at 4°C. The affinity gel was washed 5 times with I ml TMN-150 and the 

bound FLAG-fijsion protein eluted in TMN-150 containing 200^g/ml FLAG peptide 

(Sigma). 

The FLAG fusion protein preparations were analyzed by standard SDS-PAGE 

methods on a 10% gel (Laemmli, 1970). Protein size markers were purchased from 

Gibco-BRL. The gels were silver stained using Silver Stain Plus reagents (Biorad) 

Determination of Dcplp expression 

Strains yRP840, yRP1070, and yRP1346 were grown to an OD600 of 10. Whole 

cell extracts were prepared as previously described (Beelman et al., 1996). One hundred 

micrograms of total protein was run on a standard 10% SDS-PAGE gel. Expression of 

Dcplp was detected by western analysis using polyclonal antibodies to the full-length 

Dcpl protein. 



CHAPTERS 

Two related proteins, Edclp and Edc2p, stimulate 
mRNA decapping in Saccharomyces cerevisiae 
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SUMMARY 

The major mRNA decay pathway in yeast occurs through deadenylation, 

decapping and subsequent 5' to 3' exonucleolytic degradation of the mRNA body. The 

decapping of the mRNA is a critical control point in this decay pathway. Two proteins, 

Dcp I p and Dcp2p, are required for mE?NA decapping in vivo and for the production of 

active decapping enzyme. To understand the relationship between Dcplp and Dcp2p, a 

combination of both genetic and biochemical approaches were used. First, we 

demonstrated that when Dcplp is biochemically separated from Dcp2p, Dcplp was 

active for decapping. This observation confirmed that Dcplp is the decapping enzyme 

and indicated that Dcp2p functions to allow the production of active Dcplp. In addition, 

we have identified two related proteins that stimulate mRNA decapping, referred to as 

Edclp and Edc2p (Enhancer of mRNA DeCapping). Overexpression of the EDCl and 

EDC2 genes suppressed conditional alleles of dcpl and dcp2, respectively. Moreover, in 

strains where mRNA decapping was slightly defective, deletion of the EDCl and/or 

EDC2 genes caused significant mRNA decay defects. The Edclp also co-

immunoprecipitated with the DCPl and DCP2 proteins. These results indicated that 

Edclp and Edc2p interact with the decapping proteins and function to enhance the 

decapping rate, possibly by either stimulating the interaction of a decapping complex 

with the mRNA, or by affecting the rate at which Dcp2p activates Dcplp. 



INTRODUCTION 

An important control point in gene expression occurs at the level of mRNA 

stability (for reviews, see Ross, 1995; Caponigro and Parker, 1996; Jacobson and Peltz, 

1996). Work in the yeast Saccharomyces cerevisiae has demonstrated that mRNAs are 

degraded through two general pathways. The main decay pathway in yeast occurs 

through deadenylation followed by Dcplp-catalyzed removal of the 5' cap structure 

(Beelman et al., 1996), which exposes the body of the mRNA to Xm 1 p-dependent 5' to 

3' exonucleolytic degradation (Decker and Parker, 1993; Hsu and Stevens, 1993. 

Muhlrad et al., 1994, 1995). The second general mRNA decay pathway occurs via 

deadenylation of the polyadenylated mRNA to an oligo(A) length, followed by 3' to 5" 

exonucleolyt ic  digest ion of  the transcript  body by the exosome complex (Muhlrad et  a l ,  

1995; Anderson and Parker, 1998). 

Multiple lines of evidence indicate that these general mRNA decay pathways are 

likely conserved in other eukaryotes. For example, deadenylated, decapped, full-length 

mRNA has been detected from murine liver cells (Couttet et al., 1997). Messenger RNA 

decay intermediates shortened from their 5' ends have also been identified in both plant 

and animal cells (Lim and Maquat, 1992; Higgs and Colbert, 1994; Gera and Baker. 

1998). Decay of mRNA in a 3' to 5' direction has also been shown to occur in plants 

(Higgs and Colbert, 1994). Lastly, the yeast proteins that are involved in the decay of 

mRNA, such as Dcplp, Dcp2p, Xmlp, Lsmlp-Lsm7p, Ski2p, and components of the 

exosome, are conserved in higher eukaryotes (Dangel et al., 1995; Lee et al.. 1995; 
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Bashkirov et al., 1997; Mitchell et al., 1997; Salgado-Garrido et al., 1999; Dunckley and 

Parker, 1999). 

Decapping is a critical step in the 5' to 3' mRNA decay pathway since it both 

precedes and permits the degradation of the mRNA body. Also, individual mRNAs are 

decapped at different rates, indicating that mRNA decapping is a controlled process that 

contributes to differential mRNA decay rates (Muhlrad et al., 1994; 1995). Decapping is 

also a key step in the degradation of aberrant mRNAs through the mRNA surveillance 

pathway (Muhlrad and Parker, 1994; Hagan et al., 1995; Beelman et al., 1996; Dunckley 

and Parker, 1999). The product of the DC? I gene has been shown to be required for 

mRNA decapping in vivo and sufficient for decapping activity in vitro, suggesting that 

DCPl encodes a mRNA decapping enzyme (Beelman et al, 1996; LaGrandeur and 

Parker, 1998), An additional protein, Dcp2p, is also required for mRNA decapping 

(Dunckley and Parker, 1999). Dcp2p purified from wild-type yeast copurifies with 

Dcpip as well as with mRNA decapping activity (Dunckley and Parker. 1999). If 

purified from a dcplA mutant, Dcp2p no longer copurifies with decapping activity, 

indicating that the presence of functional Dcplp is required for decapping activity 

Additionally, Dcplp purified from a dcp2A mutant is enzymatically inactive for mRNA 

decapping in vitro (Dunckley and Parker, 1999). These results suggest two possibilities. 

First, Dcp2p could be required for the production of active Dcplp decapping enzyme 

Second, Dcplp and Dcp2p could be essential members of a multi-subunit decapping 

enzyme. 
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Understanding the relationship between Dcplp and Dcp2p, as well as additional 

factors that control the activity of each protein, will be critical for understanding mRNA 

decapping. To further understand the function of Dcplp and Dcp2p we have performed a 

combination of biochemical and genetic experiments addressing the relevance of the 

interaction between Dcplp and Dcp2p to the production of mRNA decapping activity. In 

addition, we identify two Enhancer of mRNA DeCapping proteins, Edclp and Edc2p, 

that stimulate mRNA decapping in vivo. 
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RESULTS 

Separation of Dcpip from Dcp2p yields active Decapping Enzvme 

Based on the available data, there are two possible functions for Dcp2p in mRNA 

decapping. First, Dcp2p could be required for the activation of the Dcplp decapping 

enzyme, and would be dispensable for decapping once Dcplp was activated. 

Alternatively, Dcplp and Dcp2p could be essential members of a multi-subunit 

decapping enzyme, in which case Dcp2p would always be required for decapping 

activity. To distinguish between these two possibilities, we biochemically separated a 

fraction of Dcplp from Dcp2p and assayed for mRNA decapping activity of the different 

protein fractions in vitro to determine which protein, or proteins, are required for 

decapping. 

To do this experiment, we purified a FLAG-tagged Dcp2 protein from a yeast 

strain that overexpressed both HIS-tagged Dcplp and FLAG-Dcp2p (See Materials and 

Methods). As has been observed previously, purification of FLAG-Dcp2p yields two 

forms of the protein (Figure 3 .1A and Dunckley and Parker, 1999). Importantly, FLAG-

Dcp2p is detectable by westem analysis only in the eluate (Figure 3 .1 A), even after very 

long exposures (data not shown). In contrast, Dcplp is readily detectable in the unbound, 

high salt wash, and eluate fractions (Figure 3. IB). By this paradigm, we have separated 

the Dcp 1 p present in the cell into three pools, a pool that is not bound by Dcp2p and is 

present in the unbound fraction, a pool that is bound to Dcp2p but is released in the high 
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Figure 3.1. Dcp2p activates Dcplp. (A) A western blot of the FLAG-DCP2 preparation 

using anti-FLAG antibody is shown. The lanes shown are: Unbound, supernatant 

remaining following binding to a-FLAG inununoafiBnity matrix; eluate, fraction eluted 

from the a-FLAG matrix; wash, 2.5M NaCl wash fraction performed prior to elution of 

FLAG-Dcp2p. Numbers on the left indicate molecular weight standards in kilodaltons 

(B) Western blot using antibodies specific for the Dcpl protein. Lanes shown are the 

same as those for (A). (C) Decapping assays using the same fractions as in (A) and (B) 

are shown, with the addition of a negative control consisting of substrate RNA with no 

added protein. The products produced at the end of a 20 min. time course are shown. 

One ninth of the unbound sample was used relative to the wash fraction so that 

comparable amounts of Dcplp were present in the two reactions. The spots beneath the 

^mGDP decapping product result from the activity of nonspecific nucleases normally 

present in the unbound and wash fractions (Dunckley and Parker, unpublished 

observations). 
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salt wash, and a pool that is tightly bound to Dcp2p and eiutes only when Dcp2p is 

released from the column by peptide elution. 

Assaying the protein fractions for mRNA decapping activity revealed several 

important observations. First, in vitro decapping activity is present in the unbound and 

wash fractions, which contain Dcplp but no FLAG-Dcp2p (Figure 3.1C). Further, these 

two fractions contain comparable amounts of decapptng activity relative to the amount of 

Dcplp that was used in the reactions (data not shown). This observation demonstrated 

that, once produced in an active form, Dcplp no longer required Dcp2p for decapping 

activity. This result strongly argued that the essential function of Dcp2p in decapping is 

to activate the Dcplp decapping enzyme. Furthermore, this result confirms previous 

observations suggesting that Dcplp alone is sufficient for mRNA decapping (LaGrandeur 

and Parker, 1998). 

•A second important observation was that following a 2.5M NaCl wash, Dcp2p 

remains associated with a large fraction of Dcplp, indicating that Dcp2p interacts tightly 

with a significant amount of Dcp 1 p in vivo. Moreover, the Dcp I p that is present in this 

fraction is inactive for decapping in vitro (Figure 3.1). This is a surprising result and 

suggests several intriguing possibilities. First, Dcplp may exist in vivo in an active and 

inactive form. In this model, Dcp2p would associate more tightly with the inactive form 

than with the active form of Dcplp. The affinity of Dcp2p for Dcplp would decrease 

following Dcp2p-dependent activation of Dcplp. An alternative, but related, possibility 

is that Dcp 1 p is inactive if bound by Dcp2p. This model requires that Dcp2p function 

both as an activator and as an inhibitor of Dcplp (see Discussion). 
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Identification of EDCl and EDC2 

To further characterize the relationship between Dcplp and Dcp2p we used a 

genetic screen to identify proteins that affect their function. In this case, we took 

advantage of the observation that loss of flinaion mutations in either dcp 1 or dcp2 are 

synthetically lethal with ski2A, ski3A, sld4-l, ski7A, or sidSA mutations, which prevent 

efficient 3' to 5' mRNA decay (Anderson and Parker, 1998; van Hoof et al., 2000). This 

synthetic lethality likely results fi-om lack of significant mRNA degradation (Anderson 

and Parker, 1998; Dunckley and Parker, 1999 and unpublished observations). We have 

used this synthetic lethality, in combination with a temperature sensitive allele of Dcp 1, 

to isolate high copy suppressors that restore growth at high temperature (Dunckley and 

Parker, 1999). This genetic screen identified DCP2 and EDCl (ORP# YGL222C) as 

high copy suppressors of the synthetic lethality of dcp 1-2 ski8A mutants (Figure 3 .2A and 

Dunckley and Parker, 1999). Characterization of the role of Edclp in mRNA decay is 

presented below. 

To identify proteins that influence Dcp2p activity, we made the synthetic lethality 

of dcp2Aski3A double mutants conditional using a temperature sensitive mutation in 

dcp2, termed dcp2-7. This allele contains three point mutations in the N-terminus of the 

protein (N60D, 168V, D142V) and allows near normal mRNA decay at 24°C but is 

essentially a null at 37°C (Dunckley and Parker, manuscript in preparation). We then 

screened three genome equivalents of a yeast 2n genomic DNA library for genes that. 
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Figure 3.2. EDCl and EDC2 overexpression rescues the growth defect of dcpl-2ski8A 

mutants and of dcp2-7ski3A mutants, respectively. For (A), strain yE<P1345, containing 

either a 2|i plasmid (yEP351), EDCl on a 2n plasmid (pI<P984), or EDC2 on a 2^1 

plasmid (pRP985), was grown at 24°C for 4 days on minimal media lacking leucine then 

replica plated and grown for an additional 2 days at either 24°C or 33°C. For (B), strains 

yRP840 and yRP1502, containing either a 2|i plasmid (yEP351), EDCl on a 2^ plasmid 

(pRP984), or EDC2 on a 2^ plasmid (pRP985), were grown at 24°C for 4 days on 

minimal media lacking leucine then replica plated and grown for an additional 2 days at 

either 24°C or 37°C. 



Figure 3.2 
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when overexpressed, would suppress the conditional growth defect of dcp2-7 ski3A 

mutants at 37°C (see Materials and Methods). The EDC2 gene (ORf# YER035W) was 

identified as an overexpression suppressor of the conditional synthetic lethality of dcp2-

7ski3A mutants (Figure 3.2B). 

EDC1 and EDC2 are homologous proteins with distinct functions 

Analysis of the EDCl and EDC2 coding regions reveals several interesting 

features. First, both proteins are relatively small (Edclp=l9 1 kD, Edc2p=I6.1 kD) and 

basic (Edclp pl=11.01 , Edc2p pl=10.14). Most strikingly, a BLAST search revealed 

that Edclp and Edc2p are related proteins (Figure 3.3). The most significant homology is 

clustered in two regions, one at the C-termini of the two proteins and the other toward the 

N-termini. At the present time, no other proteins in the databases contain these conserved 

motifs. 

The conservation of these two regions suggested that Edclp and Edc2p might 

share a similar function. For this reason, we tested if overexpression of Edclp would 

suppress the conditional lethality of dcp2-7ski3A mutants and if overexpression of Edc2p 

would suppress the lethality of the dcpl-2ski8A mutant. Interestingly, overexpression of 

EDCl suppressed the growth defect of the dcpl-2ski8A mutant as seen previously, but 

not that of the dcp2-7ski3A mutant (Figure 3.2, compare A and B). In contrast, 

overexpression of EDC2 suppressed the growth defect of the dcp2-7ski3A mutant but not 

that of the dcpl-2ski8A mutant (Figure 3.2, compare A and B). However, a screen for 

genes that would suppress the dcpl-2 mutation if highly overexpressed from the GAL 
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Figure 3.3. Edclp and Edc2p are related proteins. Shown is an alignment of the Edcl 

and Edc2 proteins. Darker shaded boxes indicate identity and lighter shaded boxes 

indicate similarity. The two proteins are 26% identical and 42% similar to each other. 

The alignment was generated using the ClustalW alignment program with the default 

parameters. Accession numbers for the sequences are: EDCl, CAA96938.1; EDC2 

AAB64570.1. 
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promoter yielded EDC2 as a suppressor (data not shown). This suggests that, if Edc2p 

levels are greatly elevated, EDC2 can suppress the dcpl-2 mutation. Combined, these 

results suggest that, although Edclp and Edc2p are homologous proteins, they might have 

subtly different functions with respect to their interactions with the decapping machinery 

(See below and Discussion). 

EDC1 and EDC2 overexpression suppresses mRNA decapping defects 

In principle, the restoration of growth to the conditional dcpA skiA strains could 

be accompanied by a partial restoration of either 5' to 3' mRNA decay or 3' to 5' mRNA 

decay. To determine whether EDCl and EDC2 overexpression restored mRNA decay 

through either degradation pathway, we made use of a galactose-inducible MFA2 mRNA 

that contains a poly(G) insertion in its 3' UTR, termed MFA2pG (Decker and Parker, 

1993). The poly(G) tract forms a very stable IWA secondary structure that blocks both 5' 

to 3' and 3' to 5' RNA degrading exonucleases, thereby trapping intermediates in mRNA 

decay (Vreken and Raue, 1992; Decker and Parker, 1993; Anderson and Parker, 1998). 

Importantly, the specific degradation intermediates that are trapped can be used to infer 

the directionality of mRNA decay (For discussion see He and Parker, 1999). Therefore, 

we introduced the EDCl gene on a high copy number plasmid into either dcpI-2 or skiSA 

strains that also contained the MFA2pG inducible reporter mRNA and determined the 

mRNA decay phenotype of the resulting strains. Similarly, the EDC2 gene on a high 

copy number plasmid was introduced into either dcp2-7 or ski3A strains with the 
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MFA2pG plasmid and the mRNA decay phenotypes of these strains were also 

determined (See Materials and Methods). 

Importantly, EDCl overexpression partially rescued the mRNA decay defect of 

the dcpl-2 mutation at the restrictive temperature (Figure 3.4A). This is observed in the 

dcpl-2 mutant that was overexpressing EDCl as an increased production of 5' to 3' 

mRNA degradation product relative to the dcpl-2 mutant alone. Importantly, EDCl 

overexpression does not restore mRNA decay to a dcplA mutant, indicating that EDCl is 

not a bypass suppressor of the conditional dcpI-2 mutation (Figure 3 .4 A). 

Overexpression of EDC2 in the dcp2-7 mutant at restrictive temperature revealed 

that EDC2 partially restores decapping in the presence of the dcp2-7 mutation (Figure 

3 4B). Overexpression of EDC2 does not bypass the dcp2-7 mutation as there is no 

effect of EDC2 overexpression on the decapping defect seen in the dcp2A mutant (Figure 

3.4B). Finally, neither EDCl nor EDC2 overexpression had a detectable effect on the 3' 

to 5' decay defect of the respective skiA mutation (data not shown), suggesting that 

neither EDCl nor EDC2 overexpression significantly affects 3' to 5' mRNA decay 

These results suggest that overexpression of Edclp suppresses dcpl-2 whereas 

overexpression of Edc2p is more specific for suppression of dcp2-7. However, there is 

some partial redundancy regarding the roles of Edclp and Edc2p in decapping (See 

Below). 
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Figure 3.4. Overexpression of EDCl and EDC2 suppresses mRNA decapping defects. 

The distribution of full-length MFA2pG relative to 5' to 3' degradation product is shown 

The amount of smaller, 5' to 3' degradation product is a measure of decapping activity in 

the strains shown. The experiment was performed as described in Materials and 

Methods. Hybridizations were performed with an oligonucleotide specific for the 

MFA2pG mRNA (oRP140, Caponigro and Parker, 1995). 
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Figure 3.4 
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Edc 1 p and Edc2p are not rate-limiting for mRNA decay 

The suppression of conditional decapping defects by Edclp and Edc2p 

overexpression suggests that these proteins are involved in mRNA decapping. To 

determine the role of Edclp and Edc2p in mRNA decay, we first analyzed the mRNA 

decay phenotypes of strains that are deleted for these two homologous genes (See 

Materials and Methods). The edclA, edc2A and edclAedc2A double deletion strains do 

not result in growth defects at any temperature tested from 18°C to 37°C. Furthermore, 

analysis of mRNA degradation in these strains revealed no defect in the decay of either 

the unstable MFA2pG reporter mRNA or the stable PGKlpG mRNA (Figure 3.5A and 

data not shown). This suggests that in otherwise wild-type cells the EDCl and EDC2 

proteins are not rate-limiting for mRNA decapping on these substrates. 

The edcIA and edc2A slow mRNA decapping in strains compromised for decapping 

activity 

The observations that Edclp and Edc2p overexpression can enhance decapping, 

in combination with the observation that the edc lAedc2A double mutant showed normal 

mRNA turnover suggested that these proteins may be involved in aspects of mRNA 

decapping that are not normally rate-limiting. One possibility is that the Edc I and Edc2 

proteins are members of a larger protein complex involved in mRNA decapping (see 

below). In this case loss of the individual Edc proteins may not significantly affect the 

assembly or function of the larger complex. This type of situation, where individual 



Figure 3.5. EDC1 and EDC2 are required for efficient mRNA decapping. The decay of 

the MFA2pG mRNA in the indicated strains is shown. Strains were grown at 24°C to 

mid-log phase in YEP medium containing 2% galactose. Cells were harvested and 

resuspended in YEP medium. Glucose was added to a final concentration of 4% to 

repress transcription. Time points represent minutes aiter transcriptional repression. 

Hybridizations were performed as for Figure 3 .4. 
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members of a larger complex of proteins are dispensable for the normal function of the 

assembled complex, has been observed previously. For example, certain individual 

members of the pre-mRNA splicing machinery are dispensable for the splicing of pre-

mRNA under otherwise wild-type conditions (Rutz and Seraphin, 2000). However, 

under conditions where splicing is inefficient, as is the case for specific mutations in the 

consensus splice site sequences (Jacquier et al., 1985), loss of these individual proteins 

can be seen to be required for efficient splicing of the intron and, hence, for the efficient 

function of the splicing machinery. This illustrates a useful principle for identifying 

important functions of individual members of large complex assemblies. 

Given this logic, we examined the effects of the edclA and edc2A mutations in 

strains that were partially compromised for mRNA decapping. Both the conditional 

dcpI-2 and dcp2-7 alleles are slightly defective for mRNA decapping in vivo at the 

permissive temperature (Tharun and Parker, 1999; Dunckley and Parker, manuscript in 

preparation). Therefore, a reasonable expectation is that a mutation that further 

compromises the decapping rate will be evidenced more clearly in these strain 

backgrounds than in an otherwise wild-type cell. Therefore, we introduced the edclA 

and edc2A into either the dcpl-2 or dcp2-7 mutant and assayed the mRNA decay defects 

of the resulting strains at 24°C, which corresponds to the permissive temperature for both 

dcp I -2 and dcp2-7 alleles in an otherwise wild-type background. 

An analysis of the mRNA decay phenotypes of the edclA and edc2A in the dcpl-

2 background revealed four important observations. First, the edclA in the dcpl-2 

background slowed the decay rate of the MFA2pG mRNA greater than 2-foId (Figure 
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3.5B). Similar results were seen with the stable PGKlpG mRNA (data not shown). This 

result indicates that, when Dcplp is partially defective, Edclp functions to stimulate the 

mRNA decapping rate. Second, the edc2A did not significantly affect the decay of the 

MFA2pG mRNA in the dcpl-2 mutant. This result is consistent with the suppression 

data described above where Edclp on a two micron plasmid would suppress the 

conditional lethality of the dcpl-2sld8A strain, but not the conditional lethaility of the 

dcp2-7ski3A strain (Figure 3.2). A third important observation was that, in the dcpl-2 

background, the combined edcl^edc2A slowed the decay rate of the MFA2pG mRNA 

greater than did the edclA mutant alone. In fact, loss of both Edclp and Edc2p in the 

dcpl-2 mutant results in mRNA half-lives comparable to those observed in a dcplA 

(Beelman et al., 1996), suggesting that mRNA decapping is essentially completely 

eliminated in this strain. Consistent with a specific defect in decapping, none of these 

strains exhibited altered deadenylation rates compared to the wild-type strain (data not 

shown). Lastly, a comparison of the MFA2pG half-life in the dcpl-2edcIAedc2A strains 

(14') to that in the dcpl-2edclA (IT) strain also suggests that if Edclp is absent. Edc2p is 

able to partially substitute for Edclp (Figure 3.5B). Consistent with this interpretation, 

the Edc2p can partially suppress both the growth defect of dcpl-2ski2A mutants and the 

mRNA decay defect of the dcpl-2 mutation if very highly overexpressed from the GAL 

promoter (data not shown). Combined, the above resuhs suggest distinct, but partially 

redundant functions for Edclp and Edc2p in the stimulation of decapping. 

Analyses of the mRNA decay phenotypes of the edclA and edc2A in the dcp2-7 

background also yielded several interesting observations. First, the dcp2-7edc2A mutant 
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showed a longer half-life for both the MFA2pG (11', Figure 3.5C) and PGKlpG mRNA 

(data not shown) than did the dcp2-7edcIA (MFA2pG tl/2= 8'). This result was in 

contrast to the case with the dcpl-2 allele where the edclA had the larger effect (Figure 

3.SB). Again, the edclAedc2^ double deletion in combination with dcp2-7 had the 

largest increase in half-life relative to the dcp2-7 allele alone (Figure 3.5C), although it 

was very close to the value obtained from the dcp2-7edc2A strain. These results suggest 

that the dcp2-7 allele is more sensitive to the function of the Edc2p than to the function of 

the Edclp. However, as appears to be the situation for stimulation of dcpl-2p, there is 

partial redundancy of the Edcl and Edc2 proteins for the stimulation of dcp2-7p. This is 

not surprising since Edclp and Edc2p are related proteins (Figure 3.3). These results 

indicated that, while not normally rate-limiting under conditions where mRNA decapping 

is maximally eflRcient on the MFA2 and PGKI mRNAs, the Edcl and Edc2 proteins are 

important modulators of the mRNA decapping machinery (See Discussion). 

Edc 1 p associates with the mRNA decapping machinery in vivo 

The Edcl and Edc2 proteins could affect mRNA decapping in multiple ways. 

One simple interpretation of the above genetic data is that these proteins interact with the 

Dcpl and Dcp2 proteins and form a larger protein complex that carries out mRNA 

decapping. In order to test this possibility, we utilized co-immunoprecipitation 

experiments to determine if the Edclp interacts with either Dcpl or Dcp2 in vivo. For 

this experiment, we constructed a version of Edclp with a flag epitope at its N terminus 

and confirmed that this tagged version of the protein was functional (data not shown) 
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We were unable to construct an epitope tagged version of Edc2 that retained biological 

function so we have restricted our analysis to the Edclp to date. 

Results of the co-immunoprecipitation demonstrated that both Dcplp and a 

functional epitope-tagged version of Dcp2p associate with Edclp (Figure 3 6). 

Interestingly, essentially all of the Dcplp and Dcp2p in the cell interacted with Edclp 

under low salt conditions. The interaction between Edclp and the Dcpl and Dcp2 

proteins was reduced, but not eliminated, by washing the immuno-pellet with 150mM 

NaCl prior to elution of the FLAG-Edclp (Figure 3.6). These results indicate that Edclp 

interacts with Dcplp and Dcp2p in vivo. 

Because the observed interaction was reduced under relatively low salt 

conditions, we hypothesized that the interaction may involve RNA. To test this 

possibility, we performed the immunoprecipitation experiment using cell extracts that 

were pretreated with RNase prior to binding to the a-FLAG immunoaffinity matrix. The 

RNase treatment reduced but did not eliminate the observed interaction. Following 

treatment with RNase, there was no detectable Dcplp or Dcp2p in the unbound fraction, 

indicating that the bulk of cellular Dcplp and Dcp2p remained associated with FLAG-

Edclp in the absence of RNA (Figure 3.6). Interestingly, after RNase treatment, the 

interaction between Edclp, Dcplp and Dcp2p became more labile. A large amount of 

the Dcplp and most of the V5-Dcp2p fusion protein no longer interacts with Edclp at 

50mM NaCI instead of at 150mM NaCI, as was seen in the presence of RNA. This result 

suggests that the observed interaction between Edclp and Dcplp/Dcp2p was not RNA 

dependent, but rather was strengthened by the presence of RNA. The identity of the 



Figure 3.6. Edclp interacts with Dcplp and Dcp2p. Shown is an a-FLAG 

immunoprecipitation from an edcIA strain (yRP1512 containing the V5-DCP2 plasmid. 

pRP987) and from a FLAG-Edclp-expressing strain (yRP1512 containing pRP987 and 

the FLAG-EDCl plasmid, pRP986). The experiment was performed as described in 

Materials and Methods. For the last panel, RNase treatment was performed on the cell 

extract prior to binding to the a-FLAG matrix. Abbreviations used are: U, unbound 

fraction; W, wash fraction at the indicated salt concentrations; E, eluate. Specific protein 

bands are indicated on the left and the antibodies used to detect them are indicated on the 

right of the westerns. 
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RNA involved is currently unknown, but the mRNA itself represents a reasonable 

possibility. These results also imply that the Edcl protein, and likely the Edc2 protein as 

well, are members of a larger complex that assembles either prior to or during decapping 

(See Discussion). 
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DISCUSSION 

Dcp2p functions to activate Dcplp 

Two important observations indicate that Dcp2p's critical function in mRNA 

decapping is to activate the Dcplp decapping enzyme. First, previous findings show that 

Dcp 1 p is inactive for mRNA decapping in vivo and in vitro if produced in a dcp2A strain 

(Dunckley and Parker, 1999). Second, Dcplp is a functional mRNA decapping enzyme 

if produced in the presence of Dcp2p and subsequently separated from Dcp2p (Figure 

3 1). These results suggest that, once produced, Dcplp must undergo a Dcp2p-dependent 

activation event that makes the protein competent for mRNA decapping. The specific 

mechanism of Dcplp activation is unknown. However, the Dcp2 protein contains a 

functional MutT motif that is required for its mRNA decapping functions (Dunckley and 

Parker, 1999). The MutT motif is found in a large family of pyrophosphatases (for 

review of MutT proteins see Koonin, 1993; Bessman et al„ 1996). This suggests that 

Dcp2p likely functions in some manner as a pyrophosphatase to activate Dcplp. 

Dcp2p associates with active and inactive Dcplp with differing affinity 

Dcp2p associates with a large fraction of Dcplp that is not removed in a 2.5 M salt 

wash, suggesting a very tight interaction (Figure 3.1 A and 3.IB). Furthermore, this 

fraction of Dcplp is catalytically inactive in vitro (Tigure 3.1C). These observations 

suggest two possible interpretations. In one model, Dcp2p associates with Dcplp. 

inhibiting its activity. Hydrolysis of Dcp2p's substrate, mediated by the protein's MutT 
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motif, would release Dcplp. thereby allowing the Dcplp enzyme to function. This 

makes the prediction that Dcplp will be functional for decapping provided that the 

protein is not bound by Dcp2p. The fact that Dcplp in the dcp2A mutant is completely 

inactive in vivo and in vitro (Dunckley and Parker, 1999) makes this model unlikely A 

more likely possibility is that cleavage of Dcp2p's substrate results in either a specific 

covalent or noncovalent modification of Dcplp that converts inactive Dcplp to active 

Dcplp. This model could also explain why the Dcplp that remains bound to Dcp2p is 

inactive (Figure 3.1). The simplest explanation is that Dcp2p associates tightly with an 

inactive form of Dcplp and that cleavage of Dcp2p's substrate converts the inactive 

Dcplp to active Dcplp, which may have a decreased a£5nity for Dcp2p. As an extension 

of this model, it is possible that Dcp2p may function to inactivate Dcplp through 

essentially the reverse of the activation reaction. Following cleavage of the cap structure, 

this would provide a simple mechanism for inactivating Dcplp and readying the protein 

for another round of decapping. 

EDC1 and EDC2 stimulate the mRNA decapping machinery 

Several observations show that Edclp and Edc2p enhance the function of the 

mRNA decapping machinery. First, EDCl and EDC2 overexpression suppresses loss of 

function mutations in the dcp 1 decapping enzyme and dcp2 protein, respectively (Figures 

3.2A, 3 .2B, 3.4A and 3.4B). Second, the edclA and edc2A mutations greatly exaggerate 

the partial mRNA decapping defects seen at the permissive temperature of conditional 

dcpl and dcp2 mutants (Figure 3.5, B and C). Third, the EDCl protein co-
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immunoprecipitated from cell extracts with the Dcplp and Dcp2p (Figure 3.6). To date, 

we have been unable to construct a functional epitope tagged version of the Edc2p, but 

the prediction is that this protein will also associate with the Ocpip and Dcp2p. Taken 

together, we interpret these observations to argue that Edclp and Edc2p interact with the 

Dcp 1 p/Dcp2p decapping machinery to stimulate the mRNA decapping rate. 

One of the intriguing properties of Edclp and Edc2p is their apparent specificity 

for Dcpl and Dcp2, respectively. For example. EDCl is a high copy suppressor of dcpl-

2 but not dcp2-7, whereas EDC2 is a high copy suppressor of dcp2-7 but not dcp I-2 

(Figure 3.2). Similarly, the edclA reveals a stronger decapping defect when combined 

with the dcp I-2 allele than when combined with the dcp2-7 allele, whereas the edc2A 

reveals a decapping defect when combined with the dcp2-7 allele but not with the dcp I -2 

allele (Figure 3.5). One possibility is that the specificity of Edclp for Dcplp, and of 

Edc2p for Dcp2p, could result from the dcp 1-2 and dcp2-7 lesions affecting distinct 

substeps in the overall process of decapping. This possibility is based on the finding that 

mRNA decapping requires multiple steps and interactions between multiple proteins 

(Dunckley and Parker, 1999; Bouveret et ai, 2000; Tharun et al., 2000; Schwartz and 

Parker, submitted). The dcp I-2 mutation affects the catalytic activity of the enzyme 

(Tharun and Parker, 1999). The specific step in decapping that is affected in the dcp2-7 

lesion is unknown, but it is likely to be prior to Dcplp cleavage. In this instance, Edclp 

and Edc2p would show differential effects because each protein would stimulate a 

different substep of decapping. Different substeps that could be affected would include 
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the assembly of a decapping complex on the mRNA, or potentially the activation of 

Dcp 1 p by Dcp2p (see below). 

How might Edclp and Edc2p function in decapping? 

Based on our current understanding of the mechanism of mRNA 

decapping, the EDC proteins could function to enhance decapping in one, or 

more, of three possible manners. First, the EDC proteins could function to 

promote the disassembly of the cytoplasmic cap binding complex. This 

possibility is based on the observations that the cytoplasmic cap binding complex 

is an inhibitor of decapping and needs to dissociate before decapping can occur 

(Schwartz and Parker, 1999; Schwartz and Parker, submitted). Currently, there is 

no evidence to favor this mechanism of function for the Edc proteins. Two more 

likely models are that the EDC proteins either facilitate the assembly of a 

decapping complex or function to enhance the Dcp2p dependent activation of 

Dcplp. 

Evidence that the EDC proteiiw are part of a larger assembly of proteins 

that performs the decapping reaction comes from the observation that Edclp co-

immunoprecipitates with Dcplp and Dcp2p (Figure 3.6). Additional evidence 

for the assembly of a large protein complex to promote decapping is based on the 

analyses of other proteins functioning in decapping. In addition to the Edcl and 

Edc2 proteins, decapping of mRNA is now known to involve the function of a set 
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of interacting proteins, including Dcplp, Dcp2p, Patlp/Mrtlp, and the 

cytoplasmic Like-SM complex of proteins consisting of Lsmlp-Lsm7p (Dunckley 

and Parker, 1999; Boeck et al., 1998; Hatfield et al., 19%; Beeiman et al., 19%; 

Bouveret et al., 2000; Tharun et al., 2000). Four ot)servations suggest that these 

proteins form two distinct complexes that associate together with the mRNA 

before decapping. First, Dcplp and Dcp2p co-purify (Dunckley and Parker, 

1999; and Figure 3.1). Second, the Lsm complex, consisting of Lsmlp-LsmZp, co-

purifies with Patl/Mrtlp and with the Xml exoribonuclease (Bouveret et al., 

2000). Third, both Dcplp and Lsm proteins can be shown to co-

immunoprecipitate mRNA (Tharun et al., 2000). Finally, Dcplp co-

immunoprecipitates with the Lsm complex, but in an RNase sensitive manner. 

Our data that Edclp co-immunoprecipitated with the majority of the Dcplp and 

Dcp2p in the cell suggests that Edclp and Edc2p may be part of this larger 

assembly. 

The interpretation that Edcl and Edc2p are part of a larger assembly of 

proteins promoting decapping provides an explanation for their genetic 

phenotypes. Prior observations have shown that some individual members of 

large complexes are dispensable for the function of the complex under optimal 

conditions. However, the function of these individual components can be 

revealed when the process in which the complex functions is inefficient As an 

example, certain members of the mRNA splicing machinery, such as Msl5p, are 
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required for efficient splicing only in instances in which splicing is made 

inefficient through the use of mutations in the consensus splice site sequences 

(Jacquier et al., 1985; Rutz and Seraphin, 2000). The interpretation that Edclp and 

Edc2p are modulatory components of a larger decapping complex is consistent 

with this precedent Additional evidence that decapping involves a number of 

redundant protein interactions has come from a mutational analysis of the Dcplp 

where several mutations have been identified that individually do not affect 

decapping but, when combined, give rise to a strong defect in decapping 

(Tharun and Parker, 1999). Since these mutations do not affect the enzymatic 

function of purified Dcplp, this suggests that the Dcplp makes multiple 

redundant physical interactions that promote decapping. An interesting 

possibility for future work is to determine if these dcpl point mutations disrupt 

the interaction of the Dcplp with Edclp or, potentially, Edc2p. 

An important goal will be to determine the timing and location of the 

interaction between Edclp and Dcplp/Dcp2p, as well as other proteins involved 

in decapping. We have shown that the interaction between Edclp and 

Dcplp/Dcp2p is largely eliminated at low salt concentrations following RNase 

treatment (Figure 3.6). This suggests that the presence of RNA stabilizes the 

interaction between Edclp and the decapping machinery. Although the identity 

of the RNA is unknown, a likely possibility is the mRNA itself. The Edcl 

protein, and likely the Edc2 protein, because they interact with Dcplp and Dcp2p 
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would be in a complex known to associate in some manner with the mRNA. 

Because Edclp interacts with most Dcplp and Dcp2p in the cell, Edclp would 

likely interact with Dcplp and Dcp2p both prior to and after their recruitment to 

the mRNA. Edclp and Edc2p may function either to promote the assembly of 

the decapping complex on the mRNA or, once on the mRNA, Edclp and Edc2p 

may stimulate a transition that results in the Dcp2p-mediated activation of 

Dcplp. Using the mRNA to stimulate the activation of Dcplp would provide an 

elegant mechanism for the localization of decapping activity to mRNAs that have 

been targeted for degradation. 
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MATERIALS AND METHODS 

Plasmids and strains 

All strains used in this study are Listed in Table 3.1. Stain yRP1501 was 

constructed in three steps. First a portion of genomic DNA 3' of the DCP2 gene 

was PCR amplified from plasmid pRP930 and cloned into the Smal/Clal sites of 

a pBluescriptn KS+ vector that also contained the URA3 gene in the BamHI site, 

generating plasmid pRP988. Next, the dcp2-7 allele was excised from plasmid 

pRP994 using Sacl/Spel and cloned into the corresponding sites of pRP988 to 

generate plasmid pRP989. pRP989 was then cut with Apal/SacI to release the 

dcp2-7 allele, URA3 gene and 3' region of DCP2. This DNA fragment was 

transformed into yRP1358 and all fast-growing URA+ colonies were then 

screened for loss of the TRPl marker. Integration of the dcp2-7 allele at the 

dcp2A locus was confirmed by Southern analyses. 

Strain yRP1503 was constructed by homologous recombination in strain 

yRP1514. The HIS3 gene was PCR amplified from genomic DNA using primers 

oRP827 and oRP828, containing regions of DNA complementary to the sequence 

immediately 5' of the EDCl initiation codon and 3' of the stop codon. This PCR 

product was then transformed into yRP1514. Deletion of the EDCl gene was 

confirmed by southern analysis. Deletion of EDC2 was accomplished by PCR of 
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Table 3.1. Strains used in this study 

Strain Genotype Source 

yRP840 Mata his4-S39 Ieu2-3I12 trpl ura3-52 cupl::LEU2/PGKlpG^i^IFA2pG 
vRP841 Mata leu2-3l 12 lvs2~20l trpl ura3-S2 cupl::LEUl PGKlpG/\iFA2pG 
VRP1070 Mau his-f-539 Ieu2-3ll2 trpl ura3-52 dcpl::URA3 

cupl::LEUZTGKlpG/MFA2pG 
vRPl 340 Mau his-l-539 Ieu2-3ll2 lvs2-201 trpl ura3-52 dcpl-2::TRPl 
VRP1341 Mata his4-539 Ieu2-3112 ivs2-20l trpl ura3-S2 dcpl-2::TRPl 

[MFA2pG/LYS2| 
yRP1345 Mata his4-S39 Ieu2-3ll2 lys2-20l trpl ura3-S2 dcpl-2::TRPl ski8::URA3 
vRP1356 Mau his4-539 leu2-3l 12 iys2-201 trpl ura3-52 dcpl::URA3 cupl::URA3 

[MFA2pG/LYS21 
VRP1358 Mau his4-539 Ieu2-3112 lvs2-20l trpl ura3-52 dcp2::TRPl 
VRPI500 Mau his4-539 Ieu2-3ll2 iys2'20l trpl ura3-52 dcpl::URA3 dcp2::TRPl 

cupl::LEU2/PGKlpG/\(FA2pG 
vRP 1501 Mata leu2-3112 lvs2-20l trpl ura3-52 dcp2-7::UR43 
% RP1502 Mau his4-339 Ieii2-3112 lys2-20l trpl ura3-52 dcp2-7::URA3 ski3::TRPl 
VRP1503 Mau his3-^200 ade2-l01 Ieu2-3ll2 lvs2-201 trpl ura3-52 

edcl::HlS3 cupl::LEUZPGKlpG/\FA2pG 
VRP1504 Mata hi34-S39 Ieu2-3112 trpl ura3-S2 edc2::NE0 

cupl:: LEU2/PGKlpG/MFA2pG 
\ RP1505 Mata leu2-3112 lys2-20l trpl ura3-52 edcl::HIS3 edc2::\EO 

cupl::LEUZ'PCKlpG/MFA2pG 
vRP1506 Mau ade2 Ieu2-3l 12 Iv32-20I trpl ura3-S2 dcpl-2::TRPl edcl::HIS3 

cupl::LEU2'PGKlpGj\(FA2pG 
VEIP1507 Mata ade2 Ieu2-31I2 lys2-20l trpl ura3-52 dcpl-2::TRPl edc2::SIEO 

cupl::LEUZ'PGKlpG/\(FA2pG 
vRP1508 MaU ade2 leu2-3112 lys2-201 trpl ura3-S2 dcpl-2::TRPl edcI::HIS3 

edc2::NEO cupl:-.LEV2/PGKlpGr\fFA2pC 
vRPl 509 Mata Ieu2-3ll2 lvs2-20l trpl ura3-52 dcp2-7::URA3 edcl::HlS3 

cupl::LEUZ'PGklpG/\{FA2pG 
\ RP1510 Mata leu2-3l 12 lys2-20l trpl ura3-52 his3-^00 dcp2-7::URA3 edc2::S'EO 

cupl: :LE UZ'PGK 1pG/MFA 2pG 
vRP 1511 Mata ade2 Ieu2-3112 lys2-201 trpl ura3-52 dcp2-7::URA3 edcl::HlS3 

edc2::SEO cupl::LEUZ'PGKlpGy\iFA2pG 
\ RP 1512 Mata Ieu2-3112 lvs2-20l trpl ura3-52 his3-A200 dcp2::TRPl edcl::HIS3 

cupl::LEU2/PGKlpC/\iFA2pG 
vRPl 513 Mata his4-S39 ieu2-31l2 lvs2-201 trpl ura3-52 dcp2::TRPl edc2::\EO 

cupl ::LEUZ^KlpC/\(FA2pG 
vRPl 514 MaU his3-A200 ade2-l01 Ieu2-3112 iys2-20l trpl ura3-52 

cupI::LEV2/PGKlpG/K{FA2pG 

Hatfield et al. (1996) 
Hatfield e/a/. (1996) 
Beelman et al. (1996) 

Dunckley and Parker (1999) 
Dunckley and Parker (1999) 

Dunckley and Parker (1999) 
Dunckley and Parker (1999) 

Dunckley and Parker (1999) 
This study 

This study 
This study 
This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This studv 
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a NEO deletion cassette from the commercially available edc2A mutant (Research 

Genetics) using oRP990 and oRP991, followed by transformation of the PCR 

product into yRP841. Deletion of EDC2 was confirmed by Southern analysis. 

Strain yRP1504 was then later obtained from dissection of a diploid heterozygous 

for the edclA and edc2A mutations. 

To make plasmid pRP984, the EDCl gene was amplified from genomic 

DNA using oRP987 and oRP988. This PCR product was then cloned into 

yEP351, a 2^ plasmid, using the BamHI and Sad sites introduced on the 

oligonucleotides. Plasmid pRP985 was made similarly through amplification of 

EDC2 using oRP931 and oRP932. Plasmid pRP982 was constructed by 

amplification of the GPD promoter, HIS-DCPl gene, and PGKl terminator from 

plasmid pRP785 using oligonucleotides oRP910 and oRP916. This PCR product 

was then cotransformed into a dcplA strain (yRP1070) with Ncol/Ndel digested 

pRP66. Plasmids generated from in vivo recombination that complemented the 

dcplA growth defect were rescued to £. coli using a yeast DNA isolation system 

(Stratagene) and sequenced. The pRP983 plasmid was constructed by 

amplification of the GPD promoter, FLAG-DCP2 gene, and PGKl terminator 

from plasmid pRP936 using oligonucleotides oRP899 and oRP915. The resulting 

PCR product was then cotransformed into a dcp2A strain (yRP1346) with EcoRI 

digested pRS317. Plasmids that complemented the dcp2A growth defect were 
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rescued to £. coli and sequenced. The make the FLAG-EDCl plasmid (pRP986), 

the 5' UTR and promoter region of EDCl were first PGR amplified using 

oligonucleotides oRP959 and oRI^O, which contained the reverse complement 

of the FLAG nucleotide sequence. Next, the EDCl coding region and 3'UTR 

were PGR amplified using oRP962 and oRP961, which contains the FLAG 

nucleotide sequence at its 5' end. These two PGR products were cotransformed 

into the edclA strain (yRP1503) with EcoRI digested pRS317. Plasmids generated 

from in vivo recombination were rescued from the resulting transformants and 

sequenced. The V5-DGP2 plasmid (pRP999) was constructed similarly to the 

FLAG-EDGl plasmid. The 5'UTR of DCP2 was PGR amplified using oRP985 and 

oRP968, which contained the reverse complement of the V5 nucleotide sequence. 

The DGP2 coding region and 3'UTR were amplified using oRP984 and oRP967, 

which contained the V5 nucleotide sequence. These PGR products were 

cotransformed into yRP1346 with EcoRI digested pRS317 and complementing 

plasmids were rescued to £. coli and sequenced. The insert from pRP999 was 

then subcloned into pRS416 using Apal/SacI, generating pRP987. 

Genetic screening procedures 

EDGl was identified using a screening procedure for suppressors of the 

dcpl-2 skiSA mutant as previously described (Dunckley and Parker, 1999). To 
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screen for high copy suppressors of the dcp2-7 ski3A mutant, strain yRP1502 was 

transformed with a yeast 2n genomic DNA library (ATCC 37323). Transformants 

were selected at 24°C. Positive transformants were then replica plated and 

screened for growth at 24 and 37°C. Plasmids were isolated from clones that 

supported growth at 37°C, retransformed into yRP1502 and retested for growth 

at the restrictive temperature. The inserts from plasmids that conferred growth 

at high temperature were then sequenced. 

RNA procedures 

RNA samples were prepared and isolated as previously described 

(Caponigro et al., 1993). Half-lives were determii\ed by quantitation of blots 

using a Molecular Dynamics Phosphorlmager. Loading corrections for 

quantitation were determined by hybridization to the 7S RNA, a stable RNA 

polymerase HI transcript 

Determination of dcpl-2 and dcp2-7 suppression 

To determine suppression of dcpl-2 and dcp2-7, strains yRP840, yRP1341, 

yRP1341 [pRP9841, yRP1356, yRP1356 [pRP984], yRPlSOl [MFA2pG/LYS2], 

vRPlSOl [pRP985] [MFA2pG/LYS2], yRP1358 [MFA2pG/LYS2J, and yRP1358 

[pRP985] [MFA2pG/LYS2] were grown at 24°C to mid-log phase in selective 
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media containing 2% galactose. For dcpl-2 strains, cultures were then shifted to 

33°C for one hour. For dcp2-7 strains, cultures were shifted to 37°C for 1.5 hours. 

Following the temperature shift, cells were harvested and RNA prepared as 

previously described (Caponigro et al., 1993). 

In vitro separation of Dcplp and Dcp2p 

Four liters of strain yRPlSOO containing pRP982 and pRP983 were grown 

at 30°C in selective media to an ODeoo of 1.0. Cells were lysed and the FLAG-

Dcp2p purified as previously described (Dunckley and Parker, 1999), with one 

exception. The immunopellet was washed with TMN buffer containing 2.5M 

NaCl, rather than with TMN containing 750mM NaQ. All protein samples were 

dialyzed against four liters of TMN-150 (lOmM Tris-HQ, pH 7.7,150 mM NaCl, 

5m M MgCh). 

The FLAG-Dcp2p and HIS-Dcp2p were analyzed by standard SDS-PAGE 

on a 10% gel (Laemmli, 1970). FLAG-Dcp2p and HIS-Dcplp were detected by 

western analyses using a-FLAG antibody (KODAK) and polyclonal antibodies to 

full-length Dcplp, respectively. Protein size markers were purchased from 

Gibco-BRL. The in vitro decapping assays were performed as previously 

described (Beelman et al., 19%; LaGrandeur and Parker, 1998). 
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Immunoprecipitation of FLAG-Edclp 

Two liters of strain yRP1512 containing pRP^6 and pRP987 were grown 

in selective media at 24°C to an ODeoo of 0.8. Cells were harvested and lysed as 

previously described (Dunckley and Parker, 1999). Immunoprecipitation of 

FLAG-Edclp was performed as previously described for FLAG-Dcp2p 

(Dunckley and Parker) with one exception. Binding of the FLAG-Edclp was 

performed in TMN-25 buffer containing 25mM NaQ. The immunopellet was 

then either washed with TMN-50, containing 50mM NaQ, or with TMN-150, 

containing 150mM NaCl, prior to elution of FLAG-Edclp. The RNase treatment 

was performed as previously described (Tharun et al., 2000). The V5-DCP2 

fusion protein was detected using commercially available a-V5 antibody 

(Invitrogen) following the manufacturer's protocol. 
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CHAPTER 4 

SBPl and [DCI are suppressors of mRNA decapping 
defects in Saccharomyces cerevisiae 
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SUMMARY 

In yeast, the majority of mRNAs are degraded through deadenylation, decapping, 

and subsequent 5' to 3' decay of the transcript body. The step of decapping serves as a 

key regulatory point in this pathway. Both DCPl and DCP2 are required for mRNA 

decapping. DCPl encodes an mRNA decapping enzyme. DCP2 encodes a MutT protein 

that is required for the production of active Dcplp. This implies that regulation of Dcp2p 

activity may be a key mechanism for regulating the activity of the Dcplp decapping 

enzyme. To further understand the function of Dcp2p, we created four conditional 

mutations and used one, dcp2-7, to identify proteins that may influence the activity of 

Dcp2p in vivo. We identified two suppressors of the temperature sensitive dcp2-7 allele, 

IDCl and SBPl. Disruption or deletion of IDCl suppressed the dcp2-7 mutation, 

whereas overexpression of SBPl had similar effects. Interestingly, the idclA represents 

the only loss of function decapping suppressor to date that is not a known translation 

initiation factor. In addition to suppressing dcp2-7, SBPl overexpression also suppressed 

the synthetic lethality of dcpl-2ski8A mutants. This suggests that Sbpip, which is a 

conserved RNA binding protein, may activate decapping through a general mechanism. 

These results suggest that both SBPl and IDCl can significantly affect mRNA decapping 

in yeast. 
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INTRODUCTION 

The stability of messenger RNA is an important determinant in gene expression 

(for reviews, see Caponigro and Parker, 1996; Ross, 1995; Jacobson and Peltz, 1996). 

Two general pathways of mRNA decay function in the yeast Saccharomyces cerevisiae. 

The predominant decay pathway occurs via shortening of the poly(A) tail followed by 

removal of the 5' cap structure by the Dcpl decapping enzyme (Beelman et al., 1996), 

which exposes the body of the transcript to Xmlp-dependent 5' to 3' exonucleolytic 

degradation (Hsu and Stevens, 1993; Decker and Parker, 1993; Muhlrau et al.. 1994; 

1995). A second general mRNA decay pathway occurs by deadenylation of 

polyadenylated mRNA to an oligo(A) tail length followed by 3' to 5' exonucleolytic 

decay of the transcript body (Muhlrad et al., 1995; Anderson and Parker, 1998). 

Decapping is a critical step in the major 5' to 3' mRNA decay pathway since it 

both precedes and permits the degradation of the mRNA body. Also, individual mRNAs 

are decapped at different rates, indicating that mRNA decapping is a controlled process 

that contributes to differential mRNA decay rates (Muhlrad et al., 1994; 1995) 

Decapping is also a key step in the degradation of aberrant mRNAs through the mRNA 

s u r v e i l l a n c e  p a t h w a y  ( M u h l r a d  a n d  P a r k e r ,  1 9 9 4 ;  H a g a n  e t  a l . ,  1 9 9 5 ;  B e e l m a n  e t  a l .  

1996; Dunckley and Parker, 1999). In this pathway, mRNAs are very rapidly decapped 

and degraded prior to deadenylation. 

The DCPl gene encodes the yeast mRNA decapping enzyme. Dcplp is required 

for mRNA decapping in vivo and sufficient for decapping in vitro (Beelman et al., 1996; 
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LaGrandeur and Parker, 1998). An additional protein, Dcp2p, is also required for mRNA 

decapping (Dunckley and Parker, 1999). The Dcp2p interacts with Dcplp and is required 

for the production of catalytically active Dcplp (Dunckley and Parker, 1999; manuscript 

in preparation). The specific mechanism whereby Dcp2p activates Dcplp is unclear 

However, Dcp2p contains a MutT motif, the function of which is required for the 

activation of Dcplp (Dunckley and Parker, 1999). The known substrates for other MutT-

like proteins consist of small, pyrophosphate containing molecules (for review of MutT 

proteins and their known substrates see Koonin, 1993; Bessman et al., 1996). All known 

MutT-like proteins cleave specific pyrophosphate bonds on their substrates, typically 

between the a and P phosphates. This suggests that the function of Dcp2p is to 

hydrolyze a specific pyrophosphate bond that results either directly in the activation of 

Dcplp or removes a specific inhibitor of Dcplp. 

To further understand the function of Dcp2p in decapping^ we have 

generated four temperature sensitive alleles of dcp2. These temperature 

sensitive alleles of dcp2 are synthetically lethal with either ski2A, ski3A, or skiSA 

mutations, which disrupt efficient 3' to 5' mRNA decay (Anderson and Parker, 

1998). One of these alleles, termed dcp2-7, was used in combination with the 

skiBA to isolate suppressors of the conditional synthetic lethality. Loss of 

function mutations in the previously uncharacterized IDCl gene suppressed the 

decapping defect of the dcp2-7 allele. This suggests that the IDCl protein is an 

inhibitor of mRNA decapping. The IDCl gene represents the first loss of 
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Function suppressor of mRNA decapping mutants that is not a known translation 

initiation factor (Schwartz and Parker, 1999; submitted). 

Additionally, overexpression of the SBPl gene suppressed the synthetic lethality 

of the dcp2-7sld3A mutant and the mRNA decapping defect of the dcp2-7 allele. SBPI 

overexpression also suppressed the conditional synthetic lethality of dcpl-2ski8A 

mutants, suggesting that, in addition to suppressing the dcp2-7 mutation, SBPl can 

suppress defects in the mRNA decapping enzyme if overexpressed. These results suggest 

that the RNA binding protein Sbplp may have a general function in the stimulation of 

mRNA decapping. 
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RESULTS 

Generation of temperature-sensitive dcp2 alleles 

To generate conditional alleles of Dcp2p, we utilized the fact that the dcp2A, 

which blocks mRNA decapping, is synthetically lethal with deletions in either ski2. ski3. 

or ski8, which are required for efficient 3' to 5' mRNA decay (Anderson and Parker, 

1998; Dunckley and Parker, unpublished observations). Accordingly, a dcp2A mutant is 

synthetically lethal with the ski2A mutation. Therefore, when in combination with a 

sld2A, temperature-sensitive mutations in the DCP2 gene will allow growth at low 

temperature but not at high temperature. Random mutations in the DCP2 gene were 

generated through mutagenic PCR of the N-terminal 900 nucleotides (See Materials and 

Methods), which are sufficient for the function of Dcp2p in mRNA decapping (Dunckley 

and Parker, 1999). This pool of mutagenized PCR products was then cotransformed into 

a dcp2Aski2A[GAL-DCP2] yeast strain with a linearized plasmid containing the C-

terminus and promoter regions of the DCP2 gene. Functional DCP2 recombinants were 

generated by in vivo recombination between the PCR product and the DCP2 plasmid (See 

Materials and Methods). Strains that contained conditional dcp2 alleles grew on glucose 

at low temperature but were unable to grow at high temperature. We screened -3,000 

recombinants and identified four plasmids that conferred a temperature sensitive growth 

defect in the dcp2Aski2A background (Figure 4.1 A). 

To determine whether the dcp2 alleles exhibited a conditional mRNA decapping 

defect, we utilized a galactose-inducible MFA2 mRNA that contains a poly(G) insertion 
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Figure 4.1. Isolation of temperature sensitive dcp2 alleles. Shown in (A) is the 

conditional synthetic lethality of four temperature-sensitive dcp2 alleles in combination 

with the ski2A. Shown in (B) are the conditional mRNA decapping phenotypes of the 

dcp2 alleles. The steady-state distribution of full-length MFA2pG mRNA to 5' to 3' 

decay intermediate is shown. The indicated strains were grown to an ODeoo of 0 2 in 

selective media containing 2% galactose as the sole carbon source then shifted to 37°C 

for 1.5 hr prior to harvesting. Hybridizations were performed with an oligonucleotide 

(oRP140; Caponigro and Parker, 1995) specific for the MFA2pG mRNA. In (C), the 

specific amino acid alterations in the dcp2 alleles are shown. 



125 

Figure 4.1 

B 

wild-type dcp2-5 dcp2-6 dqaS-? dcp2-8 
24=0 37°C 24OC 37°C 2*°C 37°C 24°C 37°C 24°C 37«C 

MFA2pGmRNA 
7fnr,l AUG UAAIDGI IAAA^ 

IDGI I A —  ̂

D21G 

dcp2-5 [ 

K84R I110T 

dcp2-6 
I I  

1 

N60DI68V D142V 

970 

970 

dcp2-7 [ 

dcp2-8 [] 

F51S 

I  

970 

970 



126 

in its 3" UTR, termed MFA2pG (Decker and Parker, 1993). Through forming secondary 

structures that block RNA degrading exonucleases, poly(G) insertions stabilize 

intermediates in mRNA decay (Vreken and Raue, 1992; Decker and Parker, 1993; 

Anderson and Parker, 1998). Importantly, the specific degradation intermediates that are 

trapped can be used to infer the directionality of mRNA decay (For discussion see He and 

Parker, 1999). Therefore, we introduced each of the four dcp2 alleles into a dcp2A strain 

that also contained the MFA2pG reporter mRNA and assayed for an mRNA decay 

intermediate whose production is dependent on Dcp2p activity (Dunckley and Parker, 

1999; see Materials and Methods). 

Importantly, each of the four dcp2 alleles that conferred a conditional growth 

defect in the presence of the ski2A also had a temperature-sensitive mRNA decapping 

defect (Figure 4. IB). The decapping defect is seen at 37°C as a greatly diminished 

accumulation of 5' to 3' degradation product. Both the dcp2-6 and dcp2-7 alleles are 

strong loss of function mutations at the restrictive temperature. In contrast, both dcp2-5 

and dcp2-8 are partial loss of function mutations. 

Identification of the dcp2 mutations 

To determine the identity of the specific amino acid changes in the conditional 

dcp2 alleles, we sequenced the entire DCP2 coding region, as well as several hundred 

nucleotides 5' of the initiation codon and 3' of the termination codon. This analysis 

revealed that all four alleles contained missense mutations in the N-terminus of DCP2 

(Figure 4.1C). Both the dcp2-5 and dcp2-8 alleles, which have the weakest mRNA 
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decapping defects, also contained single amino acid substitutions. The dcp2-5 allele 

contains a single change of the aspartic acid at position 21 to glycine. The dcp2-8 allele 

has a mutation that changes the phenylalanine at position 51 to serine. In contrast to 

dcp2-5 and dcp2-8, the dcp2-6 and dcp2-7 alleles are strong loss of function alleles 

containing multiple missense mutations. The dcp2-6 allele contains two mutations 

resulting in a substitution of lysine for arginine at position 84 and of threonine for 

isoleucine at position 110. The dcp2-7 allele contains three mutations, substitution of 

asparagine for aspartic acid at residue 60, a change from isoleucine to valine at position 

68, and substitution of aspartic acid for valine and position 142. For both dcp2-6 and 

dcp2-7, it is currently unclear which mutation or combination of mutations results in 

temperature-sensitivity. 

Surprisingly, the dcp2-7 allele was the only allele containing a mutation in the 

highly conserved MutT motif, the activity of which is required for Dcp2p's decapping 

function (Dunckley and Parker, 1999). However, the mutation is not in one of the six 

core residues that defines the MutT motif (Bessman et al., 1996) and has not been shown 

to be important for the activity of this motif For these reasons it is unlikely that the 

D142V mutation disrupts the catalytic function of the MutT motif Thus, the four dcp2 

alleles are likely defective in additional aspects of Dcp2p function, possibly in substrate 

recognition or in additional protein-protein interactions that are required for Dcp2p's 

decapping function (Dunckley and Parker, 1999 and manuscript in preparation). 
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Identification of suppressors of dcp2-7 

To identify proteins that may be influencing the activity of Dcp2p, we looked for 

both high copy suppressors of the dcp2-7 allele as well as insertional suppressors, which 

presumably are largely loss of function mutations. The dcp2-7 allele was utilized as the 

starting allele in these suppressor screens for two reasons. First, the dcp2-7 allele has a 

rapid and strong growth defect at the restrictive temperature in combination with a skiA 

(Figure 4.1A and data not shown). Second, this allele also has a strong decapping defect, 

which would simplify subsequent mRNA decay analyses (Figure 4. IB). Third, the dcp2-

7 allele had the lowest frequency of reversion (data not shown). 

Insertional suppressors 

To identify loss of function suppressors of dcp2-7, we transformed a dcp2-7 ski3A 

strain with an integration library consisting of genomic DNA fragments into which a 

transposon has been randomly inserted (Bums et al., 1994). Integration into the genome 

of these DNA fragments creates random insertional mutations in the genome, some of 

which will disrupt coding regions and create loss of function mutations. We screened 

30,000 transformants, enough such that each gene was likely disrupted three separate 

times. A single insertion was found that suppressed the growth defect of the dcp2-7ski3A 

mutation at 37°C (Figure 4.1 A). We verified that the suppression phenotype was linked 

to the insenion by crossing the suppressor strain containing the insertion to the parental 

strain of opposite mating type. In all ten tetrads that were dissected from this cross, the 

suppression phenotype segregated with the insertion, indicating that the suppression of 
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the growth defect of the dcp2-7sld3A mutant was linked to the insertional mutation. The 

location of the insertion was identified using an existing PCR-based protocol (Bums et 

al., 1994). The transposon inserted in the C-terminus of the previously unidentified ORF 

YMR148C, referred to hereafter as IDCl for Inhibitor of DeCapping. 

Deletion of IDC 1 suppresses the dcp2-7ski3A growth defect 

To first verify that the insertion was in IDCl, we crossed an idclA strain (See 

Materials and Methods) to the original suppressor strain. Subsequent disseaion of the 

diploid demonstrated that the idclA and transposon insertion were linked, consistent with 

the PCR data and confirming that the insertion, referred to hereafter as idcl ::LEU, was in 

the IDCl gene. The idcl:;LEU mutation likely represents a loss of function mutation 

because deletion of idcl also suppressed the growth defect of dcp2-7ski3A mutants 

(Figure 4.2A). 

The idcl A suppresses the decapping defect of the dcp2-7 mutation 

The restoration of growth to the dcp2-7ski3AidcIA strain could be accompanied 

by a partial restoration of either 5' to 3' mRNA decay or 3' to 5' mRNA decay. To 

determine whether loss of idcl restored mRNA decay through either degradation 

pathway, we made use of a galactose-inducible PGKl mRNA that contains a poly(G) 

insertion in its 3' UTR, termed PGKlpG (Decker and Parker, 1993). We introduced the 

idcl A into either dcpl-2 or skiSA strains that also contained the PGKlpG inducible 

reporter mRNA and determined the mRNA decay phenotype of the resulting strains. The 



Figure 4.2. idcl loss of function mutations suppress dcp2-7. For (A), the indicated 

strains were grown on minimal media lacking leucine for four days then replica plated 

and grown an additional two days at 24 and 37°C. In (B), the steady-state distribution of 

full-length PGKlpG mRNA to 5' to 3' decay intermediate is shown. The experiment 

was performed as for Figure IB. Hybridizations were performed with an oligonucleotide 

(oRPI41; Caponigro and Parker, 1995) specific for the PGKIpG mRNA. The % full-

length values are a measure of 5' to 3' decay and represent the ratio of full-length mRNA 

to the sum of the full-length mRNA plus 5' to 3' decay intermediate. 
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idclA was used in these and subsequent experiments rather than the original idcl : :LEU 

mutation to avoid potential difficulties in interpreting any results due to the possibility 

that a truncated idcl protein could be expressed in the idcl;;LEU mutant. 

Importantly, the idcl A suppressed the mRNA decapping defect of the dcp2-7 

allele. This is seen in the dcp2-7idclA mutant as an increase in the level of 5' to 3' decay 

intermediate relative to that in the dcp2-7 mutant alone (Figure 4.2B). Interestingly, the 

idcl A mutation restored the 5' to 3' degradation intermediate to wild-type levels, 

indicating that the idcl A is a strong suppressor of the decapping defect of the dcp2-7 

mutation. The idcl A did not restore fragment production in the dcp2A mutant, indicating 

that the idcl A does not bypass the requirement for Dcp2p function in decapping. 

Additionally, the idcl A had no effect on fragment accumulation in the sid3A, indicating 

that loss of Idclp does not suppress the 3' to 5' mRNA degradation defect of the ski3A. 

We also performed these identical experiments on the original idcl:;LEU mutation and 

found similar results (data not shown). 

The finding that the idcl A mutation restores decapping to the dcp2-7 mutant 

implies that IDCl normally functions in some way to inhibit mRNA decapping in the 

presence of the dcp2-7 mutation. However, because the idcl A mutation has no detectable 

effect on mRNA decay in an otherwise wild-type cell (Figure 4.2B and data not shown), 

the Idclp may serve a redundant or nonessential function in decapping. The only 

proteins now known to inhibit mRNA decapping are involved in promoting translation 

initiation. However, the idcl A likely does not affect translation for reasons discussed 
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below (see Discussion). A more likely possibility is that Idclp may inhibit the Dcp2p-

dependent activation of Dcplp (see Discussion). 

Overexpression of SBPl suppresses the dcp2-7ski3A mutant 

To identify proteins that may stimulate mRNA decapping, we screened three 

genome equivalents of a yeast 2^i genomic DNA library for genes that^ when 

overexpressed, would suppress the conditional growth defect of dcp2-7ski3A mutants at 

37°C (for screening protocol see Dunckley and Parker, manuscript in preparation) 

Twenty-seven plasmids were identified that suppressed the dcp2-7ski3A growth defect 

Twenty-four plasmids contained the DCP2 gene. Two plasmids contained overlapping 

inserts with two common ORFs, RPL8A and SBPl. Of these, the SBPl gene (ORF# 

YHL034C) was determined to be the ORF responsible for suppression (Figure 4.3A). 

The remaining plasmid contained the DSP2 gene, whose effects on mRNA decay are 

described elsewhere (Dunckley and Parker, submitted). 

SBPl overexpression suppresses the dcp2-7 decapping defect 

As was the situation with the idclA above, the overexpression of SBPl could 

restore growth to the dcp2-7ski3A mutant by restoring either 5' to 3' decay or 3' to 5" 

decay To determine if SBPl overexpression restored either of these decay pathways to 

the dcp2-7 ski3A mutant, we introduced the SBPl gene on a high copy plasmid into 

either dcp2-7 or ski3A strains that contained the MFA2pG inducible reporter mRNA and 

determined the mRNA decay phenotypes of the resulting strains. 
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Figure 4.3. SBP 1 overexpression suppresses the dcp2-7 mutation. In (A), the strains 

were grown as for Figure 2A. For (B), the experiment was performed as for Figure 4. IB. 

Hybridizations were as for Figure 4. IB. 
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Significantly, the overexpression of SBPl restored decapping to the dcp2-7 

mutant at high temperature (Figure 4.3B). This is seen as a restoration of wild-type 

levels of poly(G)->3' end fragment (Anderson and Parker, 1998) in the dcp2-7 mutant 

that is overexpressing SBPl. Overexpression of SBPl did not restore fragment 

production to the dcp2A, indicating that SBPl overexpression does not bypass the dcp2-7 

mutation. Therefore, SBPl overexpression restores decapping through the known 

Dcp2p-dependent pathway. Importantly, fragment production in the ski3^ mutant was 

unaffected by SBPl overexpression. This suggests that SBPl overexpression does not 

significantly affect 3' to 5' decay. 

SBPl overexpression suppresses the conditional lethalitv of dcpI-2ski8A mutants 

A temperature sensitive mutation in dcpl-2, the mRNA decapping enzyme, is 

synthetically lethal with deletions in either ski2, ski3, or ski8 (Anderson and Parker, 

1998). This synthetic lethality has been used previously to identify proteins, such as 

Dcp2p and Dsplp, that are involved in mRNA decapping (Dunckley and Parker, 1999 

and manuscript in preparation). To determine if SBPl overexpression was restricted to 

dcp2-7 or if it may represent a more general suppressor of decapping defects, we tested if 

SBPl overexpression would suppress the growth defect of the dcpI-2ski8A mutant. .As 

shown in Figure 4.4, SBPl overexpression suppressed the growth defect of the dcpl-

2ski8A mutant at 30°C. This observation suggested that SBPl overexpression likely is 

not a specific suppressor of dcp2-7 or of dcpl-2. Rather, SBPl may influence a general 

aspect of mRNA metabolisra, such as translation, that results in stimulation of the mRNA 
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Figure 4-4. SBPl overexpression suppresses the dcpl-2 skiSA growth defect. The 

indicated strains were grown as for Figure 4.2A. 



Figure 4.4 
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decapping machinery. A more appealing alternative possibility is that the Sbpip, which 

is a GAR domain-containing RNA binding protein (Clark et al., 1990), may be involved 

more directly in RNA mediated interactions that influence the susceptibility of an mRNA 

to decapping (See Discussion). 

The sbp 1A suppresses the dcp2-7 mRNA decapping defect 

To further characterize the function of Sbplp in mRNA decapping, we 

determined the mRNA decay phenotypes of various strains that were deleted for sbp 1 

Loss of Sbplp does not have a significant effect on mRNA decay in an otherwise wild-

type cell (Figures 4.5A and 4.5B). However, the sbplA mutation suppressed the panial 

decapping defect of the dcp2-7 allele at 24°C (Figure 4.5A). This suggests that, not only 

does overexpression of SBPl suppress dcp2-7, but also the sbp IA is a dcp2-7 suppressor. 

Further, because the sbplA suppressed fragment accumulation in the dcp2-7 strain 

without affecting the half-life of the flill-Iength mRNA (Figure 4.5B), Sbplp may 

influence early aspects of mRNA metabolism, possibly at the level of export and 

subsequent exchange of nuclear hnRNP proteins for cytoplasmic mRNP proteins (see 

Discussion). 



Figure 4.5. The sbp IA suppresses the dcp2-7 allele. For (A), the indicated strains were 

grown at 24°C to an ODeoo of 0.2 in rich media containing 2% galactose as the only 

carbon source. For (B) the strains were grown at 24°C to an ODeoo of 0.3 in 200 ml of 

rich media containing 2% galactose as the only carbon source. Cells were then harvested 

and resuspended in l/io"* volume of YEP. Glucose was added to a final volume of 4% to 

repress transcription. Time-points represent minutes after transcriptional repression. 

Hybridizations were performed as for Figure 4. IB. 
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DISCUSSION 

Loss of function mutations in idc I suppress dcp2-7 

Deletion of idc I suppresses the growth defect of the dcp2-7 ski3A mutant (Figure 

4.2A) and the mRNA decapping defect of the dcp2-7 mutation (Figure 4.2B). This 

implies that Idclp normally functions to inhibit dcp2-7p function. Interestingly, these 

idc 1 mutations represent the only known loss of function decapping suppressors that are 

not known translation initiation mutants (Schwartz and Parker, submitted). Moreover, 

the idclA likely does not significantly affect translation. Support for this comes from 

several observations. First, a temperature-sensitive mutation in the cap binding protein. 

e[F-4E, is unable to suppress the decapping defect of the dcp2-7 mutation (Dunckley and 

Parker, unpublished observations). This suggests that a decrease in translation initiation 

per se does not suppress the dcp2-7 allele, which is the allele that is suppressed by the 

idol A and idcl;;LEU mutation. Second, the idclA does not increase the decapping rate 

in an otherwise wild-type cell (Figure 4.2B), as do mutations in many other translation 

initiation factors (Schwartz and Parker, 1999). Third, the idclA has no growth defect, 

which is in contrast to growth rates of mutants that have significantly decreased 

translation initiation rates, many of which are lethal. For these reasons the idc IA 

mutation likely does not suppress dcp2-7 by affecting the rate of translation initiation. 

However, we cannot rule out the formal possibility that Idclp may affect additional 

aspects of tramslation that would result in dcp2-7 suppression. 
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How might idcl mutations suppress dcp2-7? 

An alternative possibility for the function if Idc 1 p is in inhibiting a transition in 

the mRNP that allows decapping to occur. The idcl A does not by itself have a detectable 

mRNA decay defect (Figure 4.2B and data not shown). This suggests that the inhibitory 

effect of the Idc 1 p is not normally rate-limiting in decapping, contrary to the situation in 

the dcp2-7 mutant. Two additional proteins, Dsplp and Dsp2p, appear to have 

stimulatory roles in decapping under circumstances in which decapping is inefficient 

(Dunckley and Parker, manuscript in preparation). However, the dsplA and dsp2A do not 

slow the rate of mRNA decapping under optimal conditions. The Idclp may have an 

analogous function in the inhibition of decapping. That is, under optimal conditions, the 

Idclp's contribution to the inhibition of the decapping machinery is undetectable. 

However, when decapping is inefficient, as is the case in the dcp2-7 mutant (Figure 

4. IB), Idclp may be an effective inhibitor of Dcp2p function. 

SBPl is a general suppressor of mRNA decapping defects 

Overexpression of the SBPl gene suppressed both the growth defect of the dcp2-

7sld3A mutant (Figure 4.3A) and the mRNA decapping defect of the dcp2-7 mutation 

(Figure 4 38). This suggests a role for Sbplp in the stimulation of dcp2-7p activity The 

overexpression of SBPl also partially suppressed the conditional growth defect of the 

dcpl-2ski8A mutant (Figure 4.4), suggesting that SBPl overexpression also suppresses 

the dcpl-2 mutation. This implies that SBPl may be a general suppressor of mRNA 

decapping defects if overexpressed and could have important implications for Sbplp 
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function (see below). Interestingly, the sbplA also suppressed the partial decapping 

defect of the dcp2-7 mutation at 24°C (Figure 4.5 A), indicating that both overexpression 

of SBPl and the sbplA can, under certain circumstances, suppress dcp2-7 In contrast, 

the sbpIA did not suppress the decapping defect of the dcpl-2 mutation (Figure 4.5A) 

This likely reflects differences in the interaction of Dcplp and Dcp2p with the mRNA 

substrate (Tharun and Parker, manuscript in preparation; see below as well). 

Possible functions for Sbplp in decapping 

One possible explanation for the observation that both overexpression of SBPl 

and the sbpIA can suppress the decapping defect of dcp2-7 is that Sbplp may influence 

fundamental aspects of the assembly or reorganization of the mRNP. Alteration of the 

mRNP could make the mRNA more susceptible to decapping in general. Intriguingly, 

nucleolin is a homolog of SBPl (data not shown). Nucleolin is a major nucleolar RNA 

binding protein that shuttles between the nucleus and cytoplasm (Borer et al., 1989; 

Schmidt-Zachmann et ai, 1993). However, at steady-state, the majority of nucleolin is in 

the nucleolus bound to pre-rRNA (Ghisolfi-Nieto et ai, 1996). In this regard Sbplp is 

also very similar to nucleolin. At steady-state, Sbplp appears predominantly nucleolar 

and bound to specific snRNAs (Clark et al., 1990). It is possible that, like nucleolin, 

Sbplp may not be restricted to the nucleolus but could also shuttle between the nucleus 

and cytoplasm. 

In Xenopus laevis oocytes, nucleolin has been found in a large cytoplasmic 

protein complex that inhibits translation in vitro (Yurkova and Murray, 1997). Because 
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nucleoiin exchanges in the cyiopiasm for cytoplasmic mRNP proteins and is transported 

back into the nucleus, the effects of this large complex on translation have been proposed 

to occur at a very early step in the transition from a nuclear hnRNP to a cytoplasmic 

mRNP (Yurkova and Murray, 1997). The SBPl protein could potentially function in 

yeast similarly to nucleoiin and other hnRNP proteins in Xenopus. That is, Sbp 1 p may 

also be involved in the transition from a nuclear hnRNP to a cytoplasmic mRNP. In this 

model, either overexpression of SBPl or the sbplA may significantly alter the exchange 

of RNP proteins such that the translation machinery may not assemble correctly on a 

subset of mRNA in the cytoplasm, thereby making these mRNAs more susceptible to 

decapping. Future experiments will be needed to test this hypothesis. 
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MATERIALS AND METHODS 

Plasmids and strains 

Strains used in this study are listed in Table 4.1. Both the sbplA and idclA 

mutant strains were obtained from Research Genetics. These strains were then crossed to 

yRP840. Following dissection of these diploids, the resulting sbplA and idclA strains 

were backcrossed three times into yRP840. The method for construction of strain 

vRPlSOI is described elsewhere (Dunckley and Parker, manuscript in preparation). 

The SBPI overexpression plasmid (pRP990) was constructed by PCR 

amplification of the SBPI gene from the original plasmid obtained in the suppressor 

screen using oligonucleotides oRP927 and oRP928. This PCR product was then digested 

with BamHI and Sad and cloned into the same sites in yEP35l. The RPL8A 

overexpression plasmid (pRP991) was made in the same way using oligonucleotides 

ORP929 and oRP930. 

Generation of temperature-sensitive dcp2 alleles 

To generate conditional alleles of DCP2, we performed mutagenic PCR on the 5" 

one third of the coding region. This region was PCR amplified under mutagenic 

conditions (standard PCR plus ImM MnClj) using oligonucleotides oRP863 and 

oRP864. The C-terminus was PCR amplified under nonmutagenic conditions using 

primers oRP865 and 0RP866. Both pools of PCR products were then cotransformed into 

strain TDYIOO with Xbal digested pRS317. Transformations were plated on minimal 

glucose media lacking lysine. After four days of growth at 24°C, the transformants were 
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Table 4.1. Strains used in this study 

Strain Genotype Source 

vRP840 Mata his4-539 Ieu2-3II2 trpl ura3-52 cupl::LEU2/PGKIpC/\fFA2pG Hatfield et al. (1996) 
yRP841 Mata leu2-3112 lys2-201 trpl ura3-52 cupl::LEU2/PGKlpG/MFA2pG Hatfield et al. (1996) 
yRP1345 Mat* his-4-539 leu2-3112 lys2-201 trpl ura3-52 dcpl-2::TRPl ski8::URA3 E)unckley and Parker (1999) 
VRP1346 Mata his4-S39 leu2-3112 Iys2-20I trpl uru3-52 dcp2::TRPl Duncklev and Parker (1999) 

cupl::LEU2/PGKIpC/\fFA2pG 
yRP1358 Mata his4-539 Ieu2-31I2 Iy32-20I trpl ura3-S2 dcp2::TRPl Dunckley and Parker (1999) 
vRPlSOl Mala leu2-3112 lys2-201 trpl ura3-52 dcp2-7::URA3 Duncklev and Parker (2000) 
yRP1502 Mata his4-S39 leu2-3112 lys2-201 trpl ura3-S2 dcp2-7::URA3 sld3::TRPl Duncklev and Parker (2000) 
vRPl515 Mata his4-539 Ieu2-3112 lvs2-201 trpl ura3-S2 dcpl-2::TRPl This studv 

cupl::LEUZ'PGKlpC/X{FA2pG 
yRPl 516 Mata hi34-539 leu2-3112 Iys2-20I trpl ura3-52 dcp2-7::URA3 This study 

cupl ::LEU2/PGKIpG/K(FA2pG 
yRP1517 Mata his4-539 leu2-3112 trpl ura3-S2 idcl::NEO This studv 

cupl::LEUlPGKlpG/MFA2pG 
yRP 1518 Mata his4-539 Ieu2-3112 lvs2-201 trpl ura3-52 dcp2::TRPl ski2::LEU2 This studv 

fdcp2-5/LrS2/ 
yRP 1519 Mata his4-539 leu2-3112 Ivs2-20I trpl ura3-52 dcp2::TRPl ski2::LEU2 This studv 

[dcp2-6/LYS2] 
yRP 1520 Mata his4-539 Ieu2-3112 lvs2-201 trpl ura3-52 dcp2::TRPl ski2::LEU2 This sOidv 

fdcp2-7ZrS2J 
vRPl 521 Mata his4-S39 leu2-3112 Iys2-20I trpl ura3'52 dcp2::TRPl ski2::LEU2 This studv 

[dcp2-8/LYS2/ 
yRPl 522 Malm leu2-3112 Iys2-201 trpl ura3-52 dcp2::TRPl ski2::LEU2 This study 

cupl ::LEUZ'TGKIpG/MFA2pG 
yRPl 523 Mata his4-S39 his3 Ieu2-31I2 lys2-201 ura3-52 dcp2-7::URA3 sld3::TRPl This studv 

idcI::NEO 
VRP1524 Mata his4-539 leu2-3112 ura3-52 ski3::TRPl idcl::.VEO This studv 

cupl::LEUl'PGKlpG/MFA2pG 
%EIPI 525 Mata his4-539 leu2'3I12 lys2-201 trpl ura3-52 dcp2-7::URA3 idcI::S'EO This studv 

cupl::LEU2/PGKlpG/K{FA2pG 
yRP 1526 Mata his4-539 Ieu2-3112 lys2-20l trpl ura3-52 dcp2::TRPl idcl::SEO This snidv 

cupl ::LEU2/PGKIpG,\{FA2pG 
yRPl 527 Mata his4-539 leu2-3112 lys2-201 trpl ura3-52 ski3::TRPl This study 
yRPl 528 Mata his4-S39 leu2-3112 lys2-201 trpl ura3-52 dcp2-7::UKA3 ski3::TRPI This studv 

idcl::LEU2 
yRP 1529 MaUxade2 his3 leu2-3l 12 lvs2-201 trpl ura3-52 sbpl::SEO This studv 

cupl:: LEU2/PGKlpG/MFA2pG 
yRP1530 Ma.l*ade2 his3 leu2-3l 12 lys2-201 ura3-52 dcp2-7::URA3 sbpl::NEO This studv 

cupl:: LEU2/PGKlpC/MFA2pG 
yRP1531 Mai* ade2 his3 leu2-3112 lvs2-201 ura3-52 dcpl-2::L'RA3 sbpl::.\iEO This studv 

cupI::LEU2/PGKIpC,%iFA2pG 
yRP1532 Mala his4-539 leu2-3112 lys2-201 trpl ura3-52 dcp2::TRPl ski2::LEU2 TTiis studv 

IG.4L-DCP2AJRA3J 
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replica plated and placed at 24, 30, 33, and 37°C. Plasmids were isolated from the 

transformants that failed to grow on glucose at 37°C. These plasmids were then 

sequenced and transformed into strain yRPI346 for RNA analysis. 

Isolation of dcp2-7 suppressors 

The SBPl overexpression suppressor was isolated using a screening procedure 

described elsewhere (Dunckley and Parker, manuscript in preparation). 

The loss of function suppressor screen utilized a yeast genomic DNA library into 

which transposons were randomly inserted (Bums et al., 1994). This insertion library 

was digested with NotI for four hours to ensure complete digestion. The excised 

genomic DNA fragments containing the random transposon inserts were then 

transformed into strain yRPlS02 and plated at 24°C on minimal media lacking leucine 

After five days of growth at 24°C, positive transformants were replica plated and placed 

at either 24 or 37°C. The locations of the inserts from strains that now grew at 37°C were 

identified using established protocols (Bums et al., 1994; see also 

http://ygac.med.yale.edu/triples/insenion_libraries.html) 

KNA procedures 

RNA samples were prepared and isolated as previously described (Caponigro et 

al., 1993). Percent full-length mRNA values and mRNA half-lives were determined by 

quantitation of blots using a Molecular Dynamics Phosphorlmager. Loading corrections 

http://ygac.med.yale.edu/triples/insenion_libraries.html
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for quantitation were performed by hybridization to the 7S RNA, a stable RNA 

polymerase III transcript. 
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