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ABSTRACT 

In the past few years, cytoplasmic processing bodies (P-Bodies) have been 

identified in eukaryotic cells. P-bodies have roles in translational repression, 

mRNA storage, mRNA decay and are conserved cytoplasmic aggregations of 

non-translating mRNAs in conjunction with translation repression and mRNA 

degradation factors. In this work, I, in collaboration with others provide evidence 

for a new biological role for P-bodies in viral life cycles. This work can be 

summarized thus:   

In a collaborative effort, I have identified connections between retroviral-

like transposon life cycles and P-bodies. For example, genetic evidence in yeast 

indicates that key proteins within P-bodies are required for the life cycles of the 

Ty1 and Ty3 retrotransposons. Moreover, Ty3 genomic RNA (gRNA) as well as 

viral structural proteins accumulate in P-bodies, suggesting that P-bodies may 

serve as sites of viral assembly. 

Second, I have shown, with assistance of collaborators, that the positive-

strand RNA virus, Brome Mosaic Virus (BMV) gRNA accumulates in P-bodies 

Moreover, viral RNA dependent RNA polymerase (RdRp) colocalizes with and 

co-immunoprecipitates with the P-body protein Lsm1p, suggesting that P-bodies 

may participate in viral replication. Remarkably, the accumulation BMV gRNA 

in P-bodies is dependent on cis-elements that have been demonstrated to play 

critical roles in viral RNA replication. 
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The identification of P-bodies as sites of accumulation of viral gRNA and 

viral proteins of both retro-virus like elements and positive-stranded RNA 

viruses, expands the list of important biological roles played by P-bodies. Since 

P-body proteins and structure are highly conserved, these findings imply that P-

bodies will be important for other RNA viruses.  
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CHAPTER I: INTRODUCTION 

 

Explanation of the problem and its context 

The life cycle of viruses and retrovirus-like elements in eukaryotic cells 

requires a series of step through which the virus completes its life cycle in the 

context of the host physiology. One interesting aspect of this process is how 

important steps in viral replication and packaging interface with the process of 

translation. Since many RNA viruses use viral transcripts for both mRNA and 

genomic RNA (gRNA), mechanisms are required to segregate replicative and 

packaging events away from translation of the RNAs, thereby avoiding 

competition between elongating ribosomes and the packaging or replicative 

machineries. Although of significant importance to the viral replicative process, 

the mechanisms by which viruses segregate translation from replication and 

assembly, and the host factors involved, are poorly understood. However, recent 

insights into the host mechanisms for the control of mRNA degradation and 

translation suggest possible means by which viral RNAs may interact with the 

normal host mRNA physiology.  

 In this report, I describe work done to analyze connections between 

cytoplasmic processing bodies (P-bodies) and RNA viral life cycles. The three 

major objectives of my work can be summarized in the following manner. First, I  
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have identified that retrovirus-like element genomic RNA and viral proteins can 

accumulate in P-bodies (Beliakova-Bethell et al, 2006). Second, I have extended 

these initial observations to include positive-stranded RNA viruses. That is, that 

positive-strand RNA viral genomes and viral proteins, also accumulate in P-

bodies (Beckham et al., submitted). Third, I have identified cis-acting sequences 

within positive-stranded RNA viral genomes that can direct these transcripts to 

P-bodies. Importantly, these same cis-elements correlate with replication 

competence. Moreover, these elements are sufficient to accumulate a 

heterologous transcript in P-bodies (Beckham et al., submitted). 
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A review of literature 

Pathways of mRNA decay  

In eukaryotes, two general mRNA decay pathways have been identified, 

both of which begin with shortening of the 3' poly(A) tail in a process referred to 

as deadenylation (Figure 1.1). Deadenylation is primarily carried out by the 

Ccr4p/Pop2p deadenylase complex, although additional deadenylases do 

contribute (Meyer et al., 2004; Parker and Song, 2004). Following deadenylation, 

mRNAs can be degraded in a 3'-5' direction by a 3' to 5' exonuclease complex 

termed the exosome. Alternatively, after deadenylation the mRNA can be 

decapped by the Dcp1p/Dcp2p decapping enzyme complex, leading to 5' to 3' 

degradation by the exonuclease Xrn1p.  An important point is that targeting an 

mRNA for decapping involves the formation of a translationally repressed 

mRNP, which can also aggregate into specific cytoplasmic foci referred to as P-

bodies (reviewed in Parker and Sheth, 2007; Eulalio et al., 2007; Anderson and 

Kedersha, 2006).  
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Figure 1.1: Pathways of mRNA turnover. This figure depicts the two major 

pathways of mRNA decay in eukaryotes.  
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The analysis of P-bodies and the fate of transcripts associated with P-

bodies has suggested a model for how host mRNAs enter and exit translation 

(Figure 1.2) (reviewed in Parker and Sheth, 2007; Eulalio et al., 2007; Anderson 

and Kedersha, 2006). The key parts of this model are as follows. First, host 

mRNAs are in dynamic exchange between translating and non-translating pools.  

Second, many non-translating mRNAs are packaged into a repressed mRNP in 

conjunction with a set of conserved proteins that mediate translation repression 

and mRNA degradation (Table 1.1). Third, these repressed mRNPs can aggregate 

into specific cytoplasmic structures referred to as P-bodies.  Fourth, once 

associated with the P-body proteins, an mRNA can either be decapped and 

degraded, or be stored for later translation. Thus, the pool of transcripts in a P-

body is a biochemically distinct set of mRNPs that is not engaged in translation 

and can be subjected to different fates.  
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Figure 1.2: Model of mRNA flux in the cytoplasm. This figure describes the flux 

of mRNA between translation and translational repression.  
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Table 1.1: Core protein components of mRNA metabolism. This table lists the 

critical proteins involved in mRNA metabolism and P-body formation. 
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Core protein 
component  

Function Properties Reference 

Dcp1p/DCAP-1 Major component 
of decapping 
complex 

EVH1/WH1 
domain 

Sheth and Parker 
2003; Squirrell et 
al 2006; Behm-
Ansmant et al 
2006; Ingelfinger 
et al 2002; Lykke-
Anderson 2002; 
van Dijk et al 
2002 

Dcp2p/DCAP-2 Catalytic subunit 
of decapping 
complex 

NUDIX motif, 
conserved BoxA 
and BoxB motifs 

Sheth and Parker 
2003; Ding et al 
2005; Ingelfinger 
et al 2002; Eulalio 
et al 2007 

Lsm1p-7p Involved in 
decapping 
activation. Forms 
a 
heteroheptameric 
ring complex that 
interacts with 
deadenylated 
mRNA 

Sm-like proteins Sheth and Parker 
2003; Ingelfinger 
et al 2002 

Pat1p Involved in 
activation of 
decapping and 
translational 
repression. 
Interacts with 
adenylated and 
deadenylated 
mRNA important 
for P-body 
formation. 

No recognizable 
sequence motifs 

Sheth and Parker 
2003; Eulalio et al 
2007 
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Core protein component  Function Properties Reference 
Dhh1p/Me31B/RCK/p54 DEAD Box 

RNA helicase 
required for 
translational 
repression and 
activation of 
decapping. 
Maternal 
mRNA storage 

Member of 
ATP-
dependent 
DExD/H box 
helicase family 

Sheth and 
Parker 2003; 
Eulalio et al 
2007; Cougot 
et al 2004 

Edc3p Specific and 
general 
activator of 
decapping 

Contains five 
conserved 
domains 

Kshirsagar 
and Parker 
2004; Eulalio 
et al 2007; 
Fenger-Gron 
et al 2005 

Xrn1p 5’-3’ 
exoribonuclease 

 Sheth and 
Parker 2003; 
Bashkirov et al 
1997; 
Ingelfinger et 
al 2002 

Scd6p/CAR-1/RAP55 Involved in 
translational 
repression and 
found in 
neuronal 
granules 

Proteins with 
Sm-like and 
FDF domains  

Barbee et al 
2006; Muhlrad 
and Parker 
2005; 
Squirrell et al 
2006; 
Yang et al 
2006 

Ccr4p/Pop2p/Not1-5p Major 
cytoplasmic 
deadenylase 

Homology to 
Mg2+ 
dependent 
endonucleases 
(Ccr4p) and 
Homology to 
RNaseD 
(Pop2p) 

Sheth and 
Parker 2003; 
Cougot et al 
2004; Andrei 
et al 2005 
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Core protein 
component  

Function Properties Reference 

Ded1p/DDX3 DEAD Box RNA 
helicase involved 
in translational 
activation, 
translational 
repression, 
nuclear export 

Member of ATP-
dependent 
DExD/H box 
helicase family 

Noueiry 2000; 
Chong 2004; 
Beckham and 
Parker, in 
preparation 
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A set of conserved "core" P-body components has been identified as being 

critical for the translational repression of mRNAs, their accumulation in P-

bodies, and their subsequent degradation or storage (Table 1.1). These include 

the decapping enzyme (Dcp1p & Dcp2p) and the 5' to 3' exonuclease Xrn1p  

(Sheth and Parker, 2003; Ingelfinger et al., 2002; Lykke-Anderson, 2002 and van 

Dijk et al., 2002). P-bodies also contain a set of decapping activators including the 

heteroheptameric Lsm1p-7p complex, Dhh1p/Rck, and Pat1p (Sheth and Parker, 

2003 and Ingelfinger et al., 2002). Dhh1p/Rck and Pat1p have also been shown to 

be involved in translational repression of mRNA and thereby facilitating the 

recruitment of repressed mRNA to P-bodies (Coller and Parker, 2005). Other core 

components of P-bodies include Scd6p/RAP55/CAR-1, Edc3p, and the 

deadenylase complex Ccr4p/Pop2p/Not1p-5p (Table 1.1). More recently, the 

Ded1p/DDX3 protein has been identified as being a component of P-bodies and 

of influencing the movement of mRNAs between P-bodies and polysomes 

(Beckham and Parker, in preparation). 

 P-bodies in metazoans also accumulate proteins involved in miRNA and 

siRNA function including Argonaute proteins and GW182 and their orthologs 

(Parker and Sheth, 2007; Eulalio et al., 2007; Anderson and Kedersha, 2006). Since 

miRNA/siRNA repression and/or degradation of viral transcripts can  
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contribute to viral resistance, this raises the possibility that P-bodies will be 

important in host systems to limit viral infectivity.  

 A reasonable expectation is that, given the central role for P-bodies in the 

metabolism of host mRNAs, the proteins in P-bodies will play a role in the 

metabolism of viral mRNAs. As discussed below, hints at a critical role for P-

bodies in viral life cycles are emerging.  Given the diversity of P-body functions, 

it is not surprising that some viruses will take advantage of this biochemical 

compartment to mediate key steps in their life cycles. For example, P-bodies 

could be sites where mRNP rearrangements occur that clear viral transcripts of 

ribosomes or other RNA-binding proteins and therefore allow for kinetically 

favorable accumulation of gRNA for packaging or replication.   
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Retro-transposons and P-bodies 

 The first evidence suggesting a connection between P-bodies and retro-

elements came from the analysis of yeast retrotransposons Ty1 and Ty3. Ty1 and 

Ty3 are endogenous retrotransposons in yeast cells and are model systems for 

the analysis of retroviruses (Reviewed in Roth 2000 and Sandmeyer 1998). Ty1 is 

a member of the copia-like family of retrotransposons, while Ty3 is a member of 

the gypsy-like family of retroelements (Sandmeyer 1998).  Both are similar to 

retroviruses in their genomic organization and life cycle (Figure 1.3) (Sandmeyer 

1998). For example, both the integrase and reverse transcriptase enzymes are 

functionally conserved between yeast and mammalian retroviruses (Dildine et 

al., 1998 and Bibillo et al., 2005). 
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Figure 1.3: Retrovirus/retrotransposon life cycle. This figure describes the 

general steps of retrovirus and retrotransposon life cycles  
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The first suggestion that Ty elements required P-bodies for some aspect of 

their life cycle came from genetic data regarding host-viral interactions. Using 

retrotransposition assays, several groups were able to independently identify the 

P-body components Lsm1p-7p, Pat1p, and Dhh1p as being required for efficient 

retrotransposition for both Ty1 and Ty3 (Aye et al., 2004; Irwin et al., 2005; 

Griffith et al., 2003; Beckham and Parker unpublished). In addition, deletions in 

the deadenylase complex component, Pop2p resulted in enhanced 

retrotransposition (Irwin et al., 2005 and Beckham and Parker unpublished).  

Because Lsm1-7p, Pat1p and Dhh1p promote the formation of P-bodies, 

and Ccr4p/Pop2p normally limits P-body formation  (Coller and Parker, 2005 

and Teixeira et al., 2007), these genetic observations suggested that targeting of 

Ty transcripts to P-bodies might be important in retrotransposition. 

 More recent results suggest that P-bodies may serve important roles in the 

assembly or maturation of virus-like particles. This was first suggested by the 

observation that tagged versions of Ty3 viral RNA and proteins accumulated in 

P-bodies (Beliakova-Bethell et al., 2006).  Moreover, in dhh1Δ yeast strains Ty3 

proteins were more diffuse and twice as many cells had multiple smaller foci 

versus the wild type control (Beliakova-Bethell et al., 2006). Another interesting 

observation was that in an xrn1Δ strain, Ty3 proteins accumulated in larger foci, 

paralleling the accumulation of RNA metabolism proteins in P-bodies 
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(Beliakova-Bethell et al., 2006). These data suggest a role for RNA metabolism 

proteins in the accumulation and/or targeting of viral components to P-bodies. 

Because lsm1Δ, pat1Δ, and dhh1Δ actually accumulate at least some cDNA for 

Ty3, it may be that the role of P-bodies is in a late step of viral assembly and/or 

cDNA transport to the nucleus (Irwin et al., 2005).  

 It is possible that other retrotransposable elements will utilize P-bodies 

during their life cycles.  For example, similar to Ty3, the Gag proteins of the 

Drosophila Doc and I factor transposons accumulate in cytoplasmic foci that look 

similar to P-bodies (Rashkova et al., 2002).  However, future work will be needed 

to see if these foci are indeed related to P-bodies.  
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P-bodies and retroviruses in mammals 

 An obvious implication of the work with Ty elements is that additional 

retrotransposons or retroviruses might utilize P-bodies, or related structures, as 

sites for packaging of their viral particles (Figure 1. 3), thus taking advantage of 

this pool of nontranslated mRNAs. In this regard, two connections between P-

bodies and retroviruses in mammals have been published.   

One intriguing connection between mammalian retroviruses and P-bodies 

is that the anti-viral proteins, APOBEC3G and 3F are concentrated in P-bodies 

(Gallois-Montbrun et al., 2007; Wichroski et al., 2005; and Wichroski et al., 2006). 

APOBEC (apolipoprotein B mRNA-editing enzyme catalytic polypeptide like) 

proteins belong to a family of cytidine deaminases (reviewed in Wedekind et al., 

2003). These proteins are thought to play an antiviral role by deaminating 

cytidines in retroviral genomes, and some retroviruses, in turn, make proteins 

that inhibit the function of APOBECs. For example, APOBEC3G (3G) has been 

shown to limit the replication of vif-deficient HIV-1 (Sheehy et al., 2002). 

Moreover, in the absence of Vif, 3G is packaged into virions and inhibits 

replication by deaminating cytidines on viral minus strand (first strand) 

transcripts. Ultimately, these mutations result in guanosine to adenosine 

transitions in the plus stranded cDNA (Esnault et al., 2005; Harris et al., 2003 and 

Yu et al., 2004).    
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The accumulation of APOBEC proteins in P-bodies could be explained by 

several possible mechanisms. For example, it may be that P-bodies are sites of 

viral repression and APOBEC is concentrated there to assist in that process 

(Wichroski et al., 2005; Wichroski et al., 2006 and Gallois-Montbrun et al., 2007). 

Interestingly, sub cellular localization of Vif to P-bodies is dependent on 

APOBEC3G expression, since the loss of APOBEC3G due to Vif-mediated 

degradation limits the accumulation of both proteins in P-bodies (Wichroski et 

al., 2006). Alternatively, it may be that the viral RNAs transit through P-bodies 

and these are sites where the viral RNA is accessible to APOBEC and/or to the 

packaging machinery. It can be envisioned that if P-bodies serve as sites of viral 

packaging, the host would also target anti-viral machinery to the same location 

to compete. An important set of experiments will be to investigate the sub 

cellular distribution of retroviral transcripts and other viral proteins with regards 

to P-bodies. 

 A second intriguing connection between HIV and P-bodies has come from 

the observation that the DEAD-box RNA helicase, Ded1p/DDX3, which is 

required for the export of unspliced HIV-1 from the nucleus (Yedavilli et al., 

2004). This is striking because Ded1/Ddx3 and other components of P-bodies are 

nuclear-shuttling proteins and have been proposed to play a role in the export of 

mRNAs directly into the P-body state (Parker and Sheth, 2007; Pilkington and 

Parker, unpublished).  
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Moreover, the export of P-body components in yeast is dependent on the 

Crm1p protein (Pilkington and Parker, unpublished), which is the nuclear export 

system that Rev targets for export of HIV transcripts from the nucleus (Yedavilli 

et al., 2004). These data suggest a model wherein Ded1p first engages HIV-1 in 

the nucleus leading to export in a manner that targets the HIV-1 RNA to a P-

body following export, which might be important for subsequent packaging.  

Moreover, alterations in the expression of DDX3 as well other DEAD-box RNA 

helicases, have been observed during HIV-1 infection suggesting a reciprocal 

relationship between host and virus (Krishnan and Zeichner, 2004 and Yedavalli 

et al., 2004). 

Understanding the true relationship between P-bodies and mammalian 

retroviruses will require additional experiments. We note that many other 

retroviruses are known to undertake key steps in their life cycles in discrete sub 

cellular foci, although the identity of these foci are generally unknown. For 

example, Mason-Pfizer Monkey virus Gag protein is found in cytoplasmic foci of 

unknown identity (Weldon et al., 2003). Foamy virus proteins Env and Gag are 

found in cytoplasmic foci, which are thought to be associated with the centriole 

(Yu et al., 2006). There are implications that the cytoplasmic aggregation of these 

retroviral structural proteins are critical for viral assembly, it will be interesting 

to learn if at least some of these foci are P-bodies.  
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Positive-stranded RNA viruses  

 Another set of viruses that show interactions with P-bodies are positive-

strand RNA viruses (+RNA viruses), which encompass over one third of all virus 

genera and include numerous well-known pathogens such as Hepatitis C and 

West Nile Virus. Despite their differences, all positive-strand RNA viruses share 

a similar life cycle following infection where the positive–strand RNA first serves 

as a mRNA to produce viral replication factors, and then exits translation and is 

selectively recruited to a membrane-associated replication complex. An 

unresolved issue is the mechanism(s) bringing the viral RNAs and proteins 

together and thus facilitating the assembly of these replication complexes (Figure 

1.4). 
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Figure 1.4: Positive-strand RNA virus life cycle. This figure depicts the highly 

conserved steps in the life cycle of positive-stranded RNA viruses. 
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BMV and P-bodies 

The first connection between a positive-strand RNA virus and P-body 

functions came from genetic studies in yeast using the positive-stranded RNA 

virus brome mosaic virus (BMV), which can complete all stages of the viral life 

cycle in yeast. BMV is a member of the alphavirus-like superfamily and has a tri-

partite genome consisting of viral transcripts RNA1, RNA2 and RNA3. A 

subgenomic RNA, termed RNA4, is produced from RNA3 during replication at 

the endoplasmic reticulum. The transcripts are capped, but lack poly(A) tails 

(Reviewed in Noueiry and Ahlquist, 2003). Segregation of genes into separate 

transcripts allows for the independent analysis of function and sub cellular 

localization of each transcript and gene product. 

Using genetic screens to find host factors involved in BMV function, two 

important roles for components of P-bodies were revealed (Kushner et al., 2003).  

First, it was seen that the P-body components Pat1p, Dhh1p and the Lsm1p-7p 

complex were required for efficient translation of the RNA1, RNA2 and RNA3 

(Noueiry et al., 2003). Similarly, the essential DEAD-box RNA helicase Ded1p, 

which is also a component of P-bodies, was required for the translation of viral 

RNA2, which encodes the RNA dependent RNA polymerase (RdRp) protein 

(Noueiry et al., 2000). Since Pat1p, Dhh1p, and Lsm1-7p are generally 

translational repressors, it is not clear yet why they are required for the  

 



                             37 

 

translational activation of the viral transcripts. One possibility is that they can 

function as translation activators in some contexts.   

A second intriguing connection between the BMV life cycle and P-bodies 

is that Pat1p, Dhh1p, and the Lsm1-7p complex are all required for entry of the 

gRNAs into replication, which for BMV involves the formation of a membrane 

bound replication complex (Noueiry et al., 2003 and Mas et al., 2006). Moreover, 

three observations suggest these proteins are required for replication, because P-

bodies may play a role in concentrating the gRNAs, the viral proteins and 

promoting their interaction with membranes (Beckham et al., submitted). First, 

using tagged versions of RNA2 and RNA3, it was observed that these RNAs 

accumulate in P-bodies in a manner dependent on cis-acting signals that 

contribute to replication efficiency. Second, the RNA-dependent RNA 

polymerase (RdRp) also accumulated in P-bodies. Finally, it was shown that at 

least some P-bodies are localized and can be biochemically associated with 

membranes where BMV and other viruses replicate  (Beckham et al., submitted; 

Wang et al., 2005 and Wilhelm et al., 2005).  

Taken together, these results suggest a model for formation of BMV 

replication complexes wherein the gRNAs and viral replication factors 

accumulate in P-bodies. Subsequently, interaction of P-bodies containing viral 

components with membranes could facilitate interactions between the membrane 

bound replication factor protein 1a, and the components in P-bodies thereby  
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leading to the assembly of a replication complex. Importantly, since all + strand 

RNA viruses share a similar life cycle, one anticipates that this role of P-bodies in 

viral replication may be present in other positive-strand RNA viruses.  
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 Other possible connections to positive-stranded RNA viruses  

 Several observations raise the possibility of a connection between 

Hepatitis C virus (HCV) and P-bodies. First, HCV core protein physically 

interacts with the Ded1p mammalian homolog DDX3 and colocalizes with 

Ddx3p in cytoplasm foci reminiscent of P-bodies (Mamiya and Worman, 1999 

and You et al., 1999).  Second, the replication of HCV is increased by interaction 

of the viral RNA with the liver-specific miRNA, miR122, which binds to the 

5’NCR of the HCV genome (Jopling et al., 2005). This is striking since one 

function of miRNAs appears to be the ability to target mRNAs into P-bodies (Liu 

et al., 2005 and Pillai, 2005).  This raises the speculative model that entry of HCV 

RNAs into P-bodies might be important for efficient replication.   

 It is notable that many other positive-strand RNA viruses such as simian 

virus and Dengue virus have non-structural proteins that accumulate in 

cytoplasmic foci (Fearns et al., 1994 and Miller et al., 2006). In the case of Dengue 

virus, non-structural protein NS4B was observed to colocalize with NS3 and 

double-stranded RNA, a replication intermediate (Miller et al., 2006). An 

interesting area for future work will be to determine if these other viral foci are 

related to P-bodies and what role, if any, P-body components play in their 

replication process. Although there are hints that these aggregations may be 

important for the assembly of viruses and may interact with P-bodies, it is not 

exactly clear and will require more work. 
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A generic model for host-viral interactions 

 Taken together, the observations discussed in this review allow one to 

build a speculative model wherein P-bodies serve important roles in the life 

cycles of numerous viruses.  The central tenet of this model builds on the role of 

P-bodies as important sites for host mRNAs to enter different fates including 

translation, storage, or degradation.  In an extension of this model to viruses, 

viral transcripts or genomes, similar to host mRNAs, would localize to P-bodies 

when not engaged in active translation.  Indeed, like BMV, we might expect that 

some viral RNAs will contain elements that specifically target them for 

accumulation in P-bodies. Similarly, viral proteins would also accumulate in P-

bodies, either by piggybacking with the viral RNA or by direct interactions with 

other P-body components. One example of the latter phenomenon may be the 

interaction between HCV core protein and Ddx3/Ded1p (Mamiya and Worman, 

1999 and You et al., 1999).  Following accumulation in P-bodies, interactions 

between the RNAs and viral proteins, in the absence of competing translation 

machinery, would allow for efficient packaging or formation of replication 

complexes.  Moreover, since the cell is also concentrating antiviral factors such as 

APOBEC and miRNA/siRNA machinery in P-bodies, this suggests a “battle-

ground” phenomenon, whereby the virus concentrates it RNA and proteins for 

downstream steps, while the host attempts to defend itself in the P-body.    
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Finally, given the diversity of cellular viruses one has to anticipate that some 

viruses will avoid P-bodies completely and use different strategies to replicate 

and package their genomes.  
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An explanation of the Dissertation Format 

 In accordance with the Manual of Theses and dissertations of The University 

of Arizona Graduate College and policies of the Graduate Program of the 

Department of Cell Biology and Anatomy, I present my work in two chapters 

and two appendices, the first appendix is published (Appendix A) or submitted 

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

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

II), in which I summarize the conclusions of each of the two manuscripts.  

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

 Appendix A:  Experiments that contributed to Figures 3 through 6 were 

performed by both myself and Nadejda Beliakova-Bethell. This is a co-first 

author paper. 

 Appendix B: All experiments that contributed to all figures are my work. 

All plasmids used in this study, with the exception of Lsm1p-chRFP (which was 

generated by me) were produced by Heather Light and Amine Noueiry.  

 The ideas that went into this work were strongly influenced by my mentor 

Roy Parker. The Parker Laboratory was also helpful in discussion and comments.  
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CHAPTER II: PRESENT STUDY 

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

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

important findings of each of the papers. 

 

Virus-like particles of the Ty3 retrotransposon assemble in association with P-
body components (Appendix A). 
 

Summary 

 Retroviruses and retrotransposons assemble intracellular immature core 

particles around a RNA genome, and nascent particles collect in association with 

membranes or as intracellular clusters. How and where genomic RNA are 

identified for retrovirus and retrotransposon assembly, and how translation and 

assembly processes are coordinated is poorly understood. To understand this 

process, the sub cellular localization of Ty3 RNA and capsid proteins and virus-

like particles was investigated. We demonstrate that mRNAs, proteins, and 

virus-like particles of the yeast Ty3 retrotransposon accumulate in association 

with cytoplasmic P-bodies, which are sites of mRNA translation repression, 

storage, and degradation. Deletions of genes encoding P-body proteins 

decreased Ty3 transposition and caused changes in the pattern of Ty3 foci, 

underscoring the biological significance of the association of Ty3 virus-like  
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protein components and P-bodies. These results suggest the hypothesis that P-

bodies may serve to segregate translation and assembly functions of the Ty3 

genomic RNA to promote assembly of virus-like particles. Because Ty3 has 

features of a simple retrovirus and P-body functions are conserved between yeast 

and metazoan organisms, these findings may provide insights into host factors 

that facilitate retrovirus assembly. 
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Interactions between Brome Mosaic Virus RNAs and Cytoplasmic Processing 
Bodies (Appendix B) 
 
Summary 

Cytoplasmic processing bodies are sites where non-translating mRNAs 

accumulate for different fates including decapping and degradation, storage, or 

returning to translation. Previous work has also shown that the Lsm1-7p 

complex, Dhh1p, and Pat1p, which are all components of P-bodies, are required 

for translation and subsequent recruitment to replication of brome mosaic virus 

(BMV) genomic RNAs. To better understand the role of P-bodies in BMV 

replication, we examined the sub cellular location of BMV RNAs. We observed 

that BMV genomic RNA2 and RNA3 accumulated in P-bodies in a manner 

dependent on cis-acting RNA replication signals, which also directed non-viral 

RNAs to P-bodies.  Furthermore, the viral RNA-dependent RNA polymerase 

(RdRp) co-immunoprecipitates, and shows partial co-localization, with the P-

body component, Lsm1p. These observations suggest that the accumulation of 

BMV RNAs in P-bodies may be an important step in RNA replication complex 

assembly. Moreover, because all positive-strand RNA viruses share a required 

transition where RNAs exit translation to form replication complexes, these 

results raise the possibility that P-bodies may be functionally important in the 

replication of a range of viruses.  



                  46 

 

REFERENCE LIST 

Anderson, P. and Kedersha, N. 2006. RNA granules. J Cell Biol. 172(6):803-8. 
 
Aye, M., Irwin, B., Beliakova-Bethell, N., Chen, E., Garrus, J., Sandmeyer, S. 2004. 
Host factors that affect Ty3 retrotransposition in Saccharomyces cerevisiae. 
Genetics 168(3):1159-76. 
 
Barbee, S., Estes P., Cziko A., Hillebrand, J., Luedeman R., Coller, J., Johnson, N., 
Howlett, I., Geng, C., Ueda, R., Brand, A., Newbury S., Wilhelm, J., Levine, R., 
Nakamura, A., Parker, R., Ramaswami M. 2006. Staufen- and FMRP-containing 
neuronal RNPs are structurally and functionally related to somatic P bodies. 
Neuron 52(6):997-1009. 
 
Beckham, C., Light H., Nissan, T., Ahlquist, P., Parker, R., Noueiry, A. 2007. 
Interactions between Brome Mosaic Virus RNAs and Cytoplasmic Processing 
Bodies. Submitted 
 
Beckham C and Parker R. 2007. in preparation 
 
Beliakova-Bethell, N., Beckham, C., Giddings, T.,  Winey, M., Parker, R., 
Sandmeyer S. 2006. Virus-like particles of the Ty3 retrotransposon assemble in 
association with P-body components. RNA 12(1):94-101. 
 
Bibillo, A., Lener, D., Tewari, A., Le Grice, SF. 2005. Interaction of the Ty3 reverse 
transcriptase thumb subdomain with template-primer. J Biol Chem. 280(34):30282-
90. 
 
Coller, J., and Parker R. 2004. Eukaryotic mRNA decapping. Annu Rev Biochem. 
73:861-90. 
 
Coller, J. and Parker R. 2005. General translational repression by activators of 
mRNA decapping. Cell 122(6):875-86. 
 
Cougot, N., Babajko, S., Seraphin, B. 2004. Cytoplasmic foci are sites of mRNA 
decay in human cells. J Cell Biol. 165:31-40. 
 
Dildine, S., Respess, J., Jolly, D., Sandmeyer, S. 1998. A chimeric Ty3/Moloney 
murine leukemia virus integrase protein is active in vivo. J Virol. 72(5):4297-307. 
 
Eulalio, A., Behm-Ansmant, I., Izaurralde, E. 2007. P bodies: at the crossroads of 
post-transcriptional pathways. Nat Rev Mol Cell Biol 8(1):9-22. 



                   47 
 
Esnault, C., Heidmann, O., Delebecque, F., Deqannieux, M., Ribet, D., Hance, A., 
Heidmann, T., Schwartz, O. 2005. APOBEC3G cytidine deaminase inhibits 
retrotransposition of endogenous retroviruses. Nature 433(7024):430-3. 
 
Fearns, R.,Young, D., Randall, R. 1994. Evidence that the paramyxovirus simian 
virus 5 can establish quiescent infections by remaining inactive in cytoplasmic 
inclusion bodies. J Gen Virol. 75(Pt12):3525-39. 
 
Gallois-Monbrun, S., Kramer, B., Swanson, C., Byers, H., Lynham, S., Ward, M., 
Malim, M. 2007. Antiviral protein APOBEC3G localizes to ribonucleoprotein 
complexes found in P bodies and stress granules. J Virol. 81(5):2165-78. 
 
Griffith, J., Coleman, L., Raymond, A., Goodson, S., Pittard, W., Tsui, C., Devine, 
S. 2003. Functional genomics reveals relationships between the retrovirus-like 
Ty1 element and its host Saccharomyces cerevisiae. Genetics 164(3):867-79. 
 
Harris, R., Bishop, K., Sheehy, A., Craig, H., Petersen-Mahrt, S., Watt, I., 
Neuberger, M., Malim, M. 2003. DNA deamination mediates innate immunity to 
retroviral infection. Cell 113:803-09. 
 
Ingelfinger, D., Arndt-Jovin, D., Luhrmann, R., Achsel, T. 2002. The human 
LSm1-7 proteins colocalize with the mRNA-degrading enzymes Dcp1/2 and 
Xrnl in distinct cytoplasmic foci. RNA 8(12):1489-501. 
 
Irwin, B., Aye, M., Baldi, P., Beliakova-Bethell, N., Cheng, H., Dou, Y., Liou, W., 
Sandmeyer S. 2005. Retroviruses and yeast retrotransposons use overlapping sets 
of host genes. Genome Res. 15(5):641-54. 
 
Jopling, C., Yi, M., Lancaster, A., Lemon, S., Sarnow, P. 2005. Modulation of 
hepatitis C virus RNA abundance by a liver-specific MicroRNA. Science 
309(5740):1577-81. 
 
Krishnan, V. and Zeichner S. 2004. Alterations in the expression of DEAD-box 
and other RNA binding proteins during HIV-1 replication. Retrovirology 1(3):381-
92. 
 
Kushner, D., Lindenbach, B., Grdzelishvilli, V., Noueiry, A., Paul, S., Ahlquist, P. 
2003. Systematic, genome-wide identification of host genes affecting replication 
of a positive-strand RNA virus. Proc Natl Acad Sci USA. 100(26):15764-9. 
 
Liu, J., Valencia-Sanchez, M., Hannon, G., Parker, R. 2005. MicroRNA-dependent 
localization of targeted mRNAs to mammalian P-bodies. Nat Cell Biol. 7(12):719-
23. 
 



                   48 
 
Lykke-Andersen, J. 2002. Identification of a human decapping complex 
associated with hUpf proteins in nonsense-mediated decay. Mol Cell Biol. 
22(23):8114-21. 
 
Mamiya, N. and Worman, H.. 1999. Hepatitis C virus core protein binds to a 
DEAD box RNA helicase. J Biol Chem. 274(22):1565-6. 
 
Mas, A., Alves-Rodriques, I., Noueiry, A., Ahlquist, P., Diez, J. 2006. Host 
deadenylation-dependent mRNA decapping factors are required for a key step in 
brome mosaic virus RNA replication. J Virol. 80(1):246-51. 
 
Meyer, S., Temme, C., Wahle, E. 2004. Messenger RNA turnover in eukaryotes: 
pathways and enzymes. Crit Rev Biochem Mol Biol. 39(4):197-216. 
 
Miller, S., Sparacio, S., Bartenschlager, R. 2006. Subcellular localization and 
membrane topology of the Dengue virus type 2 Non-structural protein 4B. J Biol 
Chem. 281(13):8854-63. 
 
Noueiry, A., Chen, J., Ahlquist, P. 2000. A mutant allele of essential, general 
translation initiation factor DED1 selectively inhibits translation of a viral 
mRNA. Proc Natl Acad Sci USA. 97(24):12985-90. 
 
Noueiry, A. and Ahlquist P. 2003. Brome mosaic virus RNA replication: 
revealing the role of the host in RNA virus replication. Annu Rev Phytopathol. 
41:77-98. 
Noueiry, A., Diez, J., Falk, S., Chen, J., Ahlquist, P. 2003. Yeast Lsm1p-7p/Pat1p 
deadenylation-dependent mRNA-decapping factors are required for brome 
mosaic virus genomic RNA translation. Mol Cell Biol. 23(12):4094-106. 
 
Owsianka, A. and Patel AH. 1999. Hepatitis C virus core protein interacts with a 
human DEAD box protein DDX3. Virology 257(2):330-40. 
 
Parker, R. and Song H. 2004. The enzymes and control of eukaryotic mRNA 
turnover. Nat Struct Mol Biol. 11(2):121-7. 
 
Parker. R. and Sheth U. 2007. P bodies and the control of mRNA translation and 
degradation. Mol Cell. 25(5):635-46. 
 
Pillai, R. 2005. MicroRNA function: multiple mechanisms for a tiny RNA? RNA 
11(12):1753-61. 
 
Rashkova, S., Karam, S., Pardue, M. 2002. Element-specific localization of 
Drosophila retrotransposon Gag proteins occurs in both nucleus and cytoplasm. 
Proc Natl Sci USA. 99(6):3621-6. 



                   49 
 
Roth, J. 2000. The yeast Ty virus-like particles. Yeast 16(9):785-95. 
 
Sandmeyer, S. 1998. Genome Res. Targeting transposition: at home in the genome. 
8(5):416-8. 
 
Schwartz, O. 2005. APOBEC3G cytidine deaminase inhibits retrotransposition of 
endogenous retroviruses. Nature 433(7028):430-33. 
 
Sheehy, A., Gaddis, N., Choi, J., Malim, M. 2002. Isolation of a human gene that 
inhibits HIV-1 infection and is suppressed by the viral Vif protein. Nature 
418(6898):646-50. 
 
Sheth, U. and Parker, R. 2003. Decapping and decay of messenger RNA occur in 
cytoplasmic processing bodies. Science 300(5620):805-8. 
 
Teixeira, D. and Parker, R. 2007. Analysis of P-Body Assembly in Saccharomyces 
cerevisiae. Mol Biol Cell [Epub ahead of print]. 
 
Teixeira, D., Sheth, U., Valencia-Sanchez, M., Brengues, M., Parker, R. 2005. 
Processing bodies require RNA for assembly and contain nontranslating 
mRNAs. RNA 11, 371. 
 
van Dijk, E., Cougot, N., Meyer, S., Babajko, S., Wahle, E., Seraphin, B. 2002. 
Human Dcp2: a catalytically active mRNA decapping enzyme located in specific 
cytoplasmic structures. EMBO J21(24):6915-24 
 
Wang, X., Lee, W., Watanabe, T., Schwartz, M., Janda, M., Ahlquist, P. 2005. 
Brome mosaic virus 1a nucleoside triphosphatase/helicase domain plays crucial 
roles in recruiting RNA replication templates. J Virol. 79(21):13747-58. 
 
Wedekind, J., Dance, G., Sowden, M., Smith, H. 2003. Messenger RNA editing in 
mammals: new members of the APOBEC family seeking roles in the family 
business. Trends Genet. 19(4):207-16. 
 
Weldon, R., Sarkar, P., Brown, S., Weldon, S. 2003. Mason-Pfizer monkey virus 
Gag proteins interact with the human sumo conjugating enzyme, hUbc9. 
Virology 314(1):62-73. 
 
Wichroski, M., Ichiyama, K., Rana, T. 2005. Analysis of HIV-1 viral infectivity 
factor-mediated proteasome-dependent depletion of APOBEC3G: correlating 
function and subcellular localization. J Biol Chem. 289(9):8387-96. 
 
 
 



                   50 
 
Wichroski, M., Robb, G., Rana, T. 2006. Human retroviral host restriction factors 
APOBEC3G and APOBEC3F localize to mRNA processing bodies. PLoS Pathog. 
2(5):e41. 
 
Wilhelm, J., Buszczak, M., Sayles, S. 2005. Efficient protein trafficking requires 
trailer hitch, a component of a ribonucleoprotein complex localized to the ER in 
Drosophila. Dev Cell 9(5):675-85. 
 
Yedavalli, V., Neuveut, C., Chi,Y., Kleiman, L., Jeang, K. 2004. Requirement of 
DDX3 DEAD box RNA helicase for HIV-1 Rev-RRE export function. Cell 
119(3):381-92. 
 
You, L., Chen, C., Yeh, T., Tsai, T., Mai, R., Lin, C., Lee, Y. 1999. Hepatitis C virus 
core protein interacts with cellular putative RNA helicase. J Virol. 73(4):2841-52. 
 
Yu, Q., Konig, R., Pillai, S., Chiles, K., Kearney, M., Palmer, S., Richman, D., 
Coffin, J., Landau, N. 2004. Single-strand specificity of APOBEC3G accounts for 
minus-strand deamination of the HIV genome. Nat Struct Mol Biol. 11(5):435-42. 
 



                   51 
 

APPENDIX A: VIRUS-LIKE PARTICLES OF THE TY3 RETRO-
TRANSPOSON ASSEMBLE IN ASSOCIATION WITH P-BODY 
COMPONENTS  
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APPENDIX B: INTERACTIONS BETWEEN BROME MOSAIC VIRUS RNAS 
AND CYTOPLASMIC PROCESSING BODIES  
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ABSTRACT 

Cytoplasmic processing bodies are sites where non-translating mRNAs 

accumulate for different fates including decapping and degradation, storage, or 

returning to translation. Previous work has also shown that the Lsm1-7p 

complex, Dhh1p, and Pat1p, which are all components of P-bodies, are required 

for translation and subsequent recruitment to replication of brome mosaic virus 

(BMV) genomic RNAs.  To better understand the role of P-bodies in BMV 

replication, we examined the sub cellular location of BMV RNAs. We observed 

that BMV genomic RNA2 and RNA3 accumulated in P-bodies in a manner 

dependent on cis-acting RNA replication signals, which also directed non-viral 

RNAs to P-bodies.  Furthermore, the viral RNA-dependent RNA polymerase 

(RdRp) co-immunoprecipitates, and shows partial co-localization, with the P-

body component, Lsm1p. These observations suggest that the accumulation of 

BMV RNAs in P-bodies may be an important step in RNA replication complex 

assembly. Moreover, because all positive-strand RNA viruses share a required 

transition where RNAs exit translation to form replication complexes, these 

results raise the possibility that P-bodies may be functionally important in the 

replication of a range of viruses.  
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INTRODUCTION 

The life cycle of viruses in eukaryotic cells requires a series of steps 

through which the virus completes its life cycle in the context of the host 

physiology.  One interesting aspect of this process is how important steps in viral 

replication and packaging interface with translation.  Since positive-strand RNA 

viruses, dsRNA viruses and reverse transcribing viruses use the same viral 

genomic RNA as substrates for translation, encapsidation and replication, 

mechanisms are required to segregate packaging and replicative events away 

from translation of the RNAs, thereby avoiding competition between elongating 

ribosomes and the packaging or replicative machineries.  Although of significant 

importance to the viral replicative process, the mechanisms by which viruses 

segregate translation from replication and assembly are not well understood.  

 

 One class of viruses where the interplay between translation and 

replication is important, are the positive-strand RNA viruses (+RNA viruses), 

which encompass over one third of all virus genera and include numerous well-

known pathogens such as Hepatitis C and West Nile Virus. Despite their 

differences, all positive-strand RNA viruses share a similar life cycle. Following 

infection, the +RNA first serves as mRNA to produce viral replication factors, 

then the transcript exits translation and is selectively recruited to a membrane- 
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associated replication complex (25). An unresolved issue is the mechanism(s) 

bringing the viral RNAs and proteins together and thus facilitating the assembly 

of these replication complexes. 

 

 Insight into the host factors required for the assembly of replication 

complexes has come from the study of brome mosaic virus (BMV), which has a 

tripartite-segmented genome consisting of RNA1, RNA2, and RNA3.  Viral RNA 

replication requires the RNA-dependent RNA polymerase (RdRp), encoded by 

RNA2, and the 1a protein, which is encoded by RNA1 and functions in assembly 

of endoplasmic reticulum (ER) bound replication complexes (1, 31). RNA3 is 

dispensable for RNA replication, and encodes cell-to-cell movement and capsid 

proteins, with the latter translated from a sub-genomic RNA that is produced 

during replication (RNA4).  Using the ability to reproduce the BMV life cycle in 

yeast, the host factors Lsm1p, Lsm6p, and Lsm7p, which are subunits of a larger 

Lsm1-7p heteroheptameric complex, as well as Pat1p, and Dhh1p have been 

shown to be required both for translation of the BMV genomic RNAs, and 

independently for their entry into the replication complex (16, 22, 24, 26, 27), 

although the mechanisms by which these proteins affect the 1a-mediated 

recruitment of viral RNAs to the replication complex are unknown.  
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  Possible manners by which Lsm1-7p complex, Pat1p, and Dhh1p might 

affect BMV replication can be suggested based on the role of these proteins in 

controlling the translation and degradation of host mRNAs.  In eukaryotes, two 

general mRNA decay pathways have been identified, both of which begin with 

shortening of the 3' poly(A) tail in a process referred to as deadenylation 

(reviewed in 30). Following deadenylation, mRNAs can be degraded by a 3' to 5' 

exonuclease complex termed the exosome. Alternatively, after deadenylation the 

mRNA can be decapped by the Dcp1p/Dcp2p decapping enzyme complex, 

leading to 5' to 3' degradation by the exonuclease Xrn1p.   

 

 An important point is that targeting an mRNA for decapping involves the 

formation of a translationally repressed mRNP, which can also aggregate into 

specific cytoplasmic foci referred to as P-bodies (reviewed in 2, 15, 29). mRNAs 

targeted to P-bodies can either be decapped and degraded or stored for 

subsequent return to translation (7, 8, 13, 33).  Interestingly, Dhh1p, Pat1p, and 

the Lsm1-7p complex function in facilitating the movement of mRNAs into P-

bodies and in stimulating decapping and degradation of the mRNA once 

assembled in a P-body state (11, 12, 35).  

 

The role of Pat1p, Dhh1p, and the Lsm1-7p complex in controlling the 

targeting of mRNAs into P-bodies, and/or their subsequent degradation  
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suggests two possible models whereby these proteins might be required for 

recruitment of BMV RNAs into replication complexes.  First, it could be that the 

perturbation in the control of translation and mRNA degradation in strains 

lacking Pat1p, Dhh1p, or the Lsm1-7p complex significantly alters the host 

physiology, thereby exerting an indirect effect on BMV replication.  

Alternatively, it could be that P-bodies play a more direct role in the formation of 

BMV replication complexes, since P-bodies represent a pool of non-translating 

RNAs in cells.  Hence, viral transcripts in P-bodies might represent ideal 

substrates to use for steps in initiating the assembly of viral replication 

complexes.   

 

In this work we have explored the relationship between P-bodies and  

BMV.  Strikingly, we observed that BMV genomic RNA2 and RNA3 accumulated 

in P-bodies in a manner dependent on cis-acting RNA replication signals.  In 

addition, the viral RNA-dependent RNA polymerase (RdRp) co-

immunoprecipitated with and partially co-localized in P-bodies.  These 

observations suggest that the accumulation of BMV RNAs in P-bodies may be an 

important step in RNA replication complex assembly, and that the Lsm1-7p 

complex, Dhh1p and Pat1p have a direct role in the assembly of BMV replication 

complexes. Moreover, because all +strand RNA viruses share a required 

transition where RNAs exit translation to form replication complexes, these  
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results raise the possibility that P-bodies may be functionally important in the 

replication of a range of viruses.  
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MATERIAL AND METHODS 

Yeast strains and growth conditions. 

The genotypes of all strains used in this study are listed in Table 1. Strains were 

grown in yeast extract/peptone medium (YP) or synthetic medium (SC) 

supplemented with appropriate amino acids and 2% glucose (Glu) or 2% 

galactose (Gal) as a carbon source. 

 

Preparation of cells for fluorescent microscopy. 

Cells were grown as described above to mid-log O.D600= 0.3-.4, washed 2x and 

resuspended in SC plus amino acids supplemented with either 2% Gal or 2% 

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

using 100X objective and 3X zoom using Compix Software. All images shown are 

a single Z section. 

 

Plasmids and Constructs for analyzing sub cellular location of BMV RNA2 

and RNA3 

All plasmids used for this study are listed in Table 2. pRP1399, which 

expresses RdRp-chRFP, was constructed in multiple stages. First, a fragment of 

the BMV RdRp was amplified from pB2YT5 (9) by primer extension using 

primers oAN130 and oAN194. Cherry RFP (32) was amplified using primers 

oAN193 and oAN195. The two PCR products were gel-purified and extended by  
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mutually primed synthesis using primers oAN130 and oAN193. The final PCR 

product was cut with KpnI and PacI and cloned into the KpnI and PacI sites of 

pB2YT5. 

 

 Plasmid pRP1400 was constructed by cutting plasmid pRP1085 (33) with 

BamHI and XbaI to add in-frame chRFP (32) PCR product. 

 

pRP1402, which expresses an RNA2, tagged with 2xMS2 binding sites in 

the 3’UTR was cloned in multiple steps. First, a SmaI site was introduced at 

position 2629 of RNA2. To introduce the SmaI site, two fragments of RNA2 were 

amplified from pB2NR3 (9) by primer extension using primers oAN50 and 

oAN60, and another fragment using primers oAN61 and oAN43. The two PCR 

products were gel-purified and extended by mutually primed synthesis using 

primers oAN43 and oAN50. The final PCR product was cut with SphI and StuI 

and cloned into the SphI and StuI sites of pB2NR3 to create pB2NR3-SmaI. Then, 

an MscI/AfeI fragment of pSL-MS2-24 (6) containing a 24xMS2 binding module 

was cloned into pB2NR3-SmaI cut with SmaI to create plasmid pB2NR3-MS2. 

Finally, the tagged RNA2 expression cassette cut from pB2NR3-MS2 using PvuII 

was cloned into the PvuII sites of pRS426 (10) to create pRP1402. pB3RQ39-URA, 

a version of pB3RQ39 (18) with a URA3 selectable marker was used for the 

construction of all RNA3 derivatives described below. pB3RQ39-URA was  
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constructed by cloning the 3kb EcoRI-SalI fragment from pB3RQ39 containing 

the RNA3 expression cassette into the EcoRI/SalI sites of pRS316 (10). pRP1403 

which expresses RNA3 with a 24xMS2 tag inserted in the second ORF (CP), was 

constructed by inserting a blunt-ended EcoRV/NcoI fragment of pSL-MS2-6 (6) 

containing a 24xMS2 binding module into pB3RQ39-URA cut with StuI. Another 

MS2-tagged RNA3 containing the 6xMS2 binding sites in the 3’UTR of RNA3 

(plasmid pRP1405) was also constructed.  

 

Plasmid pRP1405 was constructed in multiple stages. First, a SmaI 

restriction site was introduced into the 3’UTR of RNA3 in pB4MK1 (26), which 

expresses the BMV subgenomic RNA4, which in effect is the 3’ half of RNA3. To 

introduce the SmaI site, a fragment of RNA4 was amplified from pB4MK1 by 

primer extension using primers oAN43 and oAN168, and another fragment 

using primers oAN169 and oAN170. The two PCR products were gel-purified 

and extended by mutually primed synthesis using primers oAN43 and oAN170. 

The final PCR product was cut with KpnI and StuI and cloned into the KpnI and 

StuI sites of pB4MK1 to create pB4MK1-SmaI. Then, an MscI/AfeI fragment of 

pSL-MS2-6 (6) containing a 6xMS2 binding module was cloned into pB4MK1-

SmaI cut with SmaI to create plasmid #891. Finally, the tagged 3’UTR of RNA3 

was created by inserting the StuI/SphI fragment from plasmid #891 

intopB3RQ39-URA, resulting in plasmid pRP1405. Tagged RNA3 from both  
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pRP1403 and pRP1405 plasmids accumulated in Northern blots and in P-bodies 

to similar levels (data not shown). pRP1414 expressing a tagged version of RNA3 

with the viral 5’UTR replaced with the yeast GAL1 5’UTR was cloned by cutting 

pMS114 (34) with EcoRI/MscI and cloning the resulting plasmid into the 

EcoRI/MscI sites of pRP1405. pRP1404 which expresses an RNA3 with the viral 

3’UTR replaced with a yeast MFA2 3’UTR tagged with 6xMS2, was constructed 

by first amplifying a MFA2 3’ UTR tagged with 6xMS2 binding sites from 

pRP1083 (33) using primers oAN197 and oAN201, digesting with StuI/SphI, and 

inserting into pB3RQ39-URA cut with StuI/SphI. pRP1415 expressing a tagged 

version of RNA3 with the RE deleted was cloned by cutting pMS46 (34) with 

EcoRI/MscI and cloning the resulting fragment into the EcoRI/MscI sites of 

pRP1405. pRP1406 which expresses an RNA3 with a yeast GAL1 5’UTR, a 

deleted RE region, and a MFA2 3’ UTR tagged with 6xMS2 binding sites was 

constructed in multiple stages.  

 

First, the EcoRI/PflMI fragment from pB3MS114 (34) containing a 

replacement of the RNA3 5’ UTR with the yeast GAL1 leader was cloned into 

pRP1415 cut with EcoRI/PflMI to produce the intermediate plasmid #917. 

Second, the SphI/MscI fragment of pRP1404 containing the MFA2 3’UTR tagged 

with 6xMS2 binding sites was cloned into the SphI/MscI sites of plasmid 

#917.All partial deletions in the RE region of RNA3 were directly derived from  
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the partial deletions produced by Sullivan et al (34). To introduce the 6 partial RE 

deletions into a version of RNA3 tagged with 6xMS2, PflMI/MscI fragments 

from the plasmids described in Sullivan et al (34) that contain the partial RE 

deletions were introduced into plasmid pRP1405 cut with PflMI/StuI, to produce 

plasmids pRP1408-1413. pRP1416 expressing a β-globin mRNA tagged with 

6xMS2 binding sites was cloned by first amplifying the MFA2 3’ UTR tagged 

with 6xMS2 binding sites with primers oAN209 and oAN202, and cloning the 

resulting PCR product cut with HindIII/SacI into the HindIII/SacII sites of 

pRS426 (10) to produce the intermediate plasmid #931. Second, the β-globin 

expression cassette was amplified from pMS99 (34) with primers oAN204 and 

oAN205, and the resulting PCR product cut with XhoI/XhoI, and cloned into the 

XhoI/XhoI sites of plasmid #931 to produce pRP1416. pRP1417 expressing a 

version of the tagged β-globin mRNA that also contains the BMV RE was cloned 

by amplifying the β-globin- RE expression cassette from pMS100 (34) with 

primers oAN210 and oAN202, cutting the resulting PCR product with 

XhoI/XhoI, and cloning into the XhoI/XhoI sites of plasmid #931 to produce 

pRP1417. 

 

The MS2-tagged β-globin containing the 6 partial RE deletions described 

in Sullivan et al (34) were made by amplifying the β-globin expression cassettes 

containing the partial RE deletions from pMS100 (34) with primers oAN210 and  
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oAN202, cutting the resulting PCR product with XhoI/XhoI, and cloning into the 

XhoI/XhoI sites of plasmid #931 to produce pRP1418-pRP1423. 

 

Co-immunoprecipitation analysis. 

Strains were grown in synthetic medium (SC) supplemented with appropriate 

amino acids and 2% galactose (Gal) at 30°C to an O.D600 of 0.6. All subsequent 

steps were carried out at 4°C.  Cultures were centrifuged at 3000 rpm, washed 

once in cold media and lysed with glass beads in lysis buffer (50mM TRIS-HCl 

pH 7.5, 50mM NaCl, 2mM MgCl2, 1mM β-mercapto-ethanol, 1X complete mini 

EDTA-free pellet [Roche], 0.1% NP40 [USb]). Immunoprecipitation was carried 

out using Pierce ProFound HA tag IP/Co-IP Kit and protocol. Briefly, 200ul of 

freshly prepared lysate were added to 6ul of beads. The remainder of lysate is 

stored at -80°C. Samples were rocked end-over end for 2 hours. Samples were 

then washed three times in 1XTBST. Immunoprecipitates were eluted by boiling 

samples in buffer for 5 minutes at 100° C.   

 

  SDS-PAGE and western blot analysis were performed using standard 

methods. Monoclonal anti-protein 2a (05H05B02) was used 1:1000 for RdRp (27). 

Monoclonal anti-HA (12CA5 Roche) was used 1:5000. Blots were developed 

using ECL Western Blotting Detection Kit (GE Healthcare). 
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RESULTS 

BMV RNAs accumulate in P-bodies. 

 The function of Lsm1-7p, Dhh1p, and Pat1p in BMV replication could be 

explained in two manners.  First, the lsm1∆, dhh1∆, or pat1∆ may alter the 

expression of a number of host mRNAs and thereby indirectly affect BMV 

function.  Alternatively, BMV RNAs might interact directly with these proteins 

and accumulate in P-bodies, which could facilitate a step in replication complex 

assembly.  To test this latter possibility, we examined the sub cellular location of 

BMV RNAs.  To visualize the sub cellular location of BMV RNAs, we inserted 

multiple copies of the 23-nucleotide bacteriophage-MS2 coat protein-binding site 

into a nonfunctional part of the 3’UTR of RNA2 and RNA3, which did not affect 

the stability or translation of these RNAs (data not shown). The sub cellular 

location of the RNA was then monitored by co-expressing the tagged RNA2 and 

RNA3 with MS2 fused to GFP. Viral RNA1 was omitted from this study as it is 

the least characterized of the BMV transcripts, and encodes the 1a protein, which 

recruits viral RNAs to a replication complex on the endoplasmic reticulum, 

potentially interfering with analysis of sub cellular localization data. The 

subgenomic viral RNA4 was also omitted from the study, as stability of the MS2-

tagged RNA4 was severely decreased compared to the wild-type RNA4 (data not 

shown).  
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An important result was that both RNA2 and RNA3 were observed in 

distinct cytoplasmic foci (Figure 1A). These foci reveal a sub cellular 

concentration of RNA2 and RNA3, since in the absence of their expression; MS2-

GFP is diffuse throughout the cell (Figure 1A). Moreover, RNA2 and RNA3 foci 

co-localize with RFP tagged versions of the P-body proteins Lsm1p and Dcp2p 

(Figure 1A and data not shown).  This indicates that RNA2 and RNA3 

accumulate in P-bodies.  

 

Additional evidence that RNA2 and RNA3 accumulated in P-bodies came 

from the observation that when RNA2 or RNA3 was expressed Lsm1p-GFP, 

Dhh1p-GFP, and Pat1p-GFP were found in larger and more numerous foci  

(Figure 1B).  This is consistent with previous observations that RNA2 and RNA3  

are not highly translated mRNAs in yeast (27) and that high expression of poorly 

or non-translating RNAs increases the visible pool of P-bodies (5, 36).   

 

Cis-acting sequences target BMV RNAs to P-bodies and correlate with 

elements required for replication. 

The accumulation of BMV RNAs in P-bodies and the requirement of P-

body components in recruitment of viral RNA to the replication complex, 

suggested this localization of RNA2 or RNA3 might play some role in replication 

complex assembly. A prediction of this hypothesis is that sequences required for 
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 targeting the RNAs to P-bodies should be among the cis-acting signals important 

in viral RNA replication. To identify cis-acting sequences within BMV transcripts 

that target them to P-bodies, we analyzed the accumulation of mutated RNA3 

transcripts in P-bodies. We utilized RNA3 for this study since earlier experiments 

had examined the requirement for different regions of RNA3 for recruitment of 

RNA3 to a replication complex (4, 16, 31, 34).   

 

 Replacing the RNA3 5' or 3' UTRs with UTRs from host mRNAs still 

allowed accumulation in P-bodies (Figure 2A, ∆3'UTR & ∆5'UTR). However, P-

body accumulation was abolished by deleting an intergenic segment comprising 

a template recruiting element (RE) that is located just 3' of the first ORF and is 

known to be required for recruiting RNA3 from translation to replication (34) 

(Figure 2A, ∆RE), although this RNA was still efficiently expressed (data not 

shown).  These data identify the RE region as being required for the 

accumulation of RNA3 in P-bodies.   

 

   Previous results had shown that the RE was sufficient to target the 

heterologous β-globin mRNA for stabilization driven by viral protein 1a, which 

strongly correlates with RNA recruitment to the replication complex (31, 34). To 

test if the RE region was also sufficient for targeting heterologous RNAs to P-

bodies, we used MS2-GFP tagging to examine the sub cellular location of a 
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 β-globin mRNA containing the 3' UTR of MFA2 containing MS2 sequences.  We 

observed that the RE was sufficient to target the β-globin mRNA into P-bodies 

(Figure 2B). Thus, the RE is required for accumulation of RNA3 in P-bodies and 

is sufficient to target a heterologous mRNA for accumulation in P-bodies. 

Because the RE is also required for a step in recruitment of RNA3 into replication 

complexes, these observations demonstrate a correlation between sequences 

required for recruitment of viral RNAs to replication and for accumulation of an 

RNA in a P-body.   

 

 To strengthen this correlation, we analyzed a series of deletions in the 

RNA3 intergenic region that were previously tested in both RNA3 and chimeric 

β-globin-RE transcripts to define the ~190 nucleotide RE essential for recruitment 

of RNA3 to replication (34, 4, 5). We examined the effect of these deletions on the 

accumulation of both BMV RNA3 and β-globin mRNA in P-bodies.  We 

observed that the 5'∆32 and 3'∆52 deletions, which do not affect viral replication, 

still allowed RNA3 or β-globin-RE transcripts to accumulate in P-bodies to a 

similar extent as the wild-type RNA (Figure 3).  In contrast, the 5'∆45, 5'∆79, 

3'∆73 constructs, all of which prevent viral replication (34), show no (5'∆45 & 

3'∆73) or reduced (5'∆79) P-body accumulation of RNA3 or β-globin-RE 

transcripts. Although these RNAs were absent from P-bodies, they were still 

efficiently expressed in yeast (data not shown).  Finally, we observed that RNA3 
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 and β-globin-RE transcripts with a precise deletion of Box B (∆BoxB) still 

accumulated in P-bodies (Figure 3).  Box B is an RE sub-sequence that is required 

for RNA recruitment into replication and duplicates exactly the invariant 

sequence and base-pairing of tRNA TψC stem loops (4, 34). Taken together, these 

observations demonstrate that for 5 out of 6 deletion constructs there is a 

correlation between lesions that reduced or eliminated BMV RNA3 and β-globin 

mRNA accumulation in P-bodies, and RNA recruitment to replication 

complexes.  These observations suggest that accumulation of BMV RNAs in P-

bodies is important for their ability to form a replication complex. However, 

because the ∆BoxB RNA still accumulated in P-bodies (Figure 3) but are not 

recruited to replication complexes (34), these results also suggest that 

accumulation in a P-body is not sufficient for recruitment into replication 

complexes (see discussion).   

 

The RNA dependent RNA polymerase interacts with Lsm1p. 

If P-bodies play a role in the formation of viral replication complexes, then 

viral proteins involved in replication might be expected to interact with P-body 

components and/or accumulate in P-bodies. To test this possibility, we first 

examined the interactions of the viral RdRp with the P-body component 

Lsm1pby co-immunoprecipitation.  To do this experiment, we expressed Lsm1p 

tagged with the HA epitope at its carboxy terminus in strains also expressing the  



                  81 

 

BMV RdRp. We then immunoprecipitated with antisera against the HA epitope 

and probed the immunoprecipitates for RdRp using monoclonal anitsera specific 

for RdRp (38). We observed that the viral RdRp co-immunoprecipitated with 

Lsm1p (Figure 4).  In contrast, in strains expressing the RdRp without the HA-

Lsm1p construct, no RdRp was observed in the HA immunoprecipitant (Figure 

4, Wt+RdRp lane). These observations demonstrate that Lsm1p and the BMV 

RdRp can physically interact in vivo, although whether the interaction is direct or 

requires additional components cannot be determined at this time.  

 

 The interaction of Lsm1p and RdRp raised the possibility that the RdRp 

would accumulate in P-bodies. To test this possibility, we created an RdRp-

chRFP fusion protein and examined its sub cellular distribution in cells 

expressing a Lsm1-GFP fusion protein.  Similar to earlier reports (9), we observed 

that the RdRp was concentrated in cytoplasmic foci (Figure 5).  Moreover, the 

RdRp foci were often near or co-localizing with P-bodies (Figure 5).   However, 

since in some cases RdRp foci were distinct from Lsm1-GFP foci, it suggests that 

RdRp can either be found in other sub cellular compartments, or there is 

heterogeneity in P-body composition, which has previously been described (3, 

14). Nevertheless, the co-immunoprecipitation and partial co-localization of 

Lsm1p and RdRp in yeast cells indicates that RdRp interacts with P-body 

components and can accumulate in these structures.   
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DISCUSSION 

P-bodies facilitate the assembly of BMV replication complexes.   

 Previous work had shown that the Lsm1-7p complex, Pat1p, and Dhh1p, 

which are all components of P-bodies, affect BMV genomic RNA translation and 

the subsequent recruitment of genomic RNAs from translation to RNA 

replication (16, 24, 27).  In this work, we present multiple lines of evidence 

arguing that these proteins affect BMV replication because accumulation of viral 

RNAs in P-bodies is a significant step in the replication process.  First, the 

replication substrates RNA2 and RNA3 accumulate in P-bodies (Figure 1).  

Second, there is a strong correlation between cis-acting elements required for 

RNA recruitment from translation to replication (20, 34) and for targeting RNAs 

to P-bodies with the only exception being the precise Box B deletion (∆BoxB) 

(Figures 2 & 3).  Third, the viral RdRp and the P-body component Lsm1p co-

immunoprecipitate and show overlapping sub cellular distributions (Figure 4 

and Figure 5). These observations suggest a sequential model for the formation 

of a BMV replication complex wherein BMV genomic RNAs would first 

accumulate within P-bodies along with viral replication proteins. BMV 

replication complexes are formed in invaginations of the ER (25), and some P-

bodies have been reported to be associated with ER membranes (41). The 

formation of a replication complex could therefore be facilitated by interactions 

between P-body components and membrane proteins. 
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 Our results also argue that accumulation of RNAs in P-bodies is not 

sufficient for assembly into a replication complex.  The critical observation is that 

RNAs lacking Box B are still able to accumulate in P-bodies (Figure 3), but are 

unable to enter replication complexes (34). This suggests that following 

accumulation of RNAs in P-bodies, which would also contain host mRNAs, 

additional interactions with Box B sequences would provide an another level of 

specificity allowing only viral RNAs within P-bodies to be selected for 

replication.  One interesting possibility here is that the 1a protein, which is 

associated with ER membranes and has a DEAD-box RNA helicase domain (38), 

might have direct interactions with Box B and RdRp, thereby recruiting  both the 

RNA and the RdRp to an ER associated replication complex. 

 

 The use of P-bodies to facilitate the assembly of RNA replication 

complexes could be mechanistically important since it allows viruses to take 

advantage of a dynamic compartment of non-translating mRNAs concentrated in 

discrete foci away from the translation machinery.  This could allow replication 

complex assembly to be initiated without interference by elongating ribosomes. 

Indeed, the concentration of mRNAs and the absence of elongating ribosomes in 

P-bodies makes P-bodies useful sites for other important transitions in viral life 

cycles.  Consistent with that view, the Ty3 retroviral-like element in yeast has 

been suggested to package viral-like particles in association with P-bodies (5),  
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and the antiviral proteins APOBEC3G and APOBEC3F as well as HIV-1 viral 

protein Vif, localize to P-bodies in mammalian cells (39).  Moreover, replication 

of hepatitis C virus is enhanced by the liver-specific miRNA, miR122 (21). In 

other studies, miRNAs have been shown to target mRNAs to P-bodies in 

mammalian cells (23, 28). This would suggest that targeting HCV RNAs to P-

bodies maybe important for replication. Taken together, these observations 

suggest that P-bodies will be critical sites for many viruses at critical transitions 

in their life cycles.  
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FIGURE LEGENDS 

Figure 1. BMV RNA2 and RNA3 accumulate in P-bodies and viral RNA 

expression increases size and number of P-bodies. 

  (A) Wild-type strain yRP2065 expressing BMV RNA2 (pRP1402) or RNA3 

(pRP1403), MS2-GFP (pRP1094) and Lsm1p-chRFP (pRP1400) or no virus control 

were examined for the accumulation of RNA2 or RNA3 in P-bodies.  

 (B) Strains containing Dhh1p (yRP2081), Pat1p (yRP2082), or Lsm1p 

(yRP2083) fused to GFP, which can all accumulate in P-bodies (33), were 

analyzed with or without RNA2 or RNA3 expression for the degree of 

accumulation of these proteins in P-bodies.  

 

Figure 2. The cis-acting viral element, RE, is necessary and sufficient for targeting 

viral transcripts to P-bodies. 

  (A) Wild-type strain yRP2065 expressing full-length or various BMV 

RNA3 constructs lacking specific regions (top of column to bottom: pRP1403 

(RNA3-MS2), pRP1404(Δ3’UTR/RNA3-MFA2), pRP1413 (Δ5’UTR/RNA3[GAL}), 

pRP1406(RNA3[GAL-RE-MFA2],pRP1414(ΔRE/RNA3[RE]),MS2-GFP (pRP1094) 

and (B) wild-type strain yRP2065 expressing MS2-GFP (pRP1094) and the 

heterologous β-globin transcript with or without the RE element (top of column 

to bottom: pRP1416 (β-globin[MFA2] and pRP1415 (β-globin [RE-MFA2]). The 

numbers located in the bottom right corner  
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indicate the percentage of cells with foci out of 200 cells counted in 3 to 5 

different experiments. 

 

Figure 3. Mutations in the RE that affect RNA replication prevent viral transcript 

accumulation in P-bodies.   

   Wild-type strain yRP2065 expressing MS2-GFP (pRP1094) and either 

mutant forms of the RE in RNA3 [left column pRP1408 ( RNA3 Δ32-5’), pRP1409 

(RNA3 Δ45-5’), pRP1410 (RNA3 Δ79-5’), pRP1411 (RNA3 Δ52-3’), pRP1412 

(RNA3 Δ73-3’),  pRP1407 (RNA3 Box B),  respectively] or β-globin [right column 

pRP1418 (β-globin Δ32-5’), pRP1419 (β-globin Δ45-5’), pRP1420 (β-globin Δ79-5’),  

pRP1421(β-globin Δ52-3’),  pRP1422 (β-globin Δ73-3’), pRP1417 (β-globin Box B), 

respectively]. The numbers located in the bottom right corner indicate the 

percentage of cells with foci out of 200 cells counted in 3 to 5 different 

experiments. 

 

Figure 4. Viral RNA dependent RNA polymerase (RdRp) interacts with Lsm1p. 

  Co-immunoprecipitation of RdRp (pRP1402) with HA-tagged Lsm1p 

(strain yRP1430). Epitope tagged Lsm1p was immunoprecipitated with anti-HA 

antibody (12CA5 Roche) and the immunoprecipitate was analyzed by western 

blot for RdRp (27).  
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Figure 5.  Viral RNA dependent RNA polymerase (RdRp) colocalizes with P-

bodies. 

 Lsm1p –GFP (strain yRP2083) or Pat1p-GFP (strain yRP2082) expressing 

RdRp fused to chRFP (pRP1399) was analyzed by fluorescent microscopy. 
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TABLE 1. Strains used in this study 
 
Strain Genotype Reference/Source 
yRP 2065 Mat a his3, leu2 met15 ura3 6 
yRP 2083 Mat a leu2 met15 ura3 LSM1-GFP 17 
yRP 2082 Mat a leu2 met15 ura3 PAT1-GFP 17 
yRP 2081 Mat a leu2 met15 ura3 DHH1-GFP 17 
yRP 1430 Mat α leu2-3, 112 lys2-201 trp1-01 ura3-52 

cup:: leu2pG HA-LSM1 
38 
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TABLE 2. Plasmids used in this study 
 

Plasmid  # Construct Reference 
pRP1094 MS2-GFP 6 
pRP1399 RdRp-chRFP  This work 
pRP1400 Lsm1p-chRFP This work 
pRP1402 RNA2-MS2  This work 
pRP1403 RNA3-MS2  This work 
pRP1404 RNA3-MFA2 This work 
pRP1405 RNA3-MS2 (in 3’UTR) This work 
pRP1406 RNA3 (GAL-RE-MFA2) This work 
pRP1407 RNA3  (Box B) This work 
pRP1408 RNA3 Δ32 5’ This work 
pRP1409 RNA3 Δ45 5’ This work 
pRP1410 RNA3 Δ79 5’ This work 
pRP1411 RNA3 Δ52 3’ This work 
pRP1412 RNA3 Δ73 3’ This work 
pRP1413 RNA3 (GAL) This work 
pRP1414 RNA3  (RE) This work 
pRP1415 β-globin (MFA2) This work 
pRP1416 β-globin (RE-MFA2) This work 
pRP1417 β-globin  (Box B) This work 
pRP1418 β-globin Δ32 5’ This work 
pRP1419 β-globin Δ45 5’ This work 
pRP1420 β-globin Δ79 5’ This work 
pRP1421 β-globin Δ52 3’ This work 
pRP1422 β-globin Δ73 3’ This work 
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TABLE 3. PCR primers used to construct the plasmids in this study 
 

Primer   Sequence 
oAN43 5’CGCAACGCAATTAATGTGAG 3’ 
oAN60 5’CCCGGGGGATCCACTAGTTCTAGAGCGGCCGCCACCGCGG 

TTTTTAACCTTAACCAAAGGGC 3’ 
oAN61 5’CCGCGGTGGCGGCCGCTCTAGAACTAGTGGATCCCCCGGG 

CTCCTGGTCAGGCAGACC 3’ 
oAN50 5’GGTCGACGATTACGCTACCGG 3’ 
oAN130 5’AGCCATAGTGACAAGAGTATTACC 3’ 
oAN168 5’GGCCCCTTGTCTCAGGTAGAGCCCGGGACCCTGTCC 

AGGTAGGACAC3’ 
oAN169 5’GTGTCCTACCTGGACAGGGTCCCGGGCTCTACCTGA 

GACAAGG3’ 
oAN170 5’GCTTAATCTCCAGATTTATCTG3’ 
oAN193 5’CTTTAACTGCAGTTAATTAATGGTGAGCAAGGGCGAGG 3’ 
oAN194 5’GCA TGG ACG AGC TGT ACA AGT CTT CGA AAA CCT GGG  

ATG 3’ 
oAN195 5’CATCCCAGGTTTTCGAAGACTTGTACAGCTCGTCCA 

TGC3’ 
oAN197 5’CAAGCTTGCATGCCTGCAGGTCGACTCTAGAGGATCGGGG 

ATCCAGCTTTTCCGTGACTGGTTG3’ 
oAN198 5'GGTAACAGAATCACCCCATCTGCAGGAATTAATTCGATTGG

CGCCATGGTGAGCAAGGGCGAGGAGG3' 
oAN199 5'CCTCCTCGCCCTTGCTCACCATGGCGCCAATCGAATTAATTC 

CTGCAGATGGGGTGATTCTGTTACC3' 
oAN200 5'ACCTCTTGGTGCTGGTCGACGGTATCGATAAGCTTGATTGGC 

GCCCTTGTACAGCTCGTCCATGCC3' 
oAN201 5’GCACGTAAGGCCTACGTTCGATGACTTCTTCACCCCGGTTTA 

TAGGTAGAATTCCTGATCTAATCGATATCTACCC3’ 
oAN202 5'CGAATTGGGTACCGGGCCCCCCCTCGAGAATTCGACAGGTT

ATCAGCAACAACAC3' 
oAN204 5’GATGTCAAGCTTAATTCCTGATCTAATCGATATC 3’ 
oAN205 5’CAAAAGCTGGAGCTCCACCGCCCGGGCGGATCCAGCTTTTC

CGTGACTGGTTG 3’ 
oAN209 5'CAAAAATTAAAGCTTGACATCTCTAGAAGATCCGATTCGAG

GTCTAATAGAAATTG3’  
oAN210 5'TCAAAATTAAAGCTTGACCAAACCTCTGGCGAAGAAGTCC3' 
oAN211 5'CGAATTGGGTACCCAGTACCTCGAGCCTCTTCGCTATTACGC 

CA3' 
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Figure 3 
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Figure 4 
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Figure 5 

 

 

 


