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ABSTRACT 

The degradation of mRNA is a critical step in determining the regulation and 

levels of gene expression. A family of Sm-Like (Lsm) proteins containing the "Sm" 

sequence motif has been identified, which forms a complex with U6 snRNA and 

functions in pre-mRNA splicing. Moreover, Lsm proteins interact with mRNA decay 

factors in yeast two-hybrid analysis. One of the Lsm proteins, Lsmlp, is required for the 

efficient decapping of mRNA during degradation. Lsm proteins might exist as a complex 

since they coirrununoprecipitate with each other. Based on these observations we 

hypothesized that the family of Lsm proteins might be involved in mRNA degradation. 

We showed that mutations in seven Lsm proteins (Lsml-Lsm7) caused inhibition 

of decapping. These Lsm proteins co-immunoprecipitated with Dcplp (the decapping 

enzyme), Patlp (a decapping activator) and with mRNA, indicating that the Lsm proteins 

(Lsml-Lsm7) play a direct role in promoting the decapping step of mRNA degradation. 

In addition, the Lsm proteins seem to form distinct complexes that affect different aspects 

of mRNA metabolism. A nuclear Lsm complex consisting of Lsmlp through LsmSp, 

interacts with U6 snRNA and promotes pre-mRNA splicing. A cytoplasmic Lsm 

complex consisting of Lsmlp through Lsm7p binds mRNA and functions in mRNA 

degradation. 

The cytoplasmic Lsm complex plays a second role in protecting the 3' UTR of 

mRNA fi-om trimming. Mutations in the cytoplasmic Lsm complex caused trimming of 

mRNAs. The sh' mutations, which cause defects in 3' to 5' mRNA degradation 



11 

suppressed the temperature-sensitive growth of Ism mutants by preventing the further 

degradation of trimmed mRNAs. These results argue that Lsm complex might bind to 

the 3' UTR of mRNAs and protect it from trimming. In addition, the 3' to 5' degradation 

of the trimmed mRNAs might at least in part accoimt for the temperature-sensitive 

growth of the lsm and the patl mutants. 
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CHAPTER 1. INTRODUCTION 

Recent results have identified a family of Lsm proteins (Like Sm") that are related 

to the Sm family of proteins. Seven Lsm proteins form a complex, interact with U6 

snRNA and function in splicing. In addition, a different complex of Lsm proteins 

interacts with cytoplasmic mRNA and promotes turnover. These diverse functions of 

Lsm proteins suggest that they are important modulators of RNA biogenesis and 

fimction. 

INTRODUCTION 

The biogenesis and function of mRNA require a series of discrete events 

including mRNA processing, transport, translation, and degradation. An important issue 

is what proteins perform and modulate these reactions to allow the regulation of gene 

expression. One major mechanism of mRNA degradation in eukaryotes occurs by 

deadenylation-dependent decapping leading to 5' to 3' decay (2, 3). Examination of 

proteins affecting the decapping step in this pathway has identified a complex of proteins 

referred to as Lsm proteins (Like Sm) that activates mRNA decapping (4, 5). 

Interestingly, these Lsm proteins also share sequence motifs with the Sm family of 

proteins, and function in pre-mRNA splicing suggesting that the Lsm proteins will be 

important modulators of RNA metabolism in both the cytoplasm and the nucleus. 
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WHAT ARE Lsm PROTEINS? 

Lsm proteins were first identified as a conserved family of proteins that contain 

the "Sm motif found in the Sm proteins (6, 7). Sm proteins are a family of small proteins 

that assemble the core component of the Ul, U2, U4 and U5 spliceosomal snRNPs. The 

Sm motif is relatively degenerate and consists of two parts, termed Sml and Sm2 

domains respectively, which are often separated by a large loop region (6, 7). Both the 

Lsm and Sm proteins can be divided into seven subtj^es named B, Dl, D2, D3, E, F and 

G (after the human Sm proteins) (8-10). In S. cerevisiae, there are nine Lsm proteins, 

referred to as Lsml to Lsm9. Lsm2 to Lsm7 are closely related to their Sm counterparts 

Dl to G respectively (9), while Lsml and Lsm8 appear to be most closely related to the 

SmB subfamily (8, 9). The Lsm family may even be more diverse and ancient, since the 

yeast Lsm9 is not clearly related to any subtype, and one or two related proteins are 

found in some archaeal genomes (9). 

Biochemical and structural studies indicate that the Sm motif is a site of protein-

protein interactions that allow this family of proteins to assemble into seven member ring 

structures that interact with RNA. For example, biochemical and genetic examination of 

interactions between individual Sm proteins demonstrated that the Sm motif is necessary 

and sufficient for the formation of the stable sub-complexes of D3 and B as well as a 

complex of E, F and G (7, 11). In addition, crystal structures of D1/D2 and D3/B Sm 

dimers revealed a common fold of the Sm motif, which contains an N-terminal a helix, 

followed by an anti-parallel, five-stranded P sheet. The Sml domain contains the a-helix 

and pi to ps, and the P4 and ps reside in the Sm2 domain. The P4 strand in one Sm 



14 

protein interacts with the ps strand in another Sm protein (12). The results of the crystal 

structures of Sm sub-complexes, and known interactions between Sm proteins (11, 13, 

14), allowed the Sm proteins to be modeled into a seven member ring through the 

interaction of P-sheets (12). 

Several observations suggest that the Lsm proteins also form seven member ring 

structures that interact with RNA. First, co-immimoprecipitation assays indicate that the 

Lsm proteins form complexes with each other (9, 15). Second, seven Lsm proteins (Lsm2 

to Lsm8) co-immimoprecipitate with U6 snRNA (6, 9, 10, 15-17) and have been foimd to 

be present in the purified U4/U6*U5 tri-snRNP (10, 18, 19). Similarly, seven Lsm 

proteins (Lsml-Lsm7) have been found to co-immimoprecipitate with mRNA decay 

factors (4), and see below). Finally, based on electron micrographs, purified human 

Lsm2 to LsmS proteins form a seven-member ring structure (10). Taken together, these 

observations suggest that Sm and Lsm proteins assemble into seven member ring 

structures that interact with various RNA molecules (Figure 1.1). 
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Figure 1.1, Proposed structures of Sm and Lsm complexes. Sm and Lsm proteins may-

form analogous seven member ring structures interacting with various RNAs. (a) Sm 

proteins complex with Ul, U2, U4 and U5 snRNA. (b) Lsrn2-Lsm7 proteins complex 

with U6 snRNA. The exact nature of interactions between the Lsm proteins is unclear 

but is speculated to be analogous to the order in the Sm complex, (c) Lsml to Lsm7 

proteins complex with mRNA and may form a structure similar to the Sm complex. 
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Lsm PROTEINS AFFECT SEVERAL ASPECTS OF RNA METABOLISM 

The Lsm proteins function ia pre-mRNA splicing 

There are several pieces of evidence indicating that the Lsm proteins are involved 

in pre-mRNA splicing through interactions with U6 snRNA. First, Lsm2 to Lsm8 

proteins are found to co-immunoprecipitate with free U6, as well as with the U4/U6 di-

snElNP and U4AJ6*U5 tri-snRNP (6, 9, 15-17) and are present in purified tri-snRNPs 

(10, 18, 19). In vitro analysis suggests that the Lsm complex binds U6 snRNA by 

specifically interacting with the single-stranded 3'-terminal U-tract of U6 (10). Second, 

lsm2 to lsm8 mutants showed splicing defects (6, 15-17). Third, Lsm proteins show 

several two-hybrid interactions with known splicing factors (8). However, not all Lsm 

proteins are involved in splicing, since Lsml and Lsm9 proteins do not interact with U6 

snRNA (9, 15), and mutations in these genes do not cause splicing defects (15). 

The actual function of the Lsm complex in splicing is unclear but appears to be 

primarily related to the stability and/or function of U6 snRNP. For example, lsm2 to 

lsm8 mutants show a defect in splicing that correlates with a reduced level of U6 snRNA 

(15-17). Moreover, overexpression of U6 snRNA can partially compensate for the loss of 

the Lsm2 to Lsm8 proteins, suppressing the growth defects of lsm2 to lsm8 conditional 

mutants (15). Similarly, the reduced levels of U6 snRNA in a IsmS-l mutant can be 

increased and the splicing defect was reduced by extra copies of Lhplp, a protein that 

stabilizes U6 RNA(17). How the Lsm proteins affect U6 snRNP function is unclear. 

One possibility is that the Lsm complex facilitates various conformational 



rearrangements (Figure 1.2) that occur during the splicing cycle wherein the U6 snRNP 

assembles into the U4/U6 and U4/Lr6*U5 snRNPs, interacts with mRNA and with U2 

snRNA, dissociates from the spliced mRNA as a free U6 snRNP, and then reassembles 

into the U4/U6 and U4/U6*U5 snRNPs (20). In support of this view, Achsel et al. have 

shown that the Lsm2-8 complex can facilitate the formation of U4/U6 duplexes in vitro 

(10). 
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Figure 1.2, A possible role of Lsm proteins in pre-mRNA splicing. Lsm proteins (Lsm2 

to Lsm8) may function by facilitating U6 snRNP biogenesis and U4/U6 di-snRNP 

formatioti, pi)ssibly by rearranging RNA-protein structures. 
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The Lsm proteins activate mRNA decapping 

Several pieces of evidence indicate that the Lsml-Lsm7 proteins function in 

cytoplasmic mRNA degradation by interacting with both the mRNA and the mRNA 

degradative machinery. First, strains defective in Lsml to Lsm7 function, but not Lsm8 

or Lsm9 show decreased rates of mRNA turnover due to a defect in mRNA decapping 

(5), (4), Muhlrad D and Parker R, unpublished result, 1999). Second, based on two-

hybrid interactions and co-immimoprecipitations the Lsm proteins physically interact 

with mRNA decay factors (4, 8), including the Dcpl decapping enzyme, the exonuclease 

Xmlp, and two other proteins required for efficient decapping, Dcp2p (21) and 

Patl/Mrtlp (4, 22). Third, consistent with their ftmctions in mRNA decay in the 

cytoplasm, Lsmlp and Lsm7p, like Dcplp, are found in the cytoplasm (4). Fourth, the 

Lsml and Lsm5 proteins have been shown to co-immunoprecipitate the full length CYH2 

mRNA indicating that the affect on decapping may occur through interactions with the 

substrate (4). Interestingly, the Dcplp decapping enzyme can also co-immunoprecipitate 

CYH2 mRNA and the co-immunoprecipitation between Dcplp and the Lsm proteins is 

sensitive to RNase (4). This suggests that the Lsml-7p complex and the Dcplp 

decapping enzyme may be assembling on the mRNA prior to the actual decapping 

reaction. 

The observation that Dcplp and Lsm proteins both interact with mRNA suggests 

two possible functions for the Lsm complex in decapping. In one view, the Lsm proteins 

may first bind the mRNA and fimction to recruit the decapping enzyme to the transcript. 

Alternatively, Lsm proteins may facilitate decapping by promoting rearrangements in the 
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mRNP to allow the decapping enzyme access to the cap stracture. This possibility is 

suggested by observations that efficient translation initiation is in competition with 

decapping in vivo (23-25) and that the cap binding protein, eIF4E, is a potent inhibitor of 

decapping in vitro (26). Given this, one speculative model is that the Lsm proteins 

directly or indirectly facilitate disassembly of the cap-binding complex and thereby 

activate the decapping reaction (Figure 1.3). 
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Figure 1.3, Lsm proteins function in mRNA decapping. Shown is a general pathway of 

yeast mRNA degradation. Lsm proteins (Lsml to Lsm7) may activate decapping by 

rearranging mRNA-protein structures, thereby activating the decapping machinery. It 

should be noted that it is unclear when during the decay pathway the Lsm complex and 

Dcplp interact with the mRNA. 
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Distinct Lsm complexes function in different cellular events 

Several observations indicate that there are at least two distinct Lsm complexes in 

cells: one complex consisting of Lsmlp through Lsm7p affecting mRNA decapping and a 

complex of Lsm2p to LsmSp associated with U6 involved in pre-mRNA splicing- First, 

although mutations in LSM2 to LSM7 affect both mRNA decay and pre-mRNA splicing, 

mutations in LSMl only affect mRNA decay and an lsm8 mutant affects splicing but not 

mRNA decay (4, 5, 15, 17). Second, Lsmlp to Lsm7p co-immunoprecipitate with both 

U6 snRNA (6, 9, 15, 16) and with mRNA decay factors (4), while Lsmlp does not 

immunoprecipitate with U6 snRNA (9, 15) but does pull down Dcplp and Patlp/Mrtlp 

(4). In contrast, LsmSp does co-immunoprecipitate with U6 snRNA (9, 15, 17) but does 

not pull dovm Dcplp or Patl/Mrtlp (4). Third, immunoprecipitation of LsmSp has been 

shown to co-immunoprecipitate Lsm2p to Lsm7p, but does not co-immunoprecipitate 

Lsmlp (9). Fourth, a pair of distinct complexes, each consisting of seven members 

would be consistent with organization of Sm and Lsm proteins discussed earlier. This 

suggests that the Lsm proteins form at least two distinct complexes involved in different 

aspects of mRNA metabolism (Figure 1.1). 

Do Lsm proteins have additional roles? 

Several observations raise the possibility that the Lsm proteins will function in 

other areas of RNA metabolism. One possibility is that a Lsm complex will play a role in 

the maturation or stability of nascent RNA polymerase III transcripts. For example, pre-

RNase P RNA can be co-immunoprecipitated by Lsmlp to Lsm7p, but not by Lsmlp, 
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LsmSp or Lsni9p (9) and Lsm2p, LsmSp and LsmSp depleted strains show a small 

reduction of pre-RNase P RNA (15). Interestingly, the mature RNase P RNA cannot be 

co-immimoprecipitated with the same Lsm proteins that co-immimoprecipitate the pre-

RNase P RNA, suggesting that Lsm2p to LsmTp may have a role in pre-RNase P RNA 

processing (9). In addition, the level of pre-5S RNA declined in lsm2 to lsm8 mutant 

strains and mature 5S rRNA was slightly reduced in Isml, lsm5 and lsm8 mutants (15). 

These observations suggest that LSM2 to LSM8 may be involved in the processing of 

other RNA polymerase HI transcripts, although this needs to be examined further. 

Other possible functions for the Lsm proteins are suggested by multiple two-

hybrid interactions between Lsm proteins and other proteins involved in RNA 

metabolism (8). Ln this case, the Lsm proteins have been seen to interact with proteins 

involved in mRNA 3'-end formation, 3' to 5' degradation/processing of RNA, and the 

modulation of translation, although the significance of these interactions has yet to be 

experimentally examined. Finally, some Lsm mutants show abnormalities of U5 RNA. 

The levels of U5l are slightly decreased when cells are depleted of Lsm2p or LsmSp, 

while the levels of U5s increase in cells depleted of Lsm2p or LsmSp (15). This raises 

the possibility that the Lsm complex has a role in U5 processing, although this could be 

an indirect alteration due to changes in U6 levels. 

CONCLUSION 

The roles of the Lsm proteins in U6 function in pre-mRNA splicing and mRNA 

decapping indicate that these proteins are a newly discovered important set of RNA 
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binding proteins that modulate various aspects of RNA metabolism. Given these 

functions, one should anticipate the clear definition of additional roles for these proteins 

in the near future. In addition, the presence of the Lsm9 protein in yeast suggests that 

there might be additional Lsm complexes that have as yet unknown functions. Important 

issues for future work include determining the specific role of these proteins in splicing 

and how they promote mRNA decapping. Finally, it will be important to determine how 

the differences in the composition of the Lsm complexes affect their functions. 

UPDATE 

Several recent papers have added to our understanding of the Lsm proteins since 

this review was written. First, additional evidence for two distinct Lsm complexes has 

come from the biochemical purification and characterization of the two complexes and 

their associated proteins (26). Insight into the interaction between Lsm complexes and 

RNA has come from in vitro reassembly and crosslinking experiments, which provide 

evidence that Lsm4, Lsm6 and Lsm7 proteins make direct contact with U6 snRNA (27). 

Finally, evidence that Lsm proteins have additional functions have come from the 

identification of a variety of two-hybrid interactions with Lsm proteins (28, 29) and from 

the demonstration that Lsmlp is required for brome mosaic virus replication (30). 
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CHAPTER 2. ANALYSIS OF mRNA DECAY PATHWAY IN S. cerevisiae 

The analysis of mRNA turnover often requires knowledge of the pathway by 

which a particular mRNA is degraded. In this chapter we describe experimental 

procedures that can be used to determine the mechanism of degradation for yeast 

transcripts. These approaches include the insertion of strong secondary structures to 

block exonuclease cleavage and thereby trap decay intermediates. In addition, mRNA 

decay pathways can be analyzed by using regulatory promoters to perform transcriptional 

pulse-chase experiments, thereby allowing the determination of precursor-product 

relationships during the mRNA decay process. Finally, the mechanism of mRNA 

degradation can also now be determined by using fra«^-acting mutations specific for 

distinct mRNA turnover pathways. Most importantly, the combination of these three 

approaches can often clearly define the mechanism(s) by which a given transcript is 

degraded. 

INTRODUCTION 

A determination of the mechanism by which a particular mRNA is being 

degraded has been facilitated by the definition of several distinct pathways for mRNA 

turnover in S. cerevisiae (Figure 2.1). Most yeast mRNAs are degraded through a 5' to 3' 

decay pathway, in which deadenylation is the first step, followed by cleavage of the cap 

structure (decapping). After decapping, the transcripts are exposed to 5' to 3' 
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exonucleolytic cleavage (2, 3, 32). Yeast mRNAs can also be degraded by a 3' to 5' 

decay mechanism, although generally at a slower rate (33). In addition, yeast mRNAs 

can be degraded in a 5' to 3' direction following a deadenylation-independent decapping 

event, which can be triggered by premature translation termination codons (34, 35). 

Finally, given the presence of specific endonuclease cleavages sites in the mRNAs of 

more complex eukaryotes (36), it is anticipated, but not yet demonstrated, that the 

degradation of some yeast mRNAs will be initiated by endonucleolytic cleavage. 

The experimental procedures that were used to define these mechanisms of 

mRNA turnover now can be applied to any transcript to determine the specific 

pathway(s) of degradation it undergoes. There are three general strategies to analyze the 

mechanism by which a specific mRNA is degraded. First, strong secondary structures 

can be inserted into a transcript to trap decay intermediates (2, 3, 32, 37, 38), thereby 

determining the directionality of a decay pathway. Second, regulatory promoters can be 

used to perform transcriptional pulse-chase experiments (2, 3, 32), thereby allowing the 

determination of precursor-product relationships during the mRNA decay process. 

Finally, the mechanism of mRNA degradation can be examined by using ^raws-acting 

mutations specific for distinct mRNA turnover pathways (22, 33, 39-43). Although each 

experimental approach has its limitations, when used in combination, clear information 

about the mechanism through which a transcript is degraded can often be obtained. 
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USE OF STRONG RNA SECONDARY STRUCTURES TO TRAP mRNA DECAY 

INTERMEDIATES 

A critical approach to determining mRNA decay pathways is to determine the 

structure of decay intermediates and thereby infer the nucleolytic events that produced 

them. Unfortunately, mRNA decay intermediates are usually not readily detectable 

because the full length mRNA is degraded rapidly after the initial nucleolytic events. 

One solution to this problem is to use strong RNA secondary structures to trap decay 

intermediates. It has been shown that strong secondary structures, such as stem-loops or 

poly(G) tracts, block exonucleolytic activities from degrading the transcript when 

inserted into yeast transcripts (2, 3, 32, 37, 38). 

A poly(G) tract is the most efficient sequence to trap mRNA decay intermediates 

in vivo (2, 3, 32, 37, 38), although a GC rich stem-loop structure can work to a lesser 

extent (37). The success of the poly(G) tract in blocking exonucleases in vivo is likely to 

be due to its ability to form a stable secondary structure involving G-quartets in vitro, 

which are hydrogen-bonded structures formed from four guanosine residues in a square-

planar array (44). Poly(G) tracts of 18 or more nucleotides are sufficient to block both 

the major 5' to 3' and 3' to 5' exonucleases in yeast efficiently (2, 3, 32, 37, 38), while a 

14-nt poly(G) tract does not (Decker, C. J. and Parker R., unpublished observation, 

1993). 

For the analysis of mRNA decay mechanisms the optimal site for insertion of a 

poly(G) tract appears to be the 3' UTR. This is due to the consideration that the insertion 

of a poly(G) tract into a transcript may alter aspects of the mRNAs turnover or 
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translation. For example, when inserted into the S'-UTR of a transcript, the poly(G) tract 

strongly blocks translation, presumably by blocking ribosome scanning. This is of 

concern since poly(G) insertions into the 5' UTR of the PGKl mRNA destabilizes the 

transcript dramatically (3). In contrast, when the poly(G) tract is inserted into the S'-

UTR of either the xmstable MFA2 or stable PGKl mRNAs, the mRNA turnover rate, or 

mechanism, is not changed for either yeast mRNA (2,3, 32). The use of poly(G) tracts 

within the coding region may be viable since a poly(G) tract has been inserted into the 

coding region of yeast CYCl mRNA and the half life of the CYCl mRNA was not 

changed (45). However, since there may be potential interactions between the poly(G) 

structure and elongating ribosomes, the coding region may not be the best site of 

insertion. In any case, it should be considered that the insertion of a poly(G) tract or 

other strong secondary structures may have different effects on individual mRNAs. 

Therefore, one should always make smre that the strong secondary structure introduced 

into a transcript does not alter the degradation rate of the transcript, and use additional 

approaches to examine the decay mechanism of the unaltered transcript, most notably the 

use of trans-diCting mutations. 

Determination of the directionality of a decay pathway 

The directionality of a decay pathway can be derived from the structures of the 

decay intermediates trapped by the poly(G) tract (figure 2,1). Since the poly(G) tract 

blocks exonucleolytic digestion, if a mRNA is degraded 5' to 3', the sequence 5' to the 

poly(G) tract will be degraded, and the poly(G) tract and sequence 3' to the poly(G) will 
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accumulate (poly(G)->3' end fragment). In contrast, if a mRNA is degraded 3' to 5', the 

sequence 5' to the poly(G) tract will be protected (5' end->poly(G) fragment). Therefore 

by examining the structures of the decay intermediates trapped by the poly(G) tract, one 

can identify whether the transcript is degraded 5' to 3' or 3' to 5' (2, 3,32, 33). The 

structures of decay intermediates can be examined by RNase protection (2), RNaseH 

cleavage (46) or primer extension assays from RNA prepared from steady state cultures 

or at various times after transcriptional inhibition (47), or from a transcriptional pulse-

chase experiment-
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Figure 2.1, mRNA decay pathways in yeast and decay intermediates trapped by a poly(G) 

tract. This figure shows the decay intermediates trapped by a poIy(G) tract inserted into 

the 3'-UTR of a transcript. Three yeast mRNA decay pathways are shown. The 5' to 3' 

decay pathway produces a poly(G)->3' end fragment with an oIigo(A) tail, while the 

nonsense-mediated decay pathway produces a poly(G)->3' end fragment with a poly(A) 

tail. Both poly(G)->3' end fragments can be degraded 3' to 5' and generate the poly(G) 

'stub'. The 3' to 5' decay pathway generates a 5' end->poly(G) fragment which can be 

further degraded 5' to 3' to generate the poly(G) 'stub'. 
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A limitation of this method is that the initial nucleolj^ic event cannot be 

identified. For example, a poly(G)->3' end fragment can be generated by decapping and 

then 5' to 3' decay or by an initial endonucleolytic cleavage followed by 5' to 3' 

degradation. To distinguish these two possibilities, one has to capture early decay 

intermediates to examine the initial nucleolytic events. One way to capture early decay 

intermediates is to use insertions of multiple poly(G) tracts (3). When a transcript is 

degraded first by decapping and followed by 5' to 3' degradation, the transcript will first 

be degraded to the 5'-poly(G) tract. Then this fragment will itself be degraded 3' to 5' 

until it reaches the 3'-poly(G) tract (see (33) and Figure 2.2). In contrast, an initial 

endonucleolytic cleavage between two poly(G) fragments would produce two different 

fragments (Figure 2.2). Therefore, these two events can be distinguished by examining 

the structures of the intermediates derived from a transcript with two poly(G) insertions. 

Importantly, it should be noted that different mechanisms leading to the same decay 

intermediates can often be distinguished using specific /raw^-acting mutations. 
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Figure 2.2, Use of multiple poly(G) insertions to distinguish initial nucleolytic events. 

Two poly(G) tracts are inserted into a transcript. If the transcript undergoes 

deadenylation-dependent decapping followed by 5' to 3' decay, this transcript will be first 

degraded to the 5' of the first poly(G) tract. This firagment can be further degraded by 3' 

to 5' decay to generate a fi-agment with poly(G) tracts at both ends. If an initial 

endonucleolj^ic event happens between the poly(G) fi:agments, two fi:agments each of 

which has one poly(G) tract will be generated. They can be further degraded 5' to 3' to 

generate two firagments with the poly(G) tract at the far 5'-end. Then these two firagments 

can undergo 3' to 5' decay and the poly(G) 'stub' is left. 
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Using trapped decay intermediates to examine the role of deadenylation in decay 

The poly(A) tail length on poly(G)->3' end fragments can provide information on 

whether deadenylation is a prerequisite for the 5' to 3' decay of a specific mRNA. The 

poIy(G)->3' end fragments derived from the 5' to 3' decay pathway normally have a short 

adenylate tail (oligo(A) tail) since in this pathway mRNAs deadenylate before losing the 

cap structure (deadenylation-dependent decapping) (2, 3, 32)). If decapping happens 

before deadenylation (deadenylation-independent decapping), fragments with long 

poly(A) tails will be generated (34,48). Therefore, a demonstration that poly(G)->3' 

fragments of a mRNA have long poly(A) tails is the best indicator that degradation 

occurs independently of deadenylation. In contrast, the identification of short oligo(A) 

tails on poly(G)->3' fragments is consistent with, but does not prove, that decay initiates 

after deadenylation (see below). The analysis of poly(A) length can be performed by 

running a 6% poly aery Iamide/8M urea gel. The lengths of the poly(A) tail can be 

determined by comparison of the size of the untreated RNA with its size after removal of 

the poly(A) tail by hybridization with oligo(dT) and digestion with RNaseH (32). 

It should be noted that poly(G) fragments with long poly(A) tails can be hard to 

detect in a steady state population. This is because after their production, the poly(G)->3' 

end fiiBgments with a long poly(A) tail undergo both deadenylation and 3' to 5' decay (33, 

34). Since the 3' to 5' decay rate is usually slower than deadenylation rate (compare ref 

(33) & (34)), most fragments originally with a long poly(A) tail will deadenylate rapidly 

and accumulate at steady state with short or no poly(A) tails. Given this limitation, the 
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best experiment is to use a transcriptional pulse-chase to produce a pool of newly 

produced poly(G)->3' end fragments, whose poly(A) tails lengths can then be examined. 

Using trapped decay intermediates to examine the 3' to 5' mRNA decay patiiway 

The ability to block 5' to 3' degradation with poly(G) tracts can also be very 

usefixl for examining the 3' to 5' decay mechanism. Yeast transcripts can undergo both 5' 

to 3' mRNA decay and 3' to 5' decay, but normally 5' to 3' decay is much faster than the 3' 

to 5' decay (2, 3, 32, 33). Therefore, it is difficult to observe the 3' to 5' turnover process 

by examining the disappearance of full length mRNA and the appearance of 5' end-

>poly(G) fragment. A solution to this problem is to use the poly(G)->3' end fragments as 

precursors of 3' to 5' decay. This can be done because it has been shown that the 

poly(G)->3' end fragments are degraded 3' to 5' and eventually produce a poly(G) 'stub' 

when MFA2 and PGKl mRNAs are examined (33). This approach has been particularly 

useful in identifying gene products that are required for this 3' to 5' degradation of 

mRNAs (33). 

In order to use the decay of the poly(G)->3' end fragment as a measure of 3' to 5' 

tumover it is necessary to prevent its production. To do this, one can take advantage of 

the observation that the 5' to 3' decay pathway can be blocked by adding cycloheximide, 

which inhibits the decapping event (37). After decapping is inhibited, no new poly(G)-

>3' end fragment will be generated, therefore, the degradation of the ahready existing 

poly(G)->3' end fragments can be used to analyze the 3' to 5' decay tumover rate. This 

protocol is essentially a standard transcriptional inhibition experiment for mRNAs under 
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the control of the GALl UAS (47) except that at the same time of transcription inhibition, 

cycloheximide is added to a final concentration of O.lmg/ml (33, 37). 

1. Grow a 200-ml culture of cells in 200-ml medium containing 2% galactose 

vmtil cells reach early-log phase (OD600 0.3-0.4). 

2. Harvest cells in four 50-ml Falcon tubes in a tabletop centrifuge for 2 min. 

Resuspend cells in 20-ml medium containing 2% glucose and 0.1 mg/ml cycloheximide. 

3. Immediately take to sample, which is accomplished by removal of a 2-ml 

aliquot into a 2-ml Eppendorf tube, quickly spiiming in a microcentrifuge at top speed for 

10 sec. Remove the medium supematant by aspiration and quickly freeze the pellet in 

dry ice. 

4. Take additional samples at various time points as in step 3. These time points 

will depend on the decay rate of the mRNA of interest. Since most yeast mRNAs have 

half-lives between 3 and 45 minutes (49), recommended time points are 0, 2, 4, 6, 8, 10, 

15, 20, 30,40, 60 min. More suitable time points can be chosen after the half-life is 

determined. 

5. Isolate mRNA from the frozen cell pellets (47). 

Additional Notes: 

I) Some strains grow poorly when galactose is used as the sole carbon source. In 

this case, 2% sucrose can also be added to the medium. The 2% sucrose does not induce 

the GAL promoter and it represses the GAL promoter only to a mild extent. Therefore, 
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adding 2% sucrose does not have a significant effect on transcription induction or 

repression and is acceptable when cell growth is a concern. 

2) The GAL promoter should not be used for a mRNA whose stability is affected 

by carbon source. In this case alternative methods for transcriptional inhibition can be 

applied. For example, other regulated promoter, such as MET3 promoter (50) should be 

considered. Another method to accomplish transcriptional inhibition utilizes a 

temperature-sensitive allele of the RPBl gene (rpbl-1). In a rpbl-1 mutant, RNA 

polymerase 11 is rapidly inactivated after a shift firom 24°C to 36°C (51). This allows a 

global inhibition of transcription. However, this approach requires heat-shock, which 

may affect the degradation of heat-shock sensitive mRNAs. 

Limitations 

One limitation of this approach is that decay intermediates trapped by the poly(G) 

tract may not reflect the major mRNA decay pathway for a specific transcript. If a 

transcript can be degraded by more than one pathway, the decay intermediates trapped by 

the poly(G) tract could be derived from a minor pathway. Two approaches should be 

used when considering this possibility. First, the relative amount of trapped 

intermediates should be considered. If the decay intermediates are relatively stable and 

are derived from the major mRNA decay pathway, the amount of decay intermediates 

should at least be a reasonable proportion of the fiill length mRNA. However, this 

approach is not reliable when the level of decay intermediates is low due to the instability 

of decay intermediates. An alternative method to address this question is to examine the 
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degradation of the full-length transcript in a mutant known to affect the suspected mRNA 

decay pathway. If a transcript is mainly degraded through a suspected pathway, then the 

decay rate of the full length mRNA should be significantly slowed in the appropriate 

trans-zcXin^ mutation. 

Another limitation of the methods described above is that the intermediates 

trapped in steady state provide limited information about how an individual transcript is 

degraded. The experiments described previously overcome this limitation by revealing 

precursor-product relationships during mRNA decay. 

DETERMINATION OF THE PRECURSOR-PRODUCT RELATIONSHIPS IN A 

TRANSCRIPTIONAL PULSE-CHASE 

This method utilizes a regulated promoter that can be induced and then repressed 

rapidly to generate a homogeneous pool of transcripts. The production of a synchronous 

transcribed pool of transcripts makes it possible to study the mRNA decay mechanism by 

examining the precursor-product relationships. This process is referred to as a 

transcriptional pulse-chase. 

In S. cerevisiae, the GAL promoter has been used to perform transcriptional 

pulse-chase experiments (2, 3, 32)). A gene of interest is put under GAL control so that a 

short period of transcription can be accomplished by changing carbon source. This is 

performed by first growing cells in medium containing a neutral carbon source, usually 

raffinose, that does not suppress or induce the GAL promoter. Subsequently the 

promoter is induced by addition of galactose followed by suppression by glucose after a 
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short period of transcription. After transcriptional repression, a recently synthesized and 

thus homogeneous population of mRNA is available for study. This method enables the 

sequence of events in the decay patixway to be examined. For instance, poly (A) 

shortening and disappearance of the fiill length mRNA can be monitored to calculate the 

deadenylation rate and whether mRKA degradation begins before or after deadenylation. 

When transcripts with a poly(G) tract are examined, the fragments trapped by the poly(G) 

tract will provide additional informai^ion. The level of ftill length mRNA and poly(G)->3' 

end fragments, the appearance and dlisappearance of poly(G)->3' end fragments and the 

poly(A) tail length of the frill length mRNA and fragments can all be monitored. These 

data can provide information about the precursor-product relationships and thus the 

sequence of mRNA decay events. A. detailed experimental procedure is outlined below 

and an example of transcriptional putlse-chase experiment is shown in Figure 2.3. 
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Figure 2.3, Example of a transcriptional pulse-chase experiment. 

(A) Insertion of a strong secondary structure to trap decay intermediates. A tract of 18 

guanylate residues (18 nucleotide poly(G)) is inserted into the 3'-UTR of yeast MFA2 

mRNA. (B) Polyacrylamide Northern blot of transcriptional pulse-chase experiment 

using MFA2 mRNA with a poly(G) insertion in the 3'-UTR. The full length mRNA 

species include adenylated capped mRNA and deadenylated capped mRNA. The 

numbers at left represent the approximate length of poly(A) tail on the RNA. The probe 

used is an end-labeled nucleotide complementary to the poly(G) tract. (Adapted from 

reference [Decker, 1993 #38], Figure 7A, 7B) 
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1. Pregrow cells in 5-inl medium containing 2% raffinose. Use this culture to 

inoculate 200-ml medium containing 2% rafSnose until cells reach early-log phase 

(OD600:0.3-0.4). 

Two points should be considered. I) Adding sucrose to a final concentration of 

2% can facilitate cell growth if cells grow poorly in raffinose. 11) Because low pH results 

in acid hydrolysis of rafRnose into galactose and sucrose, the pH of the medium should 

be adjusted to pH 6.5 with NH4OH (2). In some cases, overgrowth of the culture can 

result in a lowering of the pH and therefore lead to premature induction of transcription. 

2. Pellet cells in four 50-ml Falcon tubes by spinning for 2 min at top speed in a 

table top centrifuge, resuspend cells in 10-ml medium containing 2% raffinose (or 2% 

raffinose + 2% sucrose), return to incubator and shake for 10 min. 

3. Transcriptional induction is accomplished by adding 0.5-ml 40% galactose (a 

final concentration of 2%). 

4. Immediately after adding galactose, remove an aliquot of cells (usually 1-2 ml) 

into a 2-ml Eppendorf tube, briefly centrifuge 10 sec at top speed in a microcentrifuge 

and remove the medium supernatant by aspiration. Rapidly freeze cell pellets in crushed 

dry ice. This is the preinduction sample. 

5. After a short time of induction (typically 8 to 10 min), an equal amount of 

medium containing 4% glucose is added. Immediately remove and quickly harvest an 

aliquot of cells as described in 3. This is the to sample. 

6. Harvest additional aliquots of cells at various time points (refer to 

transcriptional inhibition experiment). 
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7. Isolate mRNA from the frozen cell pellets (47). 

8. The length of poly(A) tail can be determined by running 10-40 microgram total 

RNA on a 20cm long, 1mm thick 6% polyacrylamide/8M urea gel (32). Compare the 

size of the untreated RNA with its size after removal of the poly(A) tail by hybridization 

with oligo(dT) and digestion with RNaseH. RNAs too long for the polyacrylamide gel 

can be cleaved with oligonucleotides specific for the 3' end and RNaseH before loading 

(see (32) and (3) for examples). 

Note: 

Transcriptional repression in a transcriptional pulse-chase experiment can also be 

carried out by temperature shift from 24°C to 36°C using a strain with rpbl-l mutation. 

Addition of glucose to repress GAL promoter and temperature shift in rpbl-l mutants to 

repress global transcription can be applied at the same time and result in a tighter 

transcriptional repression (32). 

ANALYSIS OF mRNA DECAY PATHWAYS USING TRANS-ACTING 

MUTATIONS KNOWN TO AFFECT CERTAIN PATHWAYS 

The list of gene products known to be required for mRNA decay is growing 

rapidly (Table 2.1). Mutations in proteins required for specific mechanisms of mRNA 

degradation can be used to determine the mRNA decay pathway through which an 

individual transcript is degraded. The critical experiment is to determine if the mRNA 

under investigation is stabilized in a strain deficient in a particular mechanism of mRNA 



turnover. It is always important to examine the actual mRNA decay rate since is some 

cases changes in mRNA decay rates are not always reflected in steady state mRNA 

levels. 



Table 2.1, Genes known to affect mRNA decay pathways 

Gene Pathway Functions of wild type protein Intermediate generated in loss of function mutant 

DCPl 

XRNl 

SKI6/RRP41 
SKI4/CSL4 
RRP4 

5' to 3' and 
nonsense-mediated decay 

5' to 3' and 
nonsense-mediated decay 

LSMI-LSM7 
PATI/MRTI 5'to 3'decay 
MRT3 

3' to 5' decay 

Decappmg enzyme 

5' to 3' exonuclease 

Modulate decapping activity 

Components of exosome 

Deadenylated capped mRNA in 5' to 3' decay 
Adenylated capped mRNA in nonsense mediated decay 

Deadenylated decapped mRNA in 5' to 3' decay 
Adenylated decapped mRNA in nonsense mediated decay 

Deadenylated capped mRNA 

poly(G)->3' end fragment and series of 3' to 5' decay 
intermediates 

SKI2, SKI3, SKIS 
SKI7 3' to 5' decay 

UPFl 

UPF2 

nonsense-mediated decay 

nonsense-mediated decay 

Modulate 3' to 5' exonuclease activity 

Not determined, putative RNA-dependent 
ATPase and helicase, interact with Upf2p 

Not determined, interacts with Upflp and 
UpOp 

same as the ski6 mutant 

Not determined 

Not determined 

UPF3 nonsense-mediated decay Not determined, interacts with Upf2 Not determined 
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Mutations inhibiting the 5' to 3' decay pathway 

Mutations in four loci required for the 5' to 3' decay pathway have been described. 

These are DCPl (encoding the decapping enzyme Dcplp) (43), XRNl (encoding the 5' to 

3' exonuclease Xmlp) (2, 3), and MRTI and MRT3, which have not yet been cloned 

(22). The clear biochemical role of the Dcplp and the Xmlp make these ideal factors to 

use in any analysis. Any transcript degraded through the 5' to 3' decay pathways is 

stabilized in both dcpl and xml mutants although some residual 5' to 3' decay still 

remains in an xmlA mutant (3). However, it should be noted that the analysis of mRNA 

decay solely in a mutant strain does not rule out the possibility of indirect effects and 

should be complemented by direct analysis of the transcript itself as described above. 

In principle, the xml A and dcplt^ mutants could also be used to distinguish 

endonucleolytic cleavage followed by 5' to 3' decay from decapping followed by 5' to 3' 

decay. In a case of endonucleolytic cleavage, a dcpl mutation would be predicted to 

have no effect and an xml mutant would accumulate the products of the initial cleavage. 

In contrast, in the case of decapping, a dcpl mutation would stabilize the transcript of 

interest and anxr«/ mutant would accumulate full length decapped RNA. 

Mutants involved in nonsense-mediated decay pathway 

The UPFl, UPF2/NMD2 and UPF3 genes are required specifically for nonsense-

mediated decay (39-42). Although the UPF genes have been cloned, their functions in 

nonsense-mediated decay are not yet fully understood. The DCPl and XRNl genes are 
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also required for the nonsense-mediated decay pathway (34,43). Therefore, a transcript 

that undergoes nonsense-mediated decay is stabilized in upfl, upf2, upfS, dcpl and jcm/ 

mutants, while a transcript degraded by the 5' to 3' decay mechanism is stabilized in dcpl 

and xml mutants but not in upf mutants. 

Mutants Involved in 3' to 5' Decay Pathway 

It is also possible to use trans-sictmg mutations to determine if a transcript is 

primarily degraded 3' to 5'. Several proteins have recently been demonstrated to be 

required for efficient 3' to 5' decay of mRNA. These are the SKI2, SKI3, SKI6/RRP41, 

SKIS and RRP4 gene products (33). The Rrp4 and Ski6/Rrp41 proteins are components 

of a multiprotein complex termed the exosome (52), which is likely to be the actual 

nucleolytic complex that degrades the mRNA body 3' to 5' (33). Ski2p, Ski3p and SkiSp 

do not appear to be nucleases and may modulate the exosome's activity on mRNA 

substrates (33). Although all transcripts examined so far are not stabilized significantly 

in mutants solely defective in 3' to 5' decay (33), it is possible that there will be specific 

mRNAs, or specific conditions wherein the 3' to 5' decay pathway is predominant. Thus, 

to determine if an mRNA is primarily being degraded 3' to 5' it's decay rate should be 

examined in the ski2, ski3, skiS, rrp4, and ski6 mutants. 

SUMMARY 

Several approaches now exist to determine the mechanism by which a given yeast 

transcript is degraded. The most powerful strategy is to combine the three approaches in 
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the following manner. First, construct a variant of the particular roRNA of interest under 

a regulatory promoter. This will allow easy measurement of mRNA decay rates in wild 

type and mutant strains and will allow the use of transcriptional pulse-chase analyses. 

Second, insert a poly(G) tract into the 3' UTR being careful to verify that the insertion has 

not significantly altered the behavior of the mRNA under investigation. This construct 

can then be used to determine the directionality of decay and the role of deadenylation in 

the process. Finally, examine the decay rates, and mRNA fragments produced in various 

mutant strains defective ia specific decay pathways. 

The approaches we have described are designed to test the known pathways of 

mRNA degradation. Given this limitation, it should always be kept in mind that a given 

transcript may be degraded by an additional mechanism that remains to be discovered 

and whose resolution may require new and different approaches. 

UPDATE 

Aside from the genes described in Table 2.1, more trans-z.ct\ng factors involved 

in mRNA degradation have been identified. They can be used to analyze mRNA 

degradation pathway as described above. MRTl has been shown to be the same zs PAT 1 

(4). Mutations in the Dcp2 (21), Lsml-7 and Patl (4) proteins cause accumulation of 

deadenylated capped mRNAs. CCR4, CAFI/POP2 genes are required for efficient 

deadenylation of mRNAs (53). SKI4 and SKI7 function in efficient 3' to 5' mRNA 

degradation (54). 
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CHAPTER 3. YEAST Sm-LIKE PROTEINS FUNCTION IN mRNA DECAPPING 

AND DECAY 

INTRODUCTION 

One of the major mechanisms of mRNA degradation in eukaryotes occurs by 

deadenylation dependent decapping leading to 5' to 3' decay (36, 55). Recent work has 

identified a family of Sm-like (Lsm) proteins that contain the "Sm" sequence motif, form 

a complex with U6 snElNA and are required for pre-mRNA splicing (6, 7, 9, 15-17, 19). 

We demonstrate that mutations in seven yeast Lsm proteins (Lsml to Lsm7) also lead to 

an inhibition of mRNA decapping. Moreover, the Lsml to Lsm7 proteins co-

immunoprecipitate with the mRNA decapping enzyme (Dcplp), Patlp/Mrtlp, which 

promotes decapping, and with mRNA. These observations suggest that the Lsm proteins 

directly activate decapping by interactions with the mRNA substrate and the decapping 

machinery. The phenotypes and interactions of individual Lsm proteins suggest that the 

Lsm complex fimctioning in mRNA decay is distinct from the Lsm complex associated 

with U6 snRNA indicating that Lsm proteins form specific complexes that affect 

different aspects of mRNA metabolism. 

Thuran and I contributed equally to this work. I constructed most of the strains in 

the yRP841 background and performed the mRNA degradation analysis. Tharun did 

most of the coimmunoprecipitation experiments. Mayes analyzed the cellular 
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localization of Lsmlp, Lsm7p, Dcplp and Patlp. He also contributed to the 

coimmunoprecipitation experiments. Lennertz cloned the MRTl gene. 



55 

RESULTS AND DISCUSSION 

We proposed that the family of Lsm proteins affect mRNA degradation since 

Isml strains were deficient in mRNA decapping (5) and the Lsm proteins were known to 

interact with each other (9, 15). To test this hypothesis, we examined the decay of the 

MFA2pG and PGKlpG reporter mRNAs (32) in strains deleted for the nonessential 

LSMl, LSM6, andLSMJ genes (each of which is thermosensitive), in strains carrying 

temperature-sensitive forms of LSMl, LSM5, or a partial loss of function allele of LSM8. 

The reporter mRNAs are imder the control of the GALl UAS to allow measurement of 

their decay rates and contain a poly(G) tract in their 3'-UTR, which traps decay 

intermediates by blocking the 5' to 3' exonuclease (22, 31), in cis (Figure 3.1 A). 

Mutations inhibiting mRNA turnover accumulate full-length mRNA and show a decrease 

in the levels of the decay intermediate (22). 



56 

Figure 3.1, roRNA is stabilized ia most Ism mutant strains. The decay of the 

MFAlpG transcript following repression of transcription by the addition of glucose in 

LSM mutants and wild type (WT) strain at 24°C is shown with the time points given 

above the blots. The top band is the fiill-length mRNA and the lower band is the mRNA 

fragment produced by 5' to 3' exonucleolytic digestion to the 5' side of the poly(G) tract 

[Decker, 1993 #38]. Strains utilized were WT (yRP841), Isml/S. (yRP1365), lsm2^ 

(yRP1366), lsm5^ (yRPI367), lsm6A (yRP1369), lsm7A (yRP1370), IsmlA lsm6A 

(yRP1407), Ism8-1(BV4) patl/mrtlA (yRP1372) and IsmlA lsm6A(yRP1401). The lsm8-

1 (BP4) was compared to its isogenic wild type (cy3). The MFA2pG mRNA was 

degraded with a similar half-life in wild type cy3 (data not shown) and wild type yRP841. 
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Two observations indicated that loss of function alleles ofLSMl to LSM7 

inhibited mRNA degradation. First, loss of function alleles in the LSMl, LSM2, LSM5, 

LSM6 and LSM7 genes led to increased levels of full-length mRNA and decreased levels 

of decay intermediate for both the MFAlpG (Figure 3. IB, 0*) and PGKlpG (data not 

shown) transcripts. Second, the MFAlpG transcript showed a slower decay rate (Figure 

3.IB) in the Isml, lsm2, lsm5, lsm6, and Ism? mutant strains as compared to wild type 

strains. Although the alleles we analyzed for Isml, lsm2, lsm5, lsm6, and IsmJ cause 

thermosensitive growth, the effects on mRNA decay were seen at both 24°C (Figure 

3.IB) and 37°C (data not shown). The lsm8-l allele examined did not affect mRNA 

turnover. The inactivation of the Lsm proteins caused a partial defect in mRNA decay as 

compared to the complete block seen in dcplA and dcp2lS. strains (21,43). This suggests 

that Lsm proteins function to activate mRNA decay. Consistent with this view, an Ismlt^ 

lsm6h. double mutant strain did not show an increased defect in mRNA decay (Figiu-e 

3.IB). 

To determine what step in mRNA degradation was affected in the lsm mutants we 

examined the poly(A) tail length distribution of the MFA2pG mRNA. Strains deficient in 

decapping, or 5' to 3' exonucleolysis, accumulate oligoadenylated, full-length mRNA 

species with or without cap respectively (2, 5, 21, 22, 43). Strains mutant in LSMl to 

LSM7 accumulated MFA2pG transcripts with short poIy(A) tails (Figure 3.2A & 3.2B), 

indicating that these strains were deficient in decapping or 5' to 3' exonucleolysis. We 

then fractionated mRNA prepared from the lsm mutants into capped and uncapped 

fractions by immunoprecipitation with anti-cap antibodies. A substantial amount of the 
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oligoadenylated species accumulated in the Isml, lsm2, lsm5, lsm6, and/^m7 strains was 

found in the immunoprecipitate, similar to the dcplts. strain, wherein decapping is 

blocked, and in contrast to the xmlh strain, wherein 5' to 3' exonucleolysis is inhibited 

and the oligoadenylated species is absent from the immunoprecipitate (Figure 3.2B). 

This observation indicated that, like Lsmlp (5), Lsm2p, LsmSp, Lsm6p and Lsm7p are 

required for efficient mRNA decapping. Some oligoadenylated mRNAs were observed 

in the supernatant in Isml and lsm2 strains. This is most likely because the 

immunoprecipitations were not quantitative. However, we cannot rule out the formal 

possibility that these mutations have an effect on 5' to 3' exonucleolysis in addition to 

affecting decapping. We were also able to show that in strains where the only copy of the 

essential Lsm3p or Lsm4p is expressed from a GAL promoter, transfer of the culture to 

glucose media (thereby depleting Lsm3p or Lsm4p (15)), led to the accumulation of 

capped, deadenylated MFA2pG mRNAs (Figure 3.2B). This observation, together with 

their co-immunoprecipitation with mRNA decay factors (see below), argues that Lsm3p 

and Lsm4p are also required for efficient mRNA decapping. 
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Figure 3.2, Lsm mutants accimiulate oligoadenylated, full-length capped mRNAs. 

Steady-state mRNA from various ism mutants, dcpIA, xmlA and wild type strains were 

subjected to immunoprecipitation with anti-cap antibodies as described in Methods. 

Strains expressing Lsm3 and Lsm4 under GAL control were shifted to glucose for twelve 

hours prior to analysis, which has previously been shown to deplete these proteins 

[Mayes, 1999 #164]. Total RNA (T) and RNA extracted from the immunoprecipitate (P), 

the supernatant (S) were analyzed by acrylamide northern. Radiolabeled Hpall digested 

pUC18 DNA was used as marker (M). 
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Two-hybrid analysis has identified interactions between Lsm proteins and the 

Dcplp decapping enzyme, the Xmlp 5' to 3' exonuclease, and Dcp2p (56). The Lsm 

proteins also show two-hybrid interactions with Patlp (YCR077c) (56), a protein 

originally identified through a two-hybrid interaction with topoisomerase n (57). The 

patlA strains have multiple phenotypes, including temperature-sensitivity, that are 

similar to mutations in the MRTl gene, an uncloned locus Imown to affect mRNA 

decapping (22). Several observations demonstrate that MRTl and PATl are the same 

gene. First, the PATl gene complements the temperature-sensitivity and mRNA decay 

defect in mrtl strains (data not shown). Second, patlts. strains show a defect in mRNA 

decay similar to the mrtl alleles (Figure 3. IB). Third, sequencing of the PATl gene from 

strains carrying the mrtl-1, mrtl-2, and mrtl-3 alleles identified mutations creating 

nonsense codons at amino acids #547, 157, and 308 respectively. Fourth, the mrtl 

alleles and the patlt^ are genetically linked and patlA fails to complement the mrtl 

lesions in diploids (data not shown). Thus, Patl/Mrtlp is required for efficient mRNA 

decapping. 

To determine if the two-hybrid interactions between the Lsm proteins and 

proteins required for mRNA decapping were physiologically significant, we 

immunoprecipitated epitope tagged Lsmlp to LsmSp and then determined if the Dcplp or 

Patl/Mrtlp co-immunoprecipitated by western analysis. As shown in Figure 3.3A, 

Dcplp co-immunoprecipitated with Lsmlp to Lsm7p, although the efficiency of co-

immunoprecipitation varied. However, Dcplp co-immunoprecipitation with Lsm8 could 

not be detected even after long exposures. Similarly, Patl/Mrtlp also co-
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immunoprecipitates with Lsml to LsmTp proteins, but not with LsmSp (Figure 3.3B & 

data not shown). 
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Figure 3.3, Lsm proteins co-immunoprecipitate with proteins involved in mRNA 

decay. 

(A) Dcplp co-immunoprecipitates with the Lsmlp to Lsm7p. Epitope tagged 

Lsm proteins were immimoprecipitated from the corresponding yeast strains (indicated 

on top of lanes) using antibodies against the epitope tag as described in methods. The 

immunoprecipitates were then analyzed by western using polyclonal antibodies against 

Dcp Ip as described in Methods. Purified FLAG epitope-tagged Dcp Ip (right lane in top 

panel) typically shows two closely migrating bands as seen here. The lower band is a 

degradation product shortened at the N-terminus and co-migrates with wild type Dcplp. 

(B) Co-immunoprecipitation of Patlp with HA-tagged Lsm proteins. 

Immunoprecipitation of HA tagged proteins were done as mentioned in Methods and the 

immunoprecipitate was analyzed by western blot with antisera against Patlp. Isylp, a 

protein involved in pre-mRNA splicing [Dix, 1999 #266], was used as a control. (C) 

Interaction between Dcplp and Lsm proteins is RNA dependent. Immunoprecipitation of 

Dcplp (right panel) and HA-Lsm5p (left panel) from lysates of different strains 

(indicated on top of the lanes) was done with (marked '+RNase') or without prior RNase 

treatment as described in methods and presence of coimmunoprecipitating proteins 

(Dcplp and Lsmlp) was revealed in westerns using polyclonal antibodies against them. 
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The Lsm and Sm proteins are RNA binding complexes and are known to function 

in splicing by assembling with snRNAs (6, 7). This suggests that Lsm proteins may 

affect mRNA decapping through interactions with the mRNA itself. Thus, we 

determined if mRNAs co-immunoprecipitated with Lsm proteins (Figure 3.4). 

Immunoprecipitation of Lsml, Lsm5, or Dcplp, but not Lsm8, co-immunoprecipitated a 

small (<5% of the total) but clearly detectable amount of the CYH2 mRNA. Moreover, 

we do not detect U6 snRNA, in immimoprecipitates of Lsmlp and Dcplp (Figure 3.4B & 

data not shown). These results suggest that Lsm proteins physically interact with mRNA 

molecules and thereby modulate decapping. Since only a small fraction of the mRNA is 

co-immunoprecipitated it suggests that these interactions may be dynamic. Strikingly, the 

ability to co-immunoprecipitate Lsm proteins with Dcplp, but not with each other, is 

sensitive to RNase treatment (Figure 3.3C). This suggests that the Lsm complex and 

Dcplp are either interacting directly in a manner dependent on one or both of these 

proteins binding mRNA, or that these proteins are interacting simultaneously with the 

same mRNA molecules. Thus, the co-immunoprecipitation of Lsm proteins, Dcplp and 

mRNA may reflect the detection of a transient mRNP organization that exists prior to 

mRNA decapping. 
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Figure 3.4, Lsm proteins and Dcplp coimmunoprecipitate mRNA. RNA was extracted 

from the inmumoprecipitate (P) of Dcpl, HA-Lsm5, HA-Lsml or HA-Lsm8 and 

analyzed by northern blot for CYH2 mRNA (A) or U6 snRNA (B). Similar analysis of 

aliquotes of the lysate (T), and supemate (S) for the CYH2 mRNA is also shown (A). 
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These physical interactions suggest that the Lsm proteins have a direct role in 

mRNA degradation occurring in the cytoplasm. Consistent with this view, the Lsmlp, 

Lsm7p, Dcplp, and Patlp can be detected in the cytoplasm by immunofluorescence 

(Figure 3.5). Interestingly, some nuclear staining was observed for both Dcplp and 

Lsmlp, raising the possibility that these proteins may have a nuclear function. The 

LsmTp was also found in both compartments, consistent with it affecting both mRNA 

decay and splicing (9, 15). 
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Figure 3.5, Cellular localization of Dcplp, Patlp/Mrtlp, LsmTp and Lsmlp by 

immunofluorescence analysis. (A-C), Strains expressing HA-tagged Dcplp (AEMY121, 

row A), LsmTp (AEMY51, row B) or Lsmlp (AEMY28, row C) were stained with anti-

HA antibodies and anti-rat (FITC) 2° antibody (green fluorescence, left panel), or 

subjected to DAPI nuclear staining (blue fluorescence, middle panel). A merger of the 

two panels is shown in the third panel in each case. (D) AEMY54 cells were stained with 

anti-Patlp antibodies and anti-rabbit (cy3) sencondary antibody (red fluorescence, left 

panel), or DAPI nuclear stain (blue fluorescence, middle panel). A merge of both panels 

is shown in the right panel. (E) As a control, cells expressing the HA-tagged Smel 

nuclear protein (AEMY54) were stained with anti-HA antibodies and anti-rat (FITC) 

secondary antibody (green fluorescence, left panel), a merge of HA-Smelp staining and 

Patlp staining (middle panel), and a merge of HA-Smelp staining and DAPI nuclear 

staining (right panel). 
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Several observations indicate that there is a Lsm complex involved in mRNA 

decay consisting of Lsmlp through Lsm7p and a different Lsm complex associated with 

U6 involved in pre-mRNA splicing consisting of Lsni2p through LsmSp. First, although 

mutations in lsm2 to lsm 7 affect both mRNA decay and pre-mRNA splicing, mutations in 

lsml only affect mRNA decay and lesions in LSM8 affect splicing but not mRNA decay 

(Figure 3.IB) (5, 15, 17). Second, Lsmlp to Lsm7p co-immunoprecipitate with both U6 

snRNA (9, 15, 19) and with mRNA decay factors (Figure 3.3), while Lsmlp does not 

immunoprecipitate U6 snRNA (9, 15) but does pull down Dcplp and Patlp/Mrtlp 

(Figure 3.3). In contrast, LsmSp does co-immunoprecipitate U6 snRNA (9, 15, 17, 19), 

but does not pull down Dcplp or Patl/Mrtlp (Figure 3.3). Third, immunoprecipitation of 

Lsm8 has been shown to co-immunoprecipitate Lsm2 to Lsm7, but not Lsml (9). Fourth, 

a pair of distinct complexes, each consisting of seven members would be consistent with 

known organization of Sm and Lsm proteins (12). This suggests that the Lsm proteins 

form at least two distinct complexes involved in different aspects of mRNA metabolism. 

The role of the Lsm proteins in decapping appears to be to interact with the 

mRNA substrate and to either recruit the decapping en2yme, or to activate the mRNA for 

decapping, perhaps by promoting rearrangements in mRNP organization that lead to 

dissociation of the cytoplasmic cap binding complex, which is an inhibitor of decapping 

(23). A general role for Lsm proteins in modulating RNP structure in a variety of 

contexts by affecting RNA-RNA and/or protein-RNA interactions would be consistent 

with the proposal that their function in pre-mRNA splicing is to facilitate RNP 

rearrangements during splicing (10, 15). 
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METHODS 

Yeast strains and plasmids 

Strains and plasmids used for analysis were generated by standard methods. The 

strains used for decay analysis were all in the same genetic background of yRP841 

{MATatrpl iira3-52 leu2-3,112 lys2-201 ciipllS.::LEU2/MFA2pG/PGKlpG) (22), with 

the exception of the lsm8-l allele, which was always compared to an isogenic wild type 

control. Each strain and its genotypic difference from yRP841 are as follows: yRP1365 

{lsmlA::TRPl), yRP1366 (lsm2A::HIS3 pAEM55 (carrying a protein ftision that confers 

temperature-sensitive to Lsm2p), yRP1367 (his4-539 lsm5A::TRPl pRP949 (carrying a 

protein fusion that confers temperature-sensitive to Lsm5p), yRP1369 {lsm6A::HIS3), 

yRP1370 {lsm7A::HIS3 LYS2), yKPU12(MATa his4-539patlA::LEU2), yRP1407 

iMATa lsmlA::TRPl lsm6A::HlS3), yRPlOTO (dcpIA::URA3) (43), yRP884 

(xmlA::URA3) (32), BP4 (17) (MATa Ism8-I) and its isogenic wild type control CY3 

(17) (MATa ura3 lys2 ade2 trpl his3 leu2). All strains used for immunoprecipitation, 

with the exception of Lsm4, were in the same genetic background, expressing an HA-

tagged Lsm protein and compared to isogenic wild type strains lacking any epitope 

tags(BMA64" (15)). Each strain and its genotypic difference from BMA64 (15) (MATa 

trplAl, his3-ll, -15, ura3-l, leu2-3, -112, ade2-l, can-100) are as follows: AEMY30 

(trpl-1 his3A200 lsm2A::HIS3 pAEM55 (HA-LSM2), AEMY33 (15) (trpl-1 his3A200 

lsm2A::HIS3 pAEM68 (GAL-HA-LSM2)), AEMY31(15) (lsm3A::TRPl pAEM64 (GAL-

HA-LSM3)), AEMY28 (15) (HA:LSM1), AEMY45 (Mata lsm8A::TRPl pAEM76 (GAL-
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HA-LSM8)), AEMY47 (15) (lsm5l^::TRPl pAEM75 (GAL-HA-LSMS)). AEMY49 {Mata 

LSM6-HA-TRP1), AEMY50 {Mata LSM7-HA-TRP 1\ 1DY2 (58) {MATa trpl-l 

his3l^^200 isylA::HIS3 pCA23 (HA:ISY1. CEN URA3)). In the case of Lsm4p, the 

MCY4(16) strain expressing GPD promoter controlled FLAG-Lsm4 protein from a 

plasmid (pRP961) was used. The chromosomal LSM4 gene in this strain was under GAL 

UAS control. This strain was grown in glucose media for the immunoprecipitation 

experiments so that only FLAG-Z,5iW¥ was expressed. MCY4(16) (Mata LEU2-GAL-

LSM4) was compared to its isogenic wild-type strain w303 {Mata adel-lOI his3-Al 

trpl-289 ura33-52) without epitope-tagged proteins. 

RNA analysis 

Transcriptional shutoff experiment to measure mRNA decay rates and northern 

analysis were performed as described previously (22, 31). Oligo oRPI40 (5-

ATATTGATTAGATCAGGAATTCC-3') was used to probe iox MFA2pG mRNA. 

Immunoprecipitation of RNA with anti-cap antibodies was done as described before (21). 

Immunology 

The immunoprecipitation and immunofluorescence experiments were perforaied 

according to standard protocols. HA-Lsm protein immunoprecipitations in Fig. 3a and 3c 

were done using anti-HA antibody sepharose. Lysis and washing buffer was IPDl buffer 

(50 mM Tris pH7.5, 50 mM NaCl, 2 mM MgCb, 0.1% Nonidet P-40) containing 1 mM 2-
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mercaptoethanol and Ix COMPLETE' protease inhibitor mix (Boeringer Manheim). At 

the end, proteins bound to the sepharose beads were eluted with elution buffer (50 mM 

Tris pH7.5, 100 mM NaCl, 2 mM MgClz, 1% SDS, Img/ml HA peptide and IX 

'COMPLETE' protease inhibitor mix) and analyzed for presence of Dcplp by western as 

described earlier (59). Dcplp immunoprecipitation shown in Fig 3c was done similarly 

using anti-Dcplp polyclonal antibodies and protein-A sepharose and the 

coimmimoprecipitating Lsmlp was revealed in western using anti-Lsmlp polyclonal 

antibodies. Elution buffer was same as above but lacking HA peptide. 

Immunoprecipitation of FLAG-Lsm4p shown in Fig 3 a was done similarly using anti 

FLAG antibody agarose (SIGMA) with few differences. Lysis was done in IPD2 buffer 

(50 mM Tris pH7.5, 25 mM NaCl, 2 mM MgCh, and 0.2% Nonidet P-40). IPD2 buffer 

without Nonidet P-40 was used for washing the beads. Elution buffer was same as above 

but with 200 ug/ml FLAG peptide. HA-Lsmp immunoprecipitation in Fig3b was done 

using anti-HA antibodies and protein-A sepharose. Lysis and washing buffer was 6mM 

Hepes pH7.9, 150 mM NaCl, 2.5mM MgCl2, and 0.05% Nonidet P-40. 

Immunoprecipitated proteins were extracted by boiling pellet in SDS sample buffer and 

western analyzed using anti-PatIp polyclonal antibodies. To study RNA dependence of 

coimmunoprecipitations, lysates were treated with 0.5ug/ul RNase-A for 10 min at room 

temperature before preclearing. For control lysates, same amount of water was added and 

incubation done similarly. To study coimmunoprecipitation of RNA, total RNA extracted 

from the immunoprecipitates was analyzed by northern using CYH2 cDNA probe or U6 

oligo probe (oRP 759; 5'-GACCAAATGTCCACGAAGGG-3'). 
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CHAPTER 4. THE YEAST CYTOPLASMIC Lsml/Patlp COMPLEX PROTECTS 

mRNA 3' TERMINI FROM PARTIAL DEGRADATION 

SUMMARIES 

A key aspect of understanding eukaryotic gene regulation will be the 

identification and analysis of proteins that bind mRNAs and control their function. 

Recently, a complex of seven Lsm proteins and the Patlp have been shown to interact 

with yeast mRNAs and promote mRNA decapping. In this study we present several 

observations to indicate that the Lsml/Patl complex has a second distinct function in 

protecting the 3'-UTR of mRNAs from trimming. First, mutations in the LSMl to LSM7, 

as well as PAT I, genes led to the accumulation of MFA2pG and PGKlpG transcripts that 

had been shortened by 10-20 nucleotides at their 3' ends (referred to as trimming). 

Second, the trimming of these mRNAs was more severe at the high temperature, 

correlating with the inability of these mutant strains to grow at high temperature. In 

contrast, trimming did not occur in a dcplls. strain, wherein the decapping enzyme is 

lacking. This indicates that trimming is not simply a consequence of the inhibition of 

mRNA decapping. Third, the temperature-sensitive growth of lsm and patl mutants was 

suppressed by mutations in the exosome or the functionally related Ski proteins, which 

are required for efficient 3' to 5' mRNA degradation of mRNA. Moreover, in lsm ski 

double mutants higher levels of the trimmed mRNAs accumulated indicating that 

exosome function is not required for mRNA trimming, but that the exosome does degrade 
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the trimmed mRNAs. These results suggest that the temperature-sensitive growth of the 

lsml-7 andpatl mutants is at least partially due to mRNA trimming, which either 

inactivates the function of the mRNAs or makes them available for premature 3' to 5' 

degradation by the exosome. 



78 

INTRODUCTION 

The function of eukaryotic mRNAs is controlled by a variety of mRNA binding 

proteins. Recently, a complex of seven Lsm proteins (Lsmlp through Lsm7p) and the 

Patlp were found to interact with yeast roRNAs and promote mRNA degradation by 

enhancing the rate of decapping (4, 26). These Lsm (Like-Sm) proteins were identified 

as a family of proteins that contain the "Sm motif found in the Sm proteins (6, 7). The 

Sm proteins are a family of small proteins that bind to the Ul, U2, U4 and U5 snRNAs as 

a heptameric complex (12, 60, 61). Sm proteins form a seven-member, doughnut-shaped 

structure through the interactions between the Sm motifs (12). Based on the sequence 

similarities between the Sm and the Lsm proteins, combined with coimmunoprecipitation 

experiments (9, 15), Lsm proteins likely assemble into analogous heptameric ring 

structures. This view is supported by the finding that purified human Lsm2 to Lsm8 

proteins form a seven-member ring structure (10). There are at least two functionally 

distinct Lsm complexes in yeast (for review, see (1)). A nuclear Lsm complex consisting 

of Lsm2 through Lsm8 proteins is present in the nucleus, binds to the U6 snRNA and 

functions in pre-mRNA splicing. In addition, a cytoplasmic Lsm complex consisting of 

Lsml through Lsm? proteins and an additional protein (Patlp) interacts with the mRNA 

decay machinery, facilitating the decapping step of mRNA degradation (4, 22, 26, 62). 

Besides their functions in pre-mRNA splicing and promoting mRNA decapping, 

strains lacking Lsm proteins and the Patlp have been reported to have additional 

phenotypes. For example, strains lacking Lsmlp or Patlp, which are specific to the 

cytoplasmic Lsm complex, are viable but fail to grow at high temperature (4, 5, 22, 57). 



In addition, some of these mutant strains accumulate mJRNAs shortened at their 3' end by 

10 to 20 nucleotides. Specifically, a Ism IK mutant accumulates shortened mRNA species 

(5). Similar shortened MFA2 mRNA species have been noted in the Isml, lsm5, lsm6, 

lsm7 andpatl mutants (26). Time course experiments have demonstrated that these 3' 

shortened species arise by degradation of the 3' end of the mRNA following 

deadenylation (5,23). We will refer to the specific removal of 10 to 20 nucleotides from 

the 3' end of the mRNA as trimming. 

In this study we address the roles of the cytoplasmic Lsm complex in preventing 

mRNA trimming and the relationship of this function to its role in promoting mRNA 

decapping. We demonstrate that defects in any component of the cytoplasmic 

Lsml/Patlp complex, but not defects in decapping per se, lead to trimming of multiple 

mRNAs in a process that is accelerated at higher temperatures. Moreover, inhibition of 

cytoplasmic 3' to 5' degradation by the exosome does not prevent trimming, but partially 

suppresses the temperature-sensitive growth of the lsm and patl strains and leads to the 

accumulation of higher levels of trimmed mRNAs. These results indicate that the 

Lsml/Patlp complex has a distinct role in preventing mRNA trimming. They also 

suggest that the temperature-sensitive growth of lsml-7 and patl mutants is at least 

partially due to mRNA trimming, which either inactivates the function of the mRNAs or 

makes them available for premature 3' to 5' degradation by the exosome. 
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RESULTS 

Strains defective in the Lsml/Patlp complex accumulate 3' trimmed mRNAs 

In order to examine how general the accumu3ation of 3' shortened mRNAs is in 

strains defective in components of the Lsml/Patlp complex, we examined the 3' end of 

several mRNAs in a variety of yeast strains. These included strains defective in the 

LSMl through the LSM7 genes, as well as a strain la»cking Patlp, which associates with 

the Lsml-7p complex. In these experiments we examined the structure of the mRNAs at 

both 24°C and after a one-hour incubation at 3TC. 

Examination of the PGKlpG mRNA showed that ftill-Iength transcripts shortened 

from the 3' end were seen in the IsmlA strains at 24°'C (Figure 4.1 A). Since these 

trimmed PGKl mRNAs are approximately 10 nucle«Dtides smaller than the fixll-length 

mRNA (PL), we refer to this species as FL(3'-I0). At 24°C, the PGKl FL(3'-10) species 

was not observed in the wild type, dcplti., or in the IsmS'^, lsm6A and lsm7A 

mutants. In contrast, after one-hour incubation at 3T°C, the amount of the PGKl FL(3'-

10) increased in the IsmlA strain, and the PGKl FL(]3'-10) mRNA was detected in the 

IsmS'^, lsm6A, IsmlA andpatlA mutant straims. The increase in trimmed mRNA 

species at the high temperature suggested that this process is accelerated at the high 

temperature (see below). 
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Figure 4.1, Mutations in the Lsml/Patlp complex cause trimming of mRNAs. 

Shown are Northern blots to shown (A) the trimming of the PGKlpG mRNA, (B) the 

trimming of the MFA2pG mRNA in a variety of strains and (C) the trimming of the 

MFA2pG mRNA in strains depleted for Lsm3p or Lsm4p. The cartoons on the right 

illustrate the general structures of the RNA species. FL: full-length mRNA; FR: poly(G) 

fragment; (3-10) and (3'-20): mRNA species shortened by approximately 10 and 20 

nucleotides respectively. The mRNAs were probed with oligos that specifically 

hybridize to the poly(G) junction with the 3'-flanking region [Hatfield, 1996 #56]. The 

position of hybridization is indicated by the black bar imdemeath the cartoon RNAs. The 

M lane denotes the molecular markers. Marker sizes are labeled on the left. The 

fragment panels are overexposed to show the identities of fragments. 
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The shortening of the 3' end of the mRNA can also be observed on an 

intermediate of mRNA decay trapped by an 18-nucleotide poly(G) tract inserted in the 3'-

UTR of the PGKlpG mRNA. The poly(G) tract forms a strong tertiary structure and 

blocks exonucleolytic degradation of the reporter mRNAs (32, 38). This allows the 

accumulation of a mRNA fragment that has been decapped and degraded from 5' to 3' to 

the 5' side of the poly(G) tract. Similar to previous results (5,23, 26), we observed that 

the PGKl poly(G) fiagment was also shortened by approximately 10 nucleotides at the 3' 

end in the lsm2'^, IsmS'^, lsm6A, and Ism7/S. mutant strains at 37°C, and in the IsmlA and 

patlls. strains at both temperatures, but not in the wild type at either temperature (Figure 

4.1A). The levels of poly(G) fragment (FR) and trimmed poly(G) fragment (FR(3'-10)) 

were low in the lsm2'^ and mutants, and absent from the dcpIA. strain due to the 

inhibition of decapping in these mutants (Figiire 4.1 A). 

Similar, but slightly different, results were obtained when the 3' end of the MFA2 

mRNA was examined in the same strains (Figure 4. IB). The trimmed fiill-length 

MFA2pG mRNA was not detected in the Isml'^, lsm6A and lsm7A mutants at 24° 

C, with only a small amoimt present at 37°C. In contrast, a 3' shortened ftill-length 

MFA2pG mRNA (FL(3'-10)) was detected in the IsmlA and the patlA mutants, most 

notably at 37°C (Figure 4.IB). No trimming of the ftill-Iength MFA2pG mRNA was 

observed either in the wild type or the dcplA mutant (Figure 4.IB). This latter 

observation suggests that simply blocking decapping does not account for the mRNA 

trimming. Two forms of the trimmed MFA2 poly(G) fragments, shortened by 

approximately 10 and 20 nucleotides respectively, were clearly seen in the IsmlA, lsm6A 



lsm7A andpatlA mutants (Figure 4.IB, FR(3'-10) and FR(3'-20)). The wild type cells 

showed a low level of trimmed AfFy42 poly(G) fragment FR(3'-10) at 37°C (Figure 4. IB), 

indicating that high temperature makes the 3'-UTR of MFA2 poly(G) fragment 

accessible to trimming even in the wild type cells. 

We also used the MFA2pG transcript to determine whether strains defective in 

Lsm3p and Lsm4p would show trimming of mRNAs. To do this, we used cells where 

Lsm3p and Lsm4p were expressed from a GAL promoter and were depleted following a 

shift to glucose media. Under this condition, MFA2 transcripts trimmed from the 3'-end 

appeared (Figure 4.1C, FL(3'-10)). This indicates that the lsm3 and the lsm4 mutations 

lead to trimming of the MFA2 transcript. 

The above experiments indicate that lesions in the cytoplasmic Lsml/Patlp 

complex lead to accumulation of mRNAs shortened at their 3' ends. To test whether the 

nuclear Lsm complex was involved in this process, we examined the trimming phenotype 

in a lsm8-l mutant, which is a partial loss of frmction allele in this gene (17). The Lsm8 

protein is a unique member of the nuclear Lsm complex. There was no trimming of the 

MFA2 mRNA in the lsm8-l mutant (data not shown). This result indicates that 

protecting the 3'-UTR of mRNAs is a distinct frmction of the cytoplasmic Lsml/Patlp 

complex. 

3' mRNA Trimming is not simply due to an inhibition of decapping 

The above results document that defects in the Lsml/Patlp complex lead to the 

accumulation of mRNAs shortened from the 3' end. This effect is seen with the MFA2 
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and PGKl mRNAs, and we have also seen similar results with the GAL 10 mRNA (data 

not shown). In principle, the accumulation of the 3' trimmed species could be caused in 

two different manners. First, because defects in the Lsml/Patip complex cause an 

inhibition of decapping, this defect in decapping could simply allow sufficient time for 

mRNAs to be trimmed at the 3' end. However, this possibility is inconsistent with the 

observation that a dcpIA strain, which has a strong block to decapping, does not 

accumulate 3' trimmed species ((43), Figure 4.1 A and 4.IB). An alternative possibility is 

that the protection of the 3' end of mRNAs from trimming is a second distinct function of 

the Lsml/Patip complex, independent of this complex's role in promoting decapping. To 

more rigorously distinguish between these possibilities we examined the difference in 

mRNA trimming between LSMl and IsmlA strains in a dcplA background where 

decapping is completely inhibited. Since in a dcplA background all decapping is 

inhibited, any difference between LSMl and IsmlA strains must be due to an effect 

distinct from affecting decapping. As shown in Figure 4.2, the MFA2 mRNA and the 

PGKl mRNA were not trimmed in the dcplA mutant. However, miRNAs were still 

trimmed in the IsmlA dcplA mutant. Based on this result, we suggest that the 

Lsml/Patlp complex has a distinct function in protecting the 3' ends of mRNAs from 

some type of exo- or endonucleolytic degradation. 
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Figure 4.2, 3' trimming is not simply due to an inhibition of decapping. Shown are 

Northern blots of (A) the MFA2 and (B) the PGKl mRNAs in the wild type (as a 

control), dcplts., IsmlAdcplA and /^m/A strains. The mRNAs were probed with oligos 

(oRP154 for PGKl, oRPI041 for MFA2) that specifically hybridize to the poly(G) 

junction and the 5'-flanking region [Muhlrad, 1994 #30][Anderson, 1998 #220]. 
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Mutations in the Lsml/Patlp complex do not cause trimming of rRNAs and a small 

cytoplasmic RNA 

The observations above argue that the LsmLTatlp complex has a fimction in 

protecting the 3' end of cytoplasmic mRNAs from degradation. To determine whether 

this protective effect was specific to mRNAs, we examined the 3' ends of several stable 

cytoplasmic RNAs. First, we examined the 3' ends of the 5.8S, I8S and 25S rRNAs in a 

variety of mutant strains. None of the rRNAs from the IsmlA, lsm2'^, IsmS'^, lsm6A, 

lsm7A or dcplA (included as a control) mutants showed any change in the 3'-ends as 

compared to the wild type at 24°C (data not shown) or 37°C (Figure 4.3). We also 

examined the SCRl RNA, a small cytoplasmic RNA that is a component of the signal 

recognition particle (SRP) (63). The 3'-ends of SCRl RNA in the dcplA, IsmlA, 

lsm6A, and lsm7A mutants did not differ from those in the wild type cells (Figure 

4.3). These observations argue that the Lsml/Patlp complex specifically protects the 3' 

end of mRNAs. 
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Figure 4.3, Mutations in the Lsml/Patlp complex do not cause trimming of rRNAs and 

the SCRl RNA. Shown are Northem blots of the 5.8S, 18S, 25S rRNAs and the SCRl 

small cytoplasmic RNA. The 18S and 25S rRNAs were cleaved internally and the 3' 

halves were examined. Several species of the 18S and the 25S rRNAs were detected. 

This could be explained by a 3'-end polymorphism. Alternatively it might be a result of 

alternative cleavage by the RNase H. 
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The ski mutations defective in the 3' to 5' mRNA degradation suppress the 

temperature-sensitive growth of Ism and pati mutants 

The observation that the 3' trimming of mRNAs is increased at high temperature 

in the mutant strains suggests a possible explanation for the growth phenotypes of strains 

defective in the Lsml/Patlp complex. Lsmlp and Patlp, the two proteins specific for the 

c3^0plasmic Lsml/Patlp complex, are both only required for the growth at 37°C. 

(Deletion of other Lsm genes is either lethal (LSM2, LSM3, LSM4, LSM5, LSM8) or also 

causes temperature-sensitive growth (LSM6, LSM7), although the interpretation of these 

phenotypes is more complicated since these proteins are also components of a nuclear 

Lsm complex (15)). The observation that the trimming of PGKlpG and MFAIpG 

mRNAs is increased at 37°C suggests that the inability of at least the Ismlbt. and the 

patlts. strains to grow at the higher temperature might be partially due to the enhanced 

mRNA trimming. A prediction of this hypothesis is that blocking the 3' to 5' degradation 

of mRNA might rescue the temperature-sensitive growth. 

To test this hypothesis, we created double mutant strains carrying the Isml^ and a 

second lesion affecting the 3' to 5' degradation of mRNA. For this analysis, we used 

lesions in the SKI2, SKIS, SKI4, SKI7, and SKIS genes, all of which are required for the 3' 

to 5' degradation of mRNA following deadenylation by the exosome complex (33, 54). 

The creation of these double mutants revealed two important observations. First, in 

contrast to other lesions that affect decapping such as the dcplA (33) or the dcplts. (64), 

the Isml^ was not synthetically lethal with any of the ski mutations. Because the IsmlA 

is not a complete block to decapping, this observation is consistent with only a low level 
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of mRNA degradation being required for viability (21, 64). The second important 

observation was that the ski2A, ski4-l, ski3A, ski7A and skiSA mutations partially 

suppressed the temperature-sensitivity of the IsmlA mutant at 37°C (Figure 4.4A; van 

Hoof and Parker, unpublished observation, 2001). This suggests that the temperature-

sensitive growth of the IsmlA strain is at least partially due to the 3' to 5' degradation of 

mRNAs. 
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Figure 4.4, The temperature-sensitive growth of Ism and patl mutants can be suppressed 

by the ski mutations defective in the 3' to 5' mRNA degradation. (A) The temperature-

sensitive growth of the IsmlA mutant was suppressed by the ski2A, skiSA, ski4-I and 

skiSA mutations. (B) The temperature-sensitive growth of the lsm2'^, IsmS'^, lsm7A and 

patl A mutant was suppressed by the ski4-l mutation. 
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To test the generality of the suppression of the IsmlA thennosensitivity by lesions 

in the SKI genes, we determined whether the growth defect at 37°C caused by the patlA, 

lsm2'^, /^mJ'^and IsmJL., lesions could also be suppressed by defects in the SKI genes. 

For this analysis we used the ski4-l allele, which is a point mutation in a core component 

of the exosome and has the strongest effect on mRNA turnover of the ski mutations (54). 

In this case, we observed that the Isml'^ski4-l, IsmS'^ski4-l and lsm7A ski4-l double 

mutants could all grow at 37°C, although not as well as a wild-type strain (Figure 4.4B). 

We also observed that the ski4-l lesion could very weakly suppress the temperature-

sensitive growth of the patlA strain (Figure 4.4B). Taken these observations together, 

the ski mutations {ski2/S., ski3A, ski4-l, ski7A and skiSA) suppress the temperature-

sensitive growth of the Ism and pati mutants. 

The ski mutations cause increased accumulation of trimmed mRNAs in a IsmlA 

mutant 

In order to determine the mechanism by which the ski mutations were suppressing 

the IsmlA and patlA temperature-sensitive growth we examined the 3' ends of the 

MFA2pG and PGKlpG mRNAs in the IsmlA ski2A, IsmlA ski3A, IsmlA ski4-l and 

IsmlA skiSA double mutants. This analysis led to two important observations. First, we 

observed that trimming of the PGKlpG and the MFA2pG mRNAs still occurred in the 

double mutants, as both trimmed full-length and trimmed poly(G) fragments of MFA2pG 

and PGKlpG mRNAs were detected at 24°C (Figure 4.5) and 37°C (data not shown). 

Therefore the ski2A, skiSA, ski4-l and skiSA mutations do not prevent trimming in the 
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IsmlA mutant. This implies that the ski mutations do not suppress the temperature-

sensitive growth of IsmlA by preventing trimming. Another implication of this 

observation is that trimming does not require the SKI-dependent exosome activities and 

that there must be other nucleases that perform the trimming reaction. 



Figure 4.5, Ski mutations cause increased acciunulation of trimmed mRNAs in a IsmlA 

mutant Shown are Northern blots to examine the (A) MFA2pG mRNA and the (B) 

PGKlpG mRNA at 24°C- The stars indicate the trimmed full-length mRNA species. 

The ladder of PGKlpG decay intermediates migrating between the full-length and the 

poly(G) fragment in the double mutants is resulted from a block of both the 5' to 3' and 

the 3' to 5' mRNA degradation pathways as seen in the dcpl-2 skiSA [Anderson, 1998 

#220] and the IsmlA ski2A mutants (Figure 4.6). The species migrating faster than the 

trimmed poly(G) fragments are typical of mRNA decay intermediates found in the 3' to 5' 

decay mutants [Anderson, 1998 #220]. 
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A second important observation was that there were increased levels of trimmed 

MFAlpG and PGKIpG mRNAs and mRNA fragments in the double mutants as 

compared to the IsmlA alone (Figure 4.5A and 4.5B). In addition, a second trimmed 

species shortened by approximately 20 nucleotides was more prevalent in the double 

mutant, both for the fiill-length mRNAs and for the mRNA fragment (FL(3*-20) and 

FR(3'-20), Figure 4.5A and 4.5B). This increased level of the trimmed mRNA fragments 

is consistent with the previous work demonstrating that these types of mRNA fragments 

are degraded 3' to 5' by the exosome (33). The increased levels of trimmed full-length 

mRNAs in the double mutants imply that the trimmed full-length mRNAs are, at least in 

part, being degraded 3' to 5' by the exosome (see discussion). 

Interestingly, the ski2A (data not shown) and the ski4-l (Figure 4.5) mutants also 

generated the trimmed poly(G) fragments like the IsmlA mutant. Two observations 

argue that the trimmed poly(G) species from the ski2A and the ski4-l mutants have the 

same structures as those from the IsmlA mutant. First, both the PGKl and the MFA2 

trimmed poly(G) fragments migrated the same in the ski2A, ski4-l and IsmlA mutants. 

Second, the IsmlA ski2A and IsmlA ski4-l double mutants produce the same trimmed 

species as the single mutants. This suggests that when the competing 3' to 5' decay 

pathway mediated by the exosome is blocked, a low level of trimming can occur even in 

the presence of the Lsml/Patl complex. 

The ski mutations inhibit the 3' to 5' degradation of trimmed mRNAs 

The increased amoimt of trimmed species in the IsmlA ski double mutants argues 
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that at least some of the trimmed full-length mRNAs are being degraded by the exosome. 

Since this model predicts that mRNAs are being degraded 3' to 5' in the IsmlA strain we 

should be able to detect a RNA fragment degraded to the 3' side of the poly(G) tract (33). 

In addition, the production of this 3' degraded mRNA should be dependent on the Ski 

proteins. To test this prediction, we looked at the 5' end->poly(G) fragment of the 

PGKlpG mRNA generated by the 3' to 5' mRNA degradation using a probe hybridizing 

to the poly(G) tract and the 5'-flanking region (2, 3). The 5' end->poly(G) fragment 

phenotypes were similar at 24°C (Figure 4.6) and 37°C (data not shown). Upon treatment 

with RNase H and oPR70, the approximately 60 nucleotides long 5' end->poly(G) 

fragment was not detected in the wild type cells (Figure 4.6). This is because the 

majority of the mRNA is processed through the 5' to 3' mRNA degradation pathway and 

any 5' end->poly(G) fragment produced is rapidly degraded through the 5' to 3' 

degradation pathway. There was no 5' end->poly(G) fragment in the ski2A mutant 

(Figure 4.6), which is known to be defective in the 3' to 5' degradation. The 5' end-

>poly(G) fragment accumulated in the IsmlA and dcpIA mutants (Figiure 4.6), because it 

can not be efficiently degraded through the 5' to 3' degradation pathway. There was no 5' 

end->poly(G) fragment in the IsmlA ski2A double mutants (Figure 4.6), indicating that 

the trimmed species cannot be degraded by the 3' to 5' degradation pathway. This implies 

that the skilA mutation might suppress the temperature-sensitive growth of Ism lA by 

preventing the 3' to 5' degradation of the trimmed species (see discussion). 
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Figure 4.6, The ski mutations inhibit the 3' to 5' degradation of trimmed species. Shown 

is Northem blot analysis of PGKlpG mRNA at 24°C. The mRNA was internally cleaved 

with RNase H/oRP70, probed with oligo oRP154 that is specifically hybridized to the 

poly(G) junction and the 5'-flanking region to detect the decay intermediate of 3' to 5' 

degradation, the 5' end -> poly(G) fragment. The lower panel is overexposed to show the 

fragments. The bands xindemeath the 5' end ->poly(G) fragments are due to nonspecific 

hybridization. 
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STMl suppressed the temperature-sensitive growth of IsmlA and patlA mutants 

STMl (YLR150W) was recovered in a screen for high copy suppressors of a 

decapping mutant mrtl-3 (HE and Parker, unpublished observation 1996). MRTl was 

cloned and proven the same ?lsPAT1, which encodes a protein associating with the 

Lsml-7 complex and promoting decapping (4, 62). When present on a yeast 2\i plasmid 

under its endogenous promoter control, the STMl gene allowed the patlh, mutant to grow 

at 37°C (Figure 4.7). Interestingly, this STMl plasmid also enabled Ism IA cells to grow 

at 37°C (Figure 4.7). The STMl gene did not suppress the decapping defects oimrtl-3, 

pat IA and Isml A mutants. In the presence of the STMl gene, 5' to 3' decay is still 

blocked in the Isml A and patlA mutants because less poly(G) fragment was produced 

compared to the wild type (Figure 4.8). Furthermore deadenylated full-length MFA2pG 

mRNAs were still accumulated in the patlA and the Isml A mutants (Figure 4.8), 

indicating that decapping in these strains is still defective. Therefore the STMl gene does 

not complement the temperature-sensitive growth of patlA and Isml A mutations by 

rescuing the decapping defect. 
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Figure 4.7, Extra copies of STMl suppress the temperature-sensitive growth of Ism J A and 

patIA mutant. Plasmid containing the STMl gene in the yeast 2|x vector pRP426 w^as 

transformed into the wild type, IsmlA and patlA strains. The vector pRP426 was utsed as 

a control. Cells were streaked on -ura plates and grown at 30°C and 37°C. 
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Figure 4.8, Extra copies of STMI gene do not affect the mRNA phenotypes in the wild 

type, patlts. and Ism 11^ cells. Shown is a Northern blot analysis of steady state mRNA 

after an hour shift to 37°Cto investigate the MFAlpG mRNA. 
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Since the ski mutants defective in the 3' to 5' mRNA degradation rescues the 

temperature-sensitive phenotype of patlA and Ism lis., we investigated whether STM/ 

flmctions through a similar mechanism as the ski mutations. We looked at the steady 

state MFAZpG mRNA at 37°C. The presence of the STMl gene did not significantly 

change the trimming phenotype of IsmlA and patlA mutants. Extra copies of STMl did 

not prevent trimming, nor did it stabilize the trimmed mRNAs at 24°C or 37°C (Figure 

4.8). This observation implies that the STMl gene may suppress the temperature-

sensitive growth of IsmlA and patlA mutants by some unknown mechanism different 

from the ski mutations. 
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DISCUSSION 

The cytoplasmic Lsml/Patlp complex has a distinct function in stabilizing the 3' 

terminus of mRNAs. 

Several lines of evidence suggest that the Lsml/Patlp complex has a specific role 

in stabilizing the 3' termini of mRNAs. Initially this was suggested by the observation 

that defects in, or depletion, of Lsmlp to Lsm7p, or Patlp lead to the accumulation of 

mRNA molecules trimmed into the 3'-UTR approximately 10-20 nucleotides (Figure 4.1 

and (5, 23, 26)). This effect is observed with several mRNAs, including the MFA2pG, 

PGKlpG, and GALIO transcripts (Figure 4.1 and data not shown; (5, 23, 26). Two 

observations indicate that the shortening of the mRNAs 3' end is due to the absence of the 

Lsml/Patip complex and is not a general consequence of the partial inhibition of 

decapping that also occurs in these mutants. First, dcplt^ strains, which are completely 

blocked for decapping, do not accumulate the 3' trimmed mRNAs for the MFA2, PGKl 

and GALIO mRNAs (Figure 4.1 and data not shown). Second, the 3' trimmed mRNAs 

accumulate in a dcplA IsmlA double mutant (Figure 4.2). Based on these observations, 

we argue that the Lsml/Patlp complex has a distinct function to protect the 3' termini of 

the mRNAs from a trimming reaction. 

The mechanism by which the Lsml/Patlp complex protects the 3' termini of 

mRNAs from degradation is currently unclear. The simplest hypothesis is that this 

complex binds to the mRNAs in this region and sterically inhibits an exo- or 

endonuclease. This possibility is supported, but not proven, by two observations. First, it 
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is known that the Lsml/Patlp complex binds to mRNAs (4). Second, the analogous 

nuclear Lsm complex is known to bind near the 3' end of the U6 snRNA (10, 15). 

Moreover, the binding of the nuclear Lsm complex to the U6 snRNA appears to be 

required for the stability of the U6 snRNA (15, 16, 65). This raises the possibility that 

both the nuclear and the cytoplasmic Lsm complexes function to protect the 3' ends of 

RNAs from degradative reactions. 

Previous work has observed that inhibition of decapping by the addition of 

cycloheximide led to the accumulation of 3' trimmed MFA2 and PGKl mRNAs (5). This 

led the authors to the reasonable interpretation that the trimmed species arose because of 

an inhibition of decapping. However, this is inconsistent with our observation that a 

dcplts. strain does not accumulate trimmed species (Figure 4.1 and 2). There are several 

possible explanations for this apparent contradiction. For example, since the mechanism 

by which cycloheximide inhibits mRNA decapping is unclear, it may be that this drug 

indirectly affects the interaction of the Lsml/Patlp complex with mRNAs. This would 

both inhibit decapping and lead to mRNA trimming. Alternatively, it may be that in 

different strain backgrounds, or for different mRNAs, the susceptibility of the mRNAs to 

be trimmed may be different. This is based on the observation that in our strain 

background we do not observe trimming of the MFA2 transcript following the addition of 

cycloheximide (37). 
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Shortening of the mRNA 3' end occurs by an unknown mechanism. 

Our results suggest that the shortening of the 3' end observed in the Ism and pat I 

mutant strains is different from the previously observed mRNA degradation processes. 

The 3' to 5' degradation of the mRNA body following deadenylation requires the 

exosome as well as the Ski2p, Ski3p, Ski7p and SkiSp (33, 54). We have demonstrated 

that the accumulation of the 3' trimmed species is independent of these proteins (Figure 

4.5 and 6). However, because the levels of the trimmed species are increased in the 

5fo'2A, ski4-l, IsmlA ski2A, IsmlA ski3A, IsmlA ski4-l and IsmlA skiSA strains, the 

degradation of the trimmed species occurs, at least in part, by the normal exosome 

mediated 3' to 5' decay pathway of mRNA. These results indicate that a different as yet 

unidentified exo- or endonuclease is able to remove the 3' temiinal portion of the mRNA, 

but is generally inhibited from fiirther degradation of the mRNA. This raises the 

interesting implication that there is a specific organization of the 3' end of the mRNP that 

can allow mRNA trimming to only a limited extent. Moreover, because multiple mRNAs 

show the same behavior this would have to be a shared feature of mRNP organization. 

Phenotypic Consequences of mRNA Trimming in Ism and patl mutant strains 

Our results suggest that the mRNA trimming that occurs in Ism and patl mutant 

strains has consequences for mRNA metabolism and cell growth. Specifically, our 

results suggest, but do not rigorously prove, that at least part of the reason the IsmlA and 

patl A strains die at the high temperature is because of mRNA trimming. This is based on 

the following logic. First, trimming was correlated with the temperature-sensitive growth 
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phenotype in Ism and patl mutants since trimming of the full-length PGKlpG and MFA2 

mRNAs was increased at 37°C. Second, the temperature-sensitive growth of Ism and 

patlh. mutants was suppressed by sH mutations that are defective in the 3' to 5' mRNA 

degradation. The skills., ski3A, ski4'l and skiSls mutations did not prevent the trimmings 

indicating that trimming itself does not directly cause the temperature-sensitive growth. 

However, because the trimmed species accimiulated in the double mutants and there was 

no 5' end -> poly(G) ftagment in the Ism IA ski2A mutant, we conclude that the trimmed 

species can not be efficiently degraded from 3' to 5' in the double mutants. These 

observations lead to the following simple hypothesis. First, in the absence of the 

Lsml/Patlp complex mRNA trimming occurs at an increased rate at 37°C. The trimmed 

mRNAs then have increased susceptibility to 3' to 5' degradation by the exosome. In the 

absence of the exosome mediated mRNA degradation, the trimmed mRNAs would be 

more stable at the high temperature and the cell would show increased viability. 

A prediction of the above hypothesis is that trimmed mRNAs might show 

increased rates of 3' to 5' degradation by the exosome. However, we have been unable so 

far to directly demonstrate such a change in the rate of 3' to 5' mRNA decay for the 

MFA2pG transcript in a strain where trimming is occurring (van Hoof and Parker, 

unpublished observation, 2001). This suggests that if trimming does lead to increased 

rates of 3' to 5' mRNA degradation it is a relatively small effect (<150% of the rate of 

full-length mRNA based on kinetic modeling (66)), or is more pronounced on specific 

mRNAs. In the extreme, if any essential mRNA was either trimmed into the coding 

region, or subjected to deleterious degradation as a consequence of trimming, this would 
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be sufficient to explain the temperature-dependent growth phenotypes. An alternative 

possibility is that trimming of mRNAs compromises the fimction of at least one essential 

mRNA in some other manner. For example, trimming might affect translation or 

localization of some mRNAs. In this view, the suppression would occur because 

stabilization of the trimmed species would allow for prolonged time for increased 

fimction of the transcript, thereby compensating indirectly for the defect in mRNA 

function. Future experiments examining the function and metabolism of the trimmed 

mRNAs should help to distinguish these possibilities. 

Roles of the STMl gene 

The STMl gene genetically interacts with several genes. Overexpression of STMl 

suppressed the temperature-sensitive growth of toml and htrl (67), and the phenotype of 

pop2 (68). In this study we showed that STMl also suppressed the temperature-sensitive 

growth of IsmlA and patlA mutants. Interestingly, many of these genes that genetically 

interact with STMl have a role in RNA metabolism. HTR1/MPT5/PUF5 encodes a 

putative RNA binding protein with Puf repeat sequence (69). P0P2/CAF1 encodes a key 

component of the cytoplasmic deadenylase (70). LSMl and PAT I promote mRNA 

decapping. The genetic interactions between STMl and genes involved in mRNA 

degradation indicate that STMl may play a role in mRNA degradation. However deletion 

or overexpression of STMl gene did not affect the degradation of MFA2 and PGKl 

mRNAs (Muhlrad and Parker, impublished data). Furthermore overexpression of STMl 

did not change the trimming phenotypes as the ski mutations does, indicating that the 
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STMl gene suppresses the temperature-sensitive growth of Ism Its. and pallia cells by a 

different mechanism. What are the functions of Stml proteins? Stmlp is rich in basic 

residues and is a DNA/RNA- binding protein. It was first identified as a protein with an 

affinity to quadniplex nucleic acids in vitro (71). Nelson et al. demonstrated that Stmlp 

bind to a purine motif triple helical DNA (72). Whether Stmlp bind to a similar nucleic 

acid structm-e in vivo is still imclear. However based on the above observations, Stmlp, a 

moderately abundant protein present as 35,000 copies per yeast cells (71), may bind to 

mRNA and modulate mRNP structiure. 
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MATERIALS AND METHODS 

Media and Yeast strains 

Yeast media were prepared according to standard methods. Cells were grown in 

YEP rich medium or complete minimal (CM) drop out medium to maintain plasmids. 

Most yeast strains, unless indicated, contained a GAL 1 UAS regulated MFA2pG and 

PGKlpG genes and were grown in medium containing 2% galactose to induce the 

transcription of reporter genes MFA2pG and PGKlpG. Conditional lsm3 or lsm4 

mutants (GAL UAS controlled LSM3 and LSM4) were transformed with a GPD promoter 

regulated MFA2pG plasmid, grown in CM drop out medium containing 2% galactose, 

then shifted to CM drop out medium containing 2% dextrose for 14 hours to shut off the 

transcription of LSM3 or LSM4 (15). 

Yeast strains used in this study are listed in Table 4.1. Most strains used in this 

study are in the genetic background of yRP841, with mutations introduced either by 

transformation or by repeated backcrosses. The lsm3, lsm4 and lsm8-l strains used for 

examining mRNA trimming are in a different genetic background and were compared to 

their isogenic wild types. All double mutants were constructed by crossing the respective 

single-mutant strains. PCR analysis was used to identify the lsm7A::HIS3 mutation. 

Primers oRP1046 (5'-CCT TGT TGT CGT ACT GTC-3') and 0RP1047 (5'-GGA CAC 

TGA GTT TCG AAA-3') were used to amplify the LSM7 region. The HISS replacement 

of the LSM7 open reading firame changes the length of the PCR products. The ski4-l 

mutation abolishes the recognition site for restriction endonuclease Styl. The ski4-l 
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allele was identified by PCR amplification using oRP943 and oRP944 followed by Styl 

as described previously (54). 



Table 4.1, Strains used in this study 

Strain Genotype 

yRP840 MATa trpl Ieu2-3,ll2 his4-539 ura3-52 cuplA::LEU2/PGKpG/MFA2pG 

yRP841 MATatrpl ku2-3,ll2 lys2-20l ura3-52 cuplA::LEU2/PGKpG/MFA2pG 

yRPI365 MATatrpl leu2-3,112 tys2-20I ura3-5 cuplA::LEU2/PGKpG/MFA2pG lsmlA::TRPl 

yRP 1366 MA Ta trpl leu2-3, /12 ura3-52 cuplA::LEU2/PGKpG/MFA2pG lsm2A;:HIS3 pAEM55 

yRPl 367 MATa trpl ku2-3,112 his4-539 ura3-52 cuplA::LEU2/PGKpG/MFA2pG lsm5A::TRPl pRP949 
yRP1369 MATatrpl Ieu2-3,I12 lys2-20l ura3-52 cuplA::LEU2/PGKpG/MFA2pG lsm6A::HlS3 
yRPI370 WATatrpI ku2-3,ll2 ura3-52 cuplA::LEU2/PGKpG/MFA2pG lsm7A::HlS3 

yRP1372 MATa trpl Ieu2-3,tl2 his4-539 ura3-52 cuplA;:LEU2/PGKpG/MFA2pGpatIA::LEU2 
BMA64 MATatrpIAl his3-ll -15 ura3-l leu2-3,-II2 ade2-l can-WO 

AEMY31 MATatrpIAl his3-l 1,-15 ura3-l leu2-3.-ll2 ade2-l can-WO lsm3A::TRPI pAEM64 (GAL-HA-LSM3) 
MCY4 MATa adel-IOl his3-Al trpl-289 ura33-52 (LEU2-GAL-LSM4) 
W303 MA Ta ade I-IOI his3-A I trpl-289 ura33-52 
BP4 MA Ta trpl leu2 his3 ura3 Iys2 ade2 lsm8-1 
CY3 MATa trpl Ieti2 his3 ura3 lys2 ade2 

yRPl 192 MATahis4-539 trpl leu2-3.112 lys2-20l ura3-52 cuplA::LEU2/PGKpG/MFA2pG ski2A::LEU2 

yRPl 193 MATa trpl Ieu2-3,ll2 ura3-52 his4-539 lys2-20l ski3A::TRPl 
yRPl 194 MATa trpl Ieu2-3,ll2 his4-539 lys2-20l ura3-52 ski8A::URA3 
yRP 1540 MA Ta trpl leu2-3,112 hls4-539 ura3-52 cuplA::LEU2/PGKpG/MFA2pG ski4-1 
yRP 1070 MA Ta trpl leu2-3,112 ura3-52 his4-539 cuplA::LEU2/PGKpG/MFA2pG dcplA;: URA3 
yRP1647 MATatrpl Ieu2-3,ll2 ura3-52 his4-539 lys2-20l cuplA::LEU2/PGKpG/MFA2pG dcplA::URA3 lsmlA::TRPl 
yRP1424 MATa trpl Ieu2-3,ll2 lus4-539 ura3-52 lys2-20lcuplA::LEU2/PGKpG/MFA2pG ismlAr.RPl ski2A::LEU2 
yRPMlO MATatrpl Ieu2-3,ll2 ura3-52 his4-539cuplA::LEU2/PGKpG/MFA2pG IsmlAr.TRPl 
yRP1635 MATatrpl Ieu2-3,ll2 his4-539 ura3-52 cuplA::LEU2/PGKpG/MFA2pG IsmlAr.TRPl ski3A::TRPl 

yRPl 555 MATa trpl Ieu2-3,ll2 his4-539 ura3-52 cuplA::LEU2/PGKpG/MFA2pG IsmlAr.TRPl ski4-l 
yRP1625 MATatrpl Ieu2-3.112 lys2-201 ura3-52 cuplArLEU2/PGKpG/MFA2pG lsmlA::TRPl ski8A::URA3 
yRP1631 MATa trpl leu2-3,112 his4-539 tira3-52 cuplAr.LEU2/PGKpG/MFA2pGpatlA::LEU2 ski4-l 
yRP1371 MATatrpl Ieu2-3,l 12 his4-539 lys2-201 ura3-52patlA;:LEU2 
yRP1633 MATatrpl Ieu2-3,112 his4-539 wa3-52 cuplArLEU2/PGKpG/MFA2pG IsmSAr.TRPl ski4-lpRP949 

yRP 1368 MA Ta trpl leu2-3,112 ura3-52 cuplA::LEU2/PGKpG/MFA2pG lsm2A::HlS3 ski4-1 pAEM55 
yRPl626 MATa trpl leu2-3.112 ura3-52 his4-539 cuplA::LEU2/PGKpG/MFA2pG lsm7A::HIS3 ski4-l 
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Plasmid construction 

The GPD promoter control MFAlpG plasmid (pRP1043) was constructed by 

homologous recombination. The GPD promoter region was PGR amplified with primer 

pairs OPR1045 (5' GGA AAC AGC TAT GAC CAT GAT TAG GAA TTC GCA TTA 

TCA ATA GTG GCC 3') and OPR1042 (5' GTT ATT GTT GTA TGA AGA TGA TAG 

CTC GCT GGC TTG GTG TTT TAA AAC 3') from vector PG-1 (73). The MFA2pG 

region was amplified using oPR1043 (5' GTT AGT CTT TTT TTT AGT TTT AAA 

ACA CCA AGC CAG CGA GCT ATC ATC TTC 3') and the oRPI044 (5' GTT TTC 

CCA GTC ACG AC 3') from vector pRP1044 (pCD61). The two PCR products share a 

homologous region, while each of them has a region homologous to the vector pRPl 1. 

The two pieces of PCR products and linearized vector pRPl 1 were cotransformed into 

yeast to allow homologous recombination. The recombined plasmids were isolated from 

yeast cells, amplified in E. Coli, and confirmed by restriction enzyme digestion. 

RNA analysis 

Temperature shift experiments were performed by growing cells at 24°C in media 

containing 2% galactose until early log phase (OD600 = 0.3). Then the culture was split 

into two, one kept at 24°C, and the other shifted to 37°C. After an hour, cells were 

harvested and immediately frozen in dry ice. 

Total RNA isolation and Northern analysis were performed according to standard 

protocols (74). The oligonucleotide used as probes in the Northern analysis are: oPR140 
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(5' ATA TTG ATT AGA TCA GGA ATT CC 3') for MFAIpG', oPR141 ( 5'-AAT TGA 

TOT ATC GAG GAA TTC C 3') for PGKlpG', oRPlOO (5'-

GTCTAGCCGCGAGGAAGG-3') for signal recognition particle (SRP); oRP98 (5' CTT 

GGA CCC GTA AGT TTC AC 3') for GAL10\ ORP1041 for the 5' end-> poly(G) 

fragment of MFAZpG (5' CCA AAT TCC TAG ATC TCT TGG 3'); oPR154 to detect 

the 5* end ->poly(G) fragment ofPGKlpG (34); RP1048 for 25S rRNA (5' CTA AGT 

CGT ATA CAA ATG 3'), oRPlOSO for 18S rRNA (5' GGA CGT AAT CAA CGC AAG 

3'), ORP924 for 5.8s rRNA (54). 

RNase H reactions were done as previously described (75). The oligos used in 

RNase H reactions to reduce the size of mRNAs are: Oligo oRP70 (5' CGG ATA AGA 

AAG CAA CAC CTG G 3') fox PGKlpG', oRP97 (5' GTA TCT ACA AGG CTC GAT 

TG 3') for GAL10-, oRP1049 for 25S rRNA (5' CAA TTC GCC AGC AAG CAC 3'); 

ORP1051 for rRNA 18S (5' CGC TTA CTA GGA ATT CCT C 3'). 
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CHAPTER 5. CHARACTERIZATION OF THE PAT1/YCR077C GENE 

INTRODUCTION 

One of the proteins that interact with the cytoplasmic Lsm complex (see Chapter 

3) is Patlp, which was originally identified as a protein of unknown function associating 

with topoisomerase II (57). PATl gene was later cloned and shown to be the same gene 

as MRTI, a gene required for efficient decapping during mRNA degradation (4, 22). 

PATl gene is not essential. Deletion of PATl causes temperature-sensitive growth (4). 

In addition, a deletion in PATl increases cell size and frequency of chromosome 

fragmentation (57). 

Recent studies have demonstrated that PATl plays a role in mKtSTA degradation. 

Based on yeast two hybrid analysis and coimmunoprecipitation experiments, Patlp 

interacts with the cytoplasmic Lsm complex (Lsmlp to Lsm7p), promoting the decapping 

step of 5' to 3' mRNA degradation pathway and preventing the 3' UTR of mRNAs from 

trimming (see Chapter 3 and Chapter 4). Consistent with this view PatlP is localized in 

the cytoplasm (See Chapter 3). 

PATl is also involved in translation initiation. Deletion of PAT gene suppresses 

the deletion of PABl gene (62, 76), the poly(A) associating protein. Many suppressors of 

the pablA (termed spb) are involved either in mRNA degradation or in ribosome 

synthesis (5, 77). PATl gene seems to function in translation initiation, possibly by 

promoting or stabilizing the preinitiation translation complex. Wyers et al. (76) 
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demonstrate that Patlp cosediments with free 40 S ribosomal subunits on sucrose 

gradient. Deletion of PATl gene led to accumulation of SOS ribosomes and a decrease in 

the amoimt of polyribosomes. In addition, Patlp was required for efficient translation in 

a cell free system. These results provide a possible link between mRNA degradation and 

translation. 

How do the c)^oplasrtiic Lsm complex and Patlp function? Boimerot et al. 

showed that Lsmlp and Patlp cosedimented on sucrose gradients (62). Deletion of 

LSMl gene led to a decrease in Patlp level. This observation implies that Lsmlp 

functions to maintain Patlp level. We proposed that increasing Patlp level in a IsmlA 

mutant might bj^ass the requirement for LSMl gene. We tested this theory in a GAL-

PATl strain where we could manipulate the expression level of Patlp. 
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RESULTS 

Overexpression of PATl gene is lethal 

To overexpress PATl gene, we made a conditional patl mutant (GALl UAS 

controlled PATl). When plated on YEP plates containing 2% glucose where the 

transcription of PATl gene is suppressed, the patl mutant showed temperature sensitive 

growth (Figure 5.1 A), similar to the patl/S. mutant. On YEP plates containing 2% 

rafSnose, the GAL-PATl strain grew slowly at 24°C, and died at 37°C (Figure 5.1 A). 

Raffinose is a neutral carbon source that does not repress or induce the GALl promoter. 

This again confirmed that PATl is required for growth at 37°C. The GAL-PATl strain 

died on YEP plates containing 2% galactose at 24°C or 37°C (Figure 5.1 A), indicating 

that overexpression of PATl is lethal. 

To confirmed that the GAL-PATl construct is functional and that overexpression 

of PATl gene is lethal, we streaked the GAL-PATl on YEP plates containing serial 

concentrations of galactose (0.001%, 0.05%, 0.01%, 0.5%, 0.1%, and 0.5%) (Figure 5. IB 

and data not shown). The GAL-PATl strain was unable to grow on YEP plates containing 

0.001 up to 0.01% of galactose at 37°C, indicating that not enough Patlp is expressed to 

maintain cell growth at 37°C under this condition. The GAL-PATl strain was able to 

grow on YEP plates containing 0.05% to 0.5% galactose at 37°C, suggesting that within 

this range of galactose concentrations enough Patlp is induced to allow cell growth at 

37°C without causing toxicity. These results confirmed that while Patlp is required for 

growth at 37°C, overexpression of Patlp leads to cell death. 
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Figure 5.1, Growth phenotji^pe of the GAL-PATl strain in a wild type and a IsmlA 

background. Cells were grown on 2% rafHnose, galactose and glucose plates (A) and 

plates containing serial concentrations of galactose (B). The growth temperatures are 

indicated on the right. The cartoon plate denotes the position of each strain used. 
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The temperature-sensitive growth of IsmlA cannot be suppressed by PATI 

overexpression 

Deletion of either LSMI or PATI leads to temperature sensitive growth. The 

observation that that Patlp level was decreased in the IsmlA mutant (62) raises the 

possibility that IsmlA defects are caused by decreased Patlp level. This hypothesis 

predicts that the defects of IsmlA might be rescued by increasing Patlp level. To test this 

hypothesis we introduced IsmlA into the GAL-PAT 1 mutant by homologous 

recombination (see method) because the IsmlA GAL-PATl diploid was unable to 

sporulate (He and Parker, unpublished observation). 

The IsmlA mutation is not synthetic lethal with the loss of function mutation of 

PATI gene. The GAL-PATl strain behaves as a loss-of-fimction mutant on plates 

containing 2% dextrose or rafRnose (see above). In the presence of IsmlA, the GAL-

PATl cells grew on YEP-Dex and YEP-Raf plates at 24°C (Figure 5.1 A), indicating that 

the absence of both functional Lsmlp and Patlp is not lethal. The IsmlA GAL-PATl 

strain did not grow on YEP-Dex or YEP-Raf plates at 37°C (Figure 5.1 A). This is not 

surprising because both genes are required for growth at the restrictive temperature 37°C. 

The IsmlA GAL-PATl strain did not grow on YEP plates containing 2% galactose at 

24°C or 37°C (Figure 5.1 A), which can be explained by the lethality of PATI 

overexpression. 

To test whether PATI overexpression suppresses the IsmlA defects, we examined 

whether the temperature sensitive growth of IsmlA can be suppressed by PATI 

overexpression. The IsmlA GAL-PATl strain was streaked on YEP plates containing 
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series of galactose concentrations ranging from 0.001% to 0.5% (Figure 5. IB and data 

not shown). 0.001% to 0.01% galactose did not induce enough PATl expression to allow 

IsmlA GAL-PATl or GAL-PATlto grow at 37°C. On plates containing galactose ranging 

from 0.05% to 0.5%, the expression of GAL-PATl was not induced enough to kill cells 

but is sufficient to maintain cell growth at 37°C. However the IsmlA GAL-PATl strain 

was unable to grow at 37°C under these conditions, indicating that the IsmlA. temperature 

sensitive growth cannot be suppressed by overexpression of PATL 

DISCUSSION 

Why is overexpression of PATl lethal to cells? There are several possible 

explanations for the lethality of PATl overexpression. Given that Patlp promotes 

decapping during mRNA degradation, overexpression of PATl might increase decapping, 

thus leading to cell death. Alternatively, overexpression of PATl could cause trimming 

of mRNA by disrupting the Lsm/Patl complex. Finally based on the function of Patlp in 

translation initiation, overexpression of PATl may cause cell death by affecting 

translation initiation. Further experiments will be required to confirm the validity of each 

possibility. 

I infroduced a deletion of DCPl or DCP2 gene into the PATl overexpression 

strain, intending to genetically test whether overexpression of PATl gene causes cell 

death by increasing decapping activities. DCPl encodes the decapping enzyme in yeast, 

while DCP2 encodes a protein that is required for decapping activity. The GAL-PATl 

dcplA and GAL-PATl dcp2A strains had similar growth phenotype like the GAL-PATl 
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strain. On YEPD plates, these strains grew at 23°C but died at 37°C. These strains did 

not grow on YEPG (2% galactose) plates at either temperature. Future experiments 

include testing the growth phenotype of these strains under various galactose 

concentrations and examining the mRNA decapping phenotypes. 

The observation that the IsmlA mutation causes a decrease in Patlp level suggests 

that LSMl may function by maintaining Patlp level. This hypothesis predicts that the 

defects of IsmlA mutation can be rescued by raising Patlp level. Overexpression of 

PATl by growing GAL~PAT1 on media with various concentrations of galactose did not 

rescue the IsmlA temperature sensitive growth. This observation is consistent with the 

hypothesis that the temperature-sensitive growth of IsmlA and patlA is caused by 

trimming of the 3' UTR of mRNAs (see Chapter 4). The observation that overexpression 

of PATl did not suppress IsmlA temperature sensitive growth implies that protecting 

mRNA from trimming requires both Patlp and the cytoplasmic Lsm complex. It also 

suggests that overexpression of PATl does not rescue the trimming phenotype of the 

IsmlA mutation. Future experiments should be done to test this hypothesis. The results 

will shed light on the relationship of the Lsml-7 complex and Patlp. 

We need to quantitate Patlp level in the GAL-PATl cells grown on various 

concentrations of galactose to pinpoint the condition where Patlp level is similar to that 

of wild type. Moreover, PATl overexpression might suppress other IsmlA defects, such 

as the decapping defect or the translation initiation defects. One future experiment will 

be to analyze suppression of the IsmlA mutant defects using the galactose concentration 

where the IsmlA GAL-PATl strain produces amounts of Patlp equal to the wild type cell. 
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METHODS 

Yeast strains used in this study are listed in Table 5.1. 

The GAL-PATl strain {kan''-GALl UAS-GST-PATl) was constructed by inserting 

a GALl UAS preceding the PATl ORF. A pair of primers (5'GAA AGA AAC AAG 

GTG AAT GAA AAG AAA CAT GTA CAC CTT GGA ATT CGA GCT CGT TTA 

AAC 3') and (5' ATC CCG CGC ATT ACC GCT ATT TTC TAA CCC AAA GAA 

GGA ACG CGG AAC CAG ATC CGA TT 3') were used to PCR amplify the GALl 

UAS region from vector pFA6a-k;anMX6-pGALl-GST (78). The PCR product 

comprises ~40 nucleotides of homologous sequence to the PATl ORF flanking regions. 

The PCR product contains a kan"^ gene, an E. coli gene that confers resistance to 

G418/geneticin. The PCR product was transformed into wild type cells yRP840, plated 

on G418 plates at 24°C. Recombinants w^ere identified by PCR analysis. 

To make a IsmlA GAL-PATl double mutant, the lsmlA::TRPl region from 

yRP1365 was PCR amplified with primers 5' GAA GTT CTA TTA GCA GTA CC 3' and 

5' CGA TGT GTA ATC GTA ACG 3'. The PCR product was transformed into a GAL-

PATl strain. The transformants were selected on -TRP plates and confirmed by PCR 

analysis. The GAL-PATl dcp2A double mutant was constructed by replacing the DCP2 

gene with a TRP marker gene. Specifically, the dcp2A::TRPl region was PCR amplified 

with a primer pair oRP1063 and oRP1064 from yRP1346 (a deletion of DCP2). The 

PCR product was transformed into yRP1643 (a GAL-PATl strain) to allow homologous 

recombination. The transformants were selected on -TRP plates and the dcp2A was 
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confirmed by PCR analysis. The GAL-PATl dcplts. double mutant was constructed by 

transforming a cut DCPl knockout plasmid pRP716 into yRP1643 (a GAL-PATl strain). 

The dcplh. was confirmed by PCR analysis. 

The YEP plates with various concentrations of galactose contained 2% (by 

weight) of total sugar. Besides galactose, rafSnose was added to supplement the total 

sugar concentration. The YEP-G418 plates were made as described previously (78), with 

the G4l8/geneticin concentration reduced to I50^ig/ml. 



Table 5.1, Strains used in this study 

Strain Genotype 

yRP840 MATa trpl Ieti2'3,112 his4-539 ura3-52 cuplA::LEU2/PGKpG/MFA2pG 

yRP841 MATatrpI Ieti2-3,I12 Iys2-20l ura3-52 citpIh::LEU2/PGKpG/MFA2pG 

yRP1365 MATatrpI Ieu2-3,1I2 lys2-2ni ura3-5 cuplA::LEU2/PGKpG/MFA2pG lsmlA::TRPI 

yRP1643 MATatrpI Ieu2-3,112 Iys2-201 ura3-5 ctipIA::LEU2/PGKpG/MFA2pG Katf-GAL-GST-PATl 

yRP1644 MATatrpI Ieu2-3,II2 Iys2-20I ura3-5 cuptA::LEU2/PGKpG/MFA2pG Kan'-GAL-GST-PATI lsmI::TRPI 

yRP1346 MATa trpl Ieu2-3,II2 lus4-539 ura3-52 Iys2-20l cupIA::LEU2/PGKpG/MFA2pG dcp2::TRPI 



135 

REFERENCES 

1. He, W., and R. Parker 2000. Functions of Lsm proteins in mRNA degradation 
and splicing Current Opinion in Cell Biology. 12:346-50. 

2. Muhlrad, D., C. J. Decker, and R. Parker 1994. Deadenylation of the unstable 
mRNA encoded by the yeast MFA2 gene leads to decapping followed by 5'~>3' 
digestion of the transcript Genes &. Development. 8:855-66. 

3. Muhlrad, D., C. J. Decker, and R. Parker 1995. Tumover mechanisms of the 
stable yeast PGKl mRNA Molecular &. Cellular Biology. 15:2145-56. 

4. Tharun, S., W. He, A. E. Mayes, P. Lennertz, J. D. Beggs, and R. Parker 
2000. Yeast Sm-like proteins function in mRNA decapping and decay Nature. 404:515-8. 

5. Boeck, R., B. Lapeyre, C. E. Brown, and A. B. Sachs 1998. Capped mRNA 
degradation intermediates accumulate in the yeast spb8-2 mutant Molecular & Cellular 
Biology. 18:5062-72. 

6. Seraphin, B. 1995. Sm and Sm-like proteins belong to a large family: 
identification of proteins of the U6 as well as the Ul, U2, U4 and U5 snRNPs EMBO 
Journal. 14:2089-98. 

7. Hermann, H., P. Fabrizio, V. A. Raker, K. Fouiaki, H. Homig, H. Brahms, 
and R- Luhrmann 1995. snRNP Sm proteins share two evolutionarily conserved 
sequence motifs which are involved in Sm protein-protein interactions EMBO Journal. 
14:2076-88. 

8. Fromont-Racine, M., J. C. Rain, and P. Legrain 1997. Toward a functional 
analysis of the yeast genome through exhaustive two- hybrid screens Nat Genet. 16:277-
82. 

9. Salgado-Garrido, J., E. Bragado-Nilsson, S. Kandels-Lewis, and B. Seraphin 
1999. Sm and Sm-like proteins assemble in two related complexes of deep evolutionary 
origin EMBO Journal. 18:3451-62. 

10. Achsel, T., H. Brahms, B. Kastner, A. Bachi, M. Wiim, and R. Luhrmann 
1999. A doughnut-shaped heteromer of human Sm-like proteins binds to the 3'-end of U6 
snRNA, thereby facilitating U4/U6 duplex formation in vitro EMBO Journal. 18:5789-
802. 



136 

11. Camasses, A., E. Bragado-Nilsson, R. Martin, B. Seraphin, and R. Bordonne 
1998. Interactions within the yeast Sm core complex: from proteins to amino acids Mol 
Cell Biol. 18:1956-66. 

12. Kambach, C., S. Walke, R. Young, J. M. Avis, E. de la Fortelle, V. A. Raker, 
R. Luhrmann, J. Li, and K. Nagai 1999. Crystal structures of two Sm protein 
complexes and their implications for the assembly of the spliceosomal snRNPs Cell. 
96:375-87. 

13. Raker, V. A., G. Plessel, and R. Luhrmann 1996. The snRNP core assembly 
pathway: identification of stable core protein heteromeric complexes and an snRNP 
subcore particle in vitro Embo J. 15:2256-69. 

14. Fury, M. G., W. Zhang, L Christodoulopouios, and G. W. Zieve 1997. 
Multiple protein: protein interactions between the snRNP common core proteins Exp Cell 
Res. 237:63-9. 

15. Mayes, A. E., L. Verdone, P. Legrain, and J. D. Beggs 1999. Characterization 
of Sm-like proteins in yeast and their association with U6 snRNA EMBO Joumal. 
18:4321-31. 

16. Cooper, M., L. H. Johnston, and J. D. Beggs 1995. Identification and 
characterization of Usslp (Sdb23p): a novel U6 snRNA-associated protein with 
significant similarity to core proteins of small nuclear ribonucleoproteins EMBO Joumal. 
14:2066-75. 

17. Pannone, B. K., D. Xue, and S. L. Wolin 1998. A role for the yeast La protein in 
U6 snRNP assembly: evidence that the La protein is a molecular chaperone for RNA 
polymerase III transcripts EMBO Joumal. 17:7442-53. 

18. Gottschaik, A., G. Neubauer, J. Banroques, M. Mann, R. Luhrmann, and P. 
Fabrizio 1999. Identification by mass spectrometry and functional analysis of novel 
proteins of the yeast [U4/U6.U5] tri-snRNP Embo J. 18:4535-48. 

19. Stevens, S. W., and J. Abelson 1999. Purification of the yeast U4/U6.U5 small 
nuclear ribonucleoprotein particle and identification of its proteins Proc Natl Acad Sci U 
S A. 96:7226-31. 

20. Staley, J. P., and C. Guthrie 1998. Mechanical devices of the spliceosome: 
motors, clocks, springs, and things Cell. 92:315-26. 

21. Dunckley, T., and R. Parker 1999. The DCP2 protein is required for mRNA 
decapping in Saccharomyces cerevisiae and contains a fimctional MutT motif EMBO 
Joumal. 18:5411-22. 



137 

22. Hatfield, L., C. A. Beelman, A. Stevens, and R. Parker 1996. Mutations in 
trans-acting factors affecting mRNA decapping in Saccharomyces cerevisiae Molecular 
& Cellular Biology. 16:5830-8. 

23. Schwartz, D. C., and R. Parker 1999. Mutations in translation initiation factors 
lead to increased rates of deadenylation and decapping of mRNAs in Saccharomyces 
cerevisiae Molecular & Cellular Biology. 19:5247-56. 

24. LaGrandeur, T., and R. Parker 1999. The cis acting sequences responsible for 
the differential decay of the unstable MFA2 and stable PGKl transcripts in yeast include 
the context of the translational start codon Rna. 5:420-33. 

25. Muhlrad, D., and R- Parker 1999. Recognition of yeast mRNAs as "nonsense 
containing" leads to both, inhibition of mRNA translation and mRNA degradation: 
implications for the control of mRNA decapping Molecular Biology of the Cell. 10:3971-
8. 

26. Bouveret, E., G. Rigaut, A. Shevchenko, M. Wilm, and B. Seraphin 2000. A 
Sm-like protein complex that participates in mRNA degradation Embo J. 19:1661-71. 

27. Vidal, V. P., L. Verdone, A. E. Mayes, and J. D. Beggs 1999. Characterization 
of U6 snRNA-protein interactions Rna. 5:1470-81. 

28. Uetz, P., L. Giot, G. Cagney, T. A. Mansfield, R. S. Judson, J. R. Knight, D. 
Lockshon, V. Narayan, M. Srinivasan, P. Pochart, A. Qureshi-Emili, Y. Li, B. 
Godwin, D. Conover, T. Kalbfleisch, G. Vijayadamodar, M. Yang, M. Johnston, S. 
Fields, and J. M. Rothberg 2000. A comprehensive analysis of protein-protein 
interactions in Saccharomyces cerevisiae Nature. 403:623-7. 

29. Ito, T., K. Tashiro, S. Muta, R. Ozawa, T. Chiba, M. Nishizawa, K. 
Yamamoto, S. Kuhara, and Y. Sakaki 2000. Toward a protein-protein interaction map 
of the budding yeast: A comprehensive system to examine two-hybrid interactions in all 
possible combinations between the yeast proteins Proc Natl Acad Sci USA. 97:1143-7. 

30. Diez, J., M. Ishikawa, M. Kaido, and P. Ahlquist 2000. Identification and 
characterization of a host protein required for efficient template selection in viral RNA 
replication Proc Natl Acad Sci USA. 97:3913-8. 

31. He, W., and R. Parker 1999. Analysis of mRNA decay pathways in 
Saccharomyces cerevisiae Methods. 17:3-10. 



138 

32. Decker, C. J., and R. Parker 1993. A turnover pathway for both stable and 
unstable mRNAs in yeast: evidence for a requirement for deadenylation Genes & 
Development. 7:1632-43. 

33. Anderson, J. S. J., and R. P. Parker 1998. The 3' to 5' degradation of yeast 
mRNAs is a general mechanism for mRNA turnover that requires the SKI2 DEVH box 
protein and 3' to 5' exonucleases of the exosome complex EMBO Journal. 17:1497-506. 

34. Muhlrad, D., and R. Parker 1994. Premature translational termination triggers 
mRNA decapping Nature. 370:578-81. 

35. Peltz, S. W., A. H. Brown, and A. Jacobson 1993. mRNA destabilization 
triggered by premature translational termination depends on at least three cis-acting 
sequence elements and one trans-acting factor Genes & Development. 7:1737-54. 

36. Beeiman, C. A., and R. Parker 1995. Degradation of mRNA in eukaryotes Cell. 
81:179-83. 

37. Beeiman, C. A., and R. Parker 1994. Differential effects of translational 
inhibition in cis and in trans on the decay of the unstable yeast MFA2 mRNA Journal of 
Biological Chemistry. 269:9687-92. 

38. Vreken, P., N. Buddelmeijer, and H. A. Raue 1992. A cell-free extract from 
yeast cells for studying mRNA turnover Nucleic Acids Res. 20:2503-10. 

39. He, F., and A. Jacobson 1995. Identification of a novel component of the 
nonsense-mediated mRNA decay pathway by use of an interacting protein screen Genes 
& Development. 9:437-54. 

40. Leeds, P., S. W. Peltz, A. Jacobson, and M. R. Culbertson 1991. The product 
of the yeast UPFl gene is required for rapid turnover of mRNAs containing a premature 
translational termination codon Genes & Development. 5:2303-14. 

41. Leeds, P., J. M. Wood, B. S. Lee, and M. R. Culbertson 1992. Gene products 
that promote mRNA turnover in Saccharomyces cerevisiae Molecular & Cellular 
Biology. 12:2165-77. 

42. Lee, B. S., and M. R. Culbertson 1995. Identification of an additional gene 
required for eukaryotic nonsense toRNA turnover Proceedings of the National Academy 
of Sciences of the United States of America. 92:10354-8. 

43. Beeiman, C. A., A. Stevens, G. Caponigro, T. E. LaGrandeur, L. Hatfield, D. 
M. Fortner, and R. Parker 1996. An essential component of the decapping enzyme 
required for normal rates of mRNA turnover [see comments] Nature. 382:642-6. 



139 

44. Williamson, J. R., M. K. Raghuraman, and T. R. Cech 1989. Monovalent 
cation-induced structure of telomeric DNA: the G-quartet model Cell. 59:871-80. 

45. Yun, D. F., and F. Sherman 1996. Degradation of CYCl mRNA in the yeast 
S a c c h a r o m y c e s  c e r e v i s i a e  d o e s  n o t  r e q u i r e  t r a n s l a t i o n  P r o c  N a t l  A c a d  S c i  U S A .  
93:8895-900. 

46. Donis-Keller, H. 1979. Site specific enzymatic cleavage of RNA Nucleic Acids 
Res. 7:179-92. 

47. Parker, R., D. Herrick, S. W. Peltz, and A. Jacobson 1991. Measurement of 
mRNA decay rates in Saccharomyces cerevisiae Methods in Enzymology. 194:415-23. 

48. Caponigro, G., and R. Parker 1995. Multiple functions for the poly(A)-binding 
protein in mRNA decapping and deadenylation in yeast Genes & Development. 9:2421-
32. 

49. Herrick, D., R. Parker, and A. Jacobson 1990. Identification and comparison of 
stable and unstable mRNAs in Saccharomyces cerevisiae Molecular & Cellular Biology. 
10:2269-84. 

50. Cherest, H., N. T. Nguyen, and Y. Surdin-Kerjan 1985. Transcriptional 
regulation of the MET3 gene of Saccharomyces cerevisiae Gene. 34:269-81. 

51. Nonet, M., C. Scafe, J. Sexton, and R. Young 1987. Eucaryotic RNA 
polymerase conditional mutant that rapidly ceases mRNA synthesis Mol Cell Biol. 
7:1602-11. 

52. Mitchell, P., E. Petfalski, A. Shevchenko, M. Mann, and D. Tollervey 1997. 
The exosome: a conserved eukaryotic RNA processing complex containing multiple 3'--
>5' exoribonucleases Cell. 91:457-66. 

53. Morgan Tucker, M. A. V.-S., Robin R. Staples, Junji Chen, Clyde L. Denis, 
and Roy Parker 2001. The Transcription Factor Associated Ccr4 and Cafl Proteins Are 
Components of the Major Cytoplasmic mRNA Deadenylase in Saccharomyces cerevisiae 
Cell. 104:377-386. 

54. van Hoof, A., R. R. Staples, R. E. Baker, and R. Parker 2000. Function of the 
ski4p (Csl4p) and ski7p proteins in 3'-to-5' degradation of mRNA Mol Cell Biol. 
20:8230-43. 

55. Jacobson, A., and S. W. Peltz 1996. Interrelationships of the pathways of mRNA 
decay and translation in eukaryotic cells Annual Review of Biochemistry. 65:693-739. 



140 

56. Fromont-Racine, M., A. E. Mayes, A. Brunet-Simon, J. C. Rain, A. Colley, I. 
Dix, L. Decourty, N. Joly, F. Ricard, J. D. Beggs, and P. Legrain 2000. Genome-wide 
protein interaction screens reveal functional networks involving Sm-like proteins Yeast. 
17:95-110. 

57. Wang, X., P. M. Watt, E. J. Louis, R. H. Borts, and 1. D. Hickson 1996. Patl: 
a topoisomerase H-associated protein required for faithful chromosome transmission in 
Saccharomyces cerevisiae Nucleic Acids Research. 24:4791-7. 

58. Dix, I., C. Russell, S. B. Yehuda, M. Kupiec, and J. D. Beggs 1999. The 
identification and characterization of a novel splicing protein, Isylp, of Saccharomyces 
cerevisiae Rna. 5:360-8. 

59. Tharun, S., and R. Parker 1999. Analysis of mutations in the yeast mRNA 
decapping enzyme Genetics. 151:1273-85. 

60. Branlant, C., A. Krol, J. P. Ebel, E. Lazar, B. Haendler, and M. Jacob 1982. 
U2 RNA shares a structural domain with Ul, U4, and U5 RNAs Embo J. 1:1259-65. 

61. Liautard, J. P., J. Sri-Widada, C. Brunei, and P. Jeanteur 1982. Structural 
organization of ribonucleoproteins containing small nuclear RNAs from HeLa cells. 
Proteins interact closely with a similar structural domain of Ul, U2, U4 and U5 small 
nuclear RNAs J Mol Biol. 162:623-43. 

62. Bonnerot, C., R. Boeck, and B. Lapeyre 2000. The two proteins Patlp (Mrtip) 
and Spb8p interact in vivo, are required for mRNA decay, and are functionally linked to 
Pablp Mol Cell Biol. 20:5939-46. 

63. Hann, B. C., and P. Walter 1991. The signal recognition particle in S. cerevisiae 
Cell. 67:131-44. 

64. Dunckley, T., M. Tucker, and R. Parker 2001. Two Related Proteins, Edclp 
and Edc2p, Stimulate mRNA Decapping in Saccharomyces cerevisiae Genetics. 157:27-
37. 

65. Pannone, B. K., S. D. Kim, D. A. Noe, and S. L. Wolin 2001. Multiple 
functional interactions between components of the Lsm2-Lsm8 complex, U6 snRNA, and 
the yeast La protein submitted. 

66. Cao, C., and R. Parker 2001. Computational modeling of eukaryotic mRNA 
turnover submitted. 



141 

67. Utsugi, T., A. Toh-e, and Y. Kikuchi 1995. A high dose of the STMl gene 
suppresses the temperature sensitivity of the to»ml and htrl mutants in Saccharomyces 
cerevisiae Biochim Biophys Acta. 1263:285-8-

68. Hata, H., H. Mitsui, H. Liu, Y. Bai, CZ. L. Denis, Y. Shimizu, and A. Sakai 
1998. Dhhlp, a putative RNA heiicase, associates with the general transcription factors 
Pop2p and Ccr4p from Saccharomyces cerevis;iae Genetics. 148:571-9. 

69. Olivas, W., and R. Parker 2000. The IPuG protein is a transcript-specific 
regulator of mRNA degradation in yeast Emboo J. 19:6602-11. 

70. Tucker, M., M. A. Valencia-Sanchez^ R. R- Staples, J. Chen, C. L. Denis, and 
R. Parker 2001. The Transcription Factor Assiociated Ccr4 and Cafl Proteins Are 
Components of the Major Cytoplasmic mRNA- Deadenylase in Saccharomyces cerevisiae 
Cell. 104:377-386. 

71. Frantz, J. D., and W. GUbert 1995. novel yeast gene product, G4pl, with a 
specific affinity for quadruplex nucleic acids J Biol Chem. 270:20692-7. 

72. Nelson, L. D., M. Musso, and M. W. 'Van Dyke 2000. The yeast STMl gene 
encodes a purine motif triple helical DNA-bincding protein J Biol Chem. 275:5573-81. 

73. Schena, M., and K. R. Yamamoto 19o88. Mammalian glucocorticoid receptor 
derivatives enhance transcription in yeast Sciemce. 241:965-7. 

74. Caponigro, G., D. Muhlrad, and R. P*arker 1993. A small segment of the MAT 
alpha 1 transcript promotes mRNA decay in Ssaccharomyces cerevisiae: a stimulatory role 
for rare codons Molecular & Cellular Biology. 13:5141-8. 

75. Muhlrad, D., and R. Parker 1992. Muitations affecting stability and 
deadenylation of the yeast MFA2 transcript Gesnes & Development. 6:2100-11. 

76. Wyers, F., M. Minet, M. E. Dufour, 11.. T. Vo, and F. Lacroute 2000. Deletion 
of the PATl gene affects translation initiation sand suppresses a PAB1 gene deletion in 
yeast Molecular & Cellular Biology. 20:3538-^9. 

77. Sachs, A. B., and R. W. Davis 1989. TThe poly(A) binding protein is required for 
poly(A) shortening and 60S ribosomal subunit—dependent translation initiation Cell. 
58:857-67. 

78. Longtine, M. S., A. McKenzie, 3rd, D». J. DemarinI, N. G. Shah, A. Wach, A. 
Brachat, P. Philippsen, and J. R. Pringle 1998. Additional modules for versatile and 
economical PCR-based gene deletion and modiification in Saccharomyces cerevisiae 
Yeast. 14:953-61. 


