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ABSTRACT 

 

 Positive strand (+) RNA viruses are a significant health threat today, yet the 

diseases that they cause are difficult to treat due to a lack of antiviral drugs, which is in 

part due to the tight association of their replication with host cellular functions.  In order 

to design improved therapeutic agents for use against (+) RNA viruses, we must 

increase our understanding of their replication mechanisms in host cells, and what 

cellular factors are involved in their life cycle.  The early events in (+) RNA virus 

replication include translation of the genome into the viral replication proteins, followed 

by the folding, trafficking, and assembly of the viral replication factories on intracellular 

membranes,  which are critical for all (+) RNA viruses, and, therefore viable targets for 

potential antivirals.  To better understand these early events and the cellular proteins 

that are involved, I used Flock House virus, a model (+) RNA virus, in a Saccharomyces 

cerevisiae model system to take advantage of the facile and well understood genetics of 

yeast.  In these studies, I examined the impact of the major chaperone and cochaperone 

systems in FHV RNA replication in yeast.  I identified a number of chaperones that 

impacted FHV RNA replication both negatively and positively, including the J-domain 

family of Hsp40s, the main cellular Hsp70 chaperone system, as well as a number of 

minor chaperones.  In addition, I found that some cellular requirements were membrane-

specific, and that there were differences between the requirements seen in Drosophila 

cells and those in yeast.  Finally, I began to develop a method for high-throughput 

analysis of the early events in FHV RNA replication based on the accumulation of the 

viral polymerase.  Therefore, in this body of work, I confirmed that cellular chaperones 
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play a role in the genome replication of a positive strand RNA virus, and identified a 

number of proteins in the cell as targets for future study. 
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CHAPTER I 

 

GENERAL INTRODUCTION 

 
  

 Positive-sense (+) RNA viruses cause a number of human diseases, and are 

among those pathogens that are emerging as threats to our public health and economy, 

yet despite this, there are few treatments for (+) RNA virus infections.  Though we 

understand some aspects of viral replication, we are limited in our ability to counter 

these viruses in part because we lack critical information about the mechanisms involved 

in the early events in the (+) RNA virus replication cycle.  These early events in the (+) 

RNA virus replication cycle are the translation, folding, targeting and trafficking of the 

replication machinery to a specific intracellular membrane.  Chaperones are good 

candidates for facilitating these steps in the viral life cycle due to their known roles in the 

translation, folding, targeting and trafficking of cellular proteins.  There is evidence that 

viruses use chaperones at many steps in their life cycle, and so we hypothesize that (+) 

RNA viruses use them for the early events in replication as well.  In order to gain a better 

understanding of the connections between (+) RNA viruses and host machinery, our lab 

uses a model virus in two genetically tractable hosts.  This allows us to both identify 

factors that are responsible for enhancing or regulating steps in the viral life cycle, and 

also to compare and contrast these factors in a host-dependent way.  Using a model 
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pathogen allows us to make observations and study (+) RNA viruses in a controlled 

setting, and use this information to make predictions about more clinically 

relevant pathogens.  We are able to do this because of the significant similarities 

between the life cycles of all (+) RNA viruses.

2 



Positive-sense RNA viruses, their global impact and the challenges of their 

treatment.  Positive sense (+) RNA viruses are responsible for causing a number of 

significant current and emerging diseases in humans and other animals (69).  These 

include dengue hemorrhagic fever, the respiratory disease caused by SARS 

coronavirus, and several viral encephalitic diseases, such those caused by West Nile 

virus and the equine encephalitic viruses.  In addition to these newer threats, other more 

classical viral diseases are reemerging due to resurgence in vector populations, such as 

yellow fever, as well as dengue hemorrhagic fever.  Several factors are responsible for 

the increase in occurrence and spread of these viruses.  Climate change and increasing 

world temperatures have shifted habitats for many insect species, causing vector 

populations to move into newer areas or rebound in areas that were previously under 

control.  The modernization of the world has also played its part, allowing for easier 

travel from previously isolated areas of the world, as well as encroachment into 

unpopulated areas.   In addition to the human health impacts of these viruses, they are 

also the causes of many animal, plant and insect diseases that have the potential to 

negatively impact the world’s agriculture.  Many of the crop disease viruses fall in to the 

(+) RNA virus group, such as tobacco mosaic virus, tomato bushy stunt virus, cucumber 

necrosis virus, and the cereal crop pathogens, barley yellow dwarf virus, and cereal 

yellow dwarf virus.  Barley yellow dwarf virus alone can cause up to 50% yield loss in 

cereal crops (26, 93). 

Despite the significance and emergence of (+) RNA viruses, there are relatively 

few antiviral drugs available for clinical treatments, and agricultural control is largely 

limited to pesticide use to limit vector populations.  Treatment of (+) RNA viruses is 

complicated by a number of factors, including the extensive use of the host factors to 

accomplish their life cycle, and the relative lack of understanding of what those host 

factors are.  Compared to the life cycles of viruses with DNA, double stranded RNA, or 
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negative sense RNA genomes, which all require enzyme steps in order to convert their 

genome into a translatable form, (+) RNA viruses enter the cell with their genomes 

already in the coding sense, allowing them to be translated immediately by the host 

machinery.  This intimately ties the viral genome and proteins to the host cellular 

machinery making virus-specific inhibition difficult.  Despite this known dependence on 

the host cell machinery, what that machinery is and how it is used by the virus are not 

well understood.  Therefore, further understanding into the (+) RNA virus life cycle and 

its ties to the host machinery would allow us to identify potential drug targets for the 

development inhibitors that would greatly increase the effectiveness of the treatment of 

(+) RNA virus infection. 

 

The (+) RNA virus life cycle.  The (+) RNA virus life cycle begins when the infectious 

virus particle binds at the surface of the cell and is either taken up in a vesicle or 

releases its genome directly into the cytosol (Figure 1.1, step 1).  Upon release of the 

genome, which is in the positive coding sense, it is bound by the cellular ribosomal 

complex and translated into the viral replication machinery, which then must be folded 

(Figure 1.1, step 2).  Some viral genomes are capped with a 5’ 7-methylguanosine, and 

so bind the ribosome like host mRNAs, while others encode a cap independent internal 

ribosome entry site that binds the translation machinery without needing a 5’ cap (71).  

There is evidence at this step for host factors playing a role in the specific translation of 

viral polymerases (13, 52), as well as cell specific tropism based on translation of viral 

proteins (7, 17, 32). 

Next, the viral replication proteins must be targeted and trafficked to a specific 

intracellular membrane for genome replication (Figure 1.1, step 3).  It is at this step that 

all (+) RNA viruses share a common requirement; in order to be active, the replication 

machinery needs to be associated with some intracellular membrane (1).  The specific 

4 



membrane is dependent on the virus, but there is a need for an intracellular membrane 

(1).  There is some debate as to whether the membrane serves as a scaffold for viral 

replication, or if there is some protein or lipid component of particular membranes that is 

important for certain viruses, but these are not mutually exclusive possibilities and the 

membrane likely serves multiple roles for replication.  There is specificity of membrane 

targeting for viral replication complexes:  many encephalitic viruses replicate on 

endosomes (27, 74), flaviviruses replicate on membranes derived from the endoplasmic 

reticulum (23, 65), whereas many plant and insect pathogens replicate on the 

mitochondria  or chloroplasts (50, 63, 79).  In some models the viral polymerase can be 

retargeted to another membrane without deleterious effects on function (51, 64), which 

lends credibility to the non-specific argument of the membrane as a scaffold, yet the fact 

that there is specificity at all among membrane use would argue for a specific effect. 

Upon membrane association, the viral replication complex causes a rearrangement of 

the membrane itself and begins to replicate the genome (Figure 1.1, step 4).  The first 

step of genome replication is the transcription of the (+) RNA genome to a negative 

strand, which is then used as a template for further (+) RNA genome production.  Often 

a subgenome is produced from a secondary site on the genome during active 

replication, which encodes proteins that are needed for virion production, immune 

system evasion and other functions (55, 57).  There is evidence for the involvement of 

host factors as replication complex members (6, 27, 88, 91, 97) as well as others that 

have been shown to be necessary for RNA replication but not to be complex members 

(2, 15). 

Following genome replication and translation of the structural proteins, the virus 

particle assembles and encapsidates the genomic RNA (Figure 1.1, step 5), and then 

exits the cell (Figure 1.1, step 6).  The encapsidation of replicated genome has been 

shown to be linked spatially and functionally to active replication complexes (7, 95).  
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Figure 1.1 - The positive strand RNA virus life cycle.  The steps in (+) RNA virus 
replication:  Virion entrance and uncoating (1), Translation of viral genome (2), Assembly 
of viral replication complex (3), Maturation of replication complex, RNA replication and 
sgRNA synthesis (4), Virion assembly and encapsidation (5), Virion exit (6).  These 
events are drawn as separate steps out of convenience although there are likely 
significant links between steps.  Abbreviation:  sgRNA – subgenomic RNA. 
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This suggests that the replication cycle progresses continuously and not stepwise as it is 

often depicted and described. 

While some steps are fairly well understood, the critical early steps of the 

translation, folding, trafficking and membrane association of the replication complex 

proteins are poorly understood.  When thinking of a viral protein as an entity in the 

cytosol, it faces essentially the same challenges that cellular proteins face.  Some viral 

replicase proteins are translated in the cytosol away from their target membrane, and so 

must be properly targeted to their site of action.  They also must be folded appropriately 

to function and to hide hydrophobic residues that would cause aggregation, and as 

membrane associated proteins, many viral replication proteins have hydrophobic 

domains that must be shielded until they become associated with the target membrane.  

Further, because replicase proteins function as a part of a large macromolecular 

complex (27, 70, 88, 97), association with other cellular and viral proteins and complex 

assembly is a necessary step.  When considering cellular proteins, these same 

challenges are often overcome by association with chaperones. 

 

Cellular chaperones and their role in the cell.  Cellular chaperones are a class of 

cellular proteins involved in the translation, folding, trafficking, and maturation of cellular 

proteins (21, 42, 104), as well as the assembly of multi-protein complexes (105).  The 

main chaperone complexes in the cell are those of the heat shock protein (Hsp) 90 and 

Hsp70 (Figure 1.2).  Together these two complexes are responsible for the majority of 

protein folding, maturation, and quality control in the cell (11, 39, 61).   

Hsp70 is a ubiquitous chaperone, responsible for the folding and shielding of nearly 

every protein [(11) and reviewed in (42, 104)].  Hsp70 functions through cycles of 

binding and hydrolyzing ATP, causing changes that increase or decrease affinity to 

substrate proteins.  These cycles of binding and release continue until the substrate  
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Figure 1.2 – The main chaperone complexes of the cell.  The Hsp70 chaperone 
complex (left) consists of Hsp70 and Hsp40, and can work with Hsp100 for special 
refolding functions.  The Hsp90 chaperone complex (right) includes the Hsp70 complex 
as well as the Hsp organizing protein (Hop) and p23.  Hsp90 can interact with motor 
proteins through immunophilins and traffic client proteins in the cell.  Small heat shock 
proteins (sHsps) act largely independently of the main chaperone complexes. 
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protein is in the proper form, and then it is released (11).  The ATPase activity of Hsp70s 

alone is intrinsically weak, and so the chaperone cycle would progress slowly without 

enhancement by Hsp40 cochaperones (Figure 1.2, left).  Hsp40s or J-domain proteins, 

all contain a J-domain, which binds to the Hsp70, enhancing the weak ATPase activity 

and increasing the efficiency of the Hsp70s folding function (92).  J-domain proteins are 

so named because they are orthologs of the bacterial DnaJ protein, which regulates the 

bacterial Hsp70, DnaK.  J-domain proteins (also called J-proteins) are grouped based on 

their homology to DnaJ.  DnaJ contains three domains: a J-domain, a 

glycine/phenylalanine rich domain, and a carboxy terminal domain that contains a zinc 

finger.  The necessity of the glycine/phenylalanine domain has been debated, and its 

function is not well defined.  The carboxy terminal domain and zinc finger are believed to 

aid the binding of unfolded proteins by Hsp70.  The J-domain alone is able to enhance 

the Hsp70 ATPase activity.  J-domain proteins may have all of these domains (type I), 

be missing the glycine/phenylalanine rich region (type II), or just the J-domain with other 

domains that are not similar to those of DnaJ (type III).  Type I J-domain proteins are 

thought to function like DnaJ, binding unfolded proteins, and enhancing the ATPase 

activity of the partner Hsp70.  The cellular activities of type II and type III J-proteins are 

not all defined, and are believed to be more compartmentalized, binding Hsp70s to 

various sites in the cell, where their activities are more localized [reviewed in (96)]. 

Hsp90 is a more specialized chaperone, interacting with a subset of specific 

client proteins (106). Hsp90 is responsible for the maturation of these proteins beyond 

the usual folding and shielding that Hsp70 does.  The Hsp90 complex contains many 

components, including Hsp70 and a number of cochaperones that are added in turn to 

bind and mature the client protein (8, 14, 60) (Figure 1.2, right).  Perhaps the best 

studied client proteins of Hsp90 are the steroid receptors.  It has been shown that 

maturation of steroid receptors is dependent on association with the Hsp90 chaperone 
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complex, and that the receptor is not able to bind ligand until this interaction has taken 

place (76).    Further, the Hsp90 complex holds the steroid receptor in this ligand-ready 

conformation until binding, and then traffics the complex to the nucleus, where the 

activated receptor acts as a transcription factor (76).  This nuclear trafficking by Hsp90 

has been shown to progress through interactions with immunophilins and cellular motor 

proteins that traffic to the nucleus (29, 30, 75).  In addition to its role in trafficking steroid 

receptors and other transcription factors to the nucleus, Hsp90 has been shown to be 

important for import of proteins into the mitochondria (105). 

Other than the major groups of chaperones in the cell, there are a number of 

cochaperones and minor chaperones that specialize in other cellular functions.  These 

include the immunophilins, the Hsp100 (Clp) family, and the small Hsps.  The 

immunophilin/cyclophilin family of peptidyl-prolyl isomerases bridge chaperones to motor 

proteins (29, 30, 60, 75, 76) and are responsible for client protein trafficking.  The small 

Hsps and the Hsp100 chaperones work with the main chaperone complexes and are 

part of the recovery from heat shock or cellular stress.  The Hsp100 (Clp) group are 

responsible for unfolding and refolding aggregated proteins (39, 73), and the small Hsps 

refold denatured proteins and prevent the formation of aggregates (43, 44, 81).  Much of 

what we know about chaperones comes from the yeast model, where chaperones have 

been shown to be key regulators of prion proteins (40, 84, 89), which are related to the 

aggregate diseases in mammals such as bovine spongiform encephalopathy, 

Creutzfeldt–Jakob disease, scrapie and chronic wasting disease. 

 

Viruses use cellular chaperones for their replication.  Based on their role in the 

cellular processes of folding, targeting, trafficking, and assembly of protein complexes, 

chaperones are good candidates for fulfilling these functions for viral proteins.  

Consistent with this, viral infection has been shown to upregulate cellular chaperones in 
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host cells (9, 19, 38, 68), suggesting that cellular chaperones are important for viral 

replication.  Infection could nonspecifically upregulate chaperones due to a stress 

response, but some of these studies show that this has a positive effect on viral 

replication (9, 38), suggesting that this may be a fortuitous upregulation.  Beyond 

expression studies, there is increasing literature that many types of viruses are using 

cellular chaperones for their replication and that this is a necessary step.  The earliest 

reference to this was work on the λ bacteriophage.  A host genetic screen was done 

looking for host genes necessary for phage replication, and identified two genes, DnaK 

and DnaJ, that were required for both host and phage DNA replication (103).  DnaK and 

DnaJ were identified as chaperones, the bacterial Hsp70 and 40, respectively.  Along 

with another Hsp70 cochaperone, GrpE, were later shown to initiate phage DNA 

replication in vitro (109). 

 Studies have now identified cellular chaperones as important for the replication of 

many groups of viruses, and at many steps in the life cycle (Table 1.1).  Chaperones 

have been linked to entry into the cell (37, 80), RT activity of retroviruses (5, 46-48, 72), 

genomic replication (24, 27, 67, 70, 88, 91, 100, 101, 107, 108), and virion assembly 

(18, 33, 98).  More recently, work on (+) RNA viruses has identified a requirement for 

chaperones in viral RNA replication (88, 91, 100, 101).  Further, purification of some viral 

replication complexes has revealed that chaperones can be members of viral 

polymerase complexes (27, 70, 88).  Recent work in our lab has identified a link between 

chaperones and the synthesis of the Flock House virus polymerase in Drosophila cells, 

further implicating host factors into the earliest events in viral replication (13, 52).  

 

Flock House virus is a versatile model for studying virus-host interactions.  To 

study the use of the host machinery by an (+) RNA virus, we use Flock House virus 

(FHV) as a model pathogen.  FHV is the best studied member of the Nodaviridae family 
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Table 1.1 - The role of host chaperones in viral replication 
 

Type Virus1 Chaperone Role Ref. 
     
     

DNA λ phage Hsp70/40 (DnaK/J) Genome replication initiation (45, 103, 
109) 

 HSV-1 Hsp40 (hTid-1) Genome replication (24) 
 Vaccinia Hsp90 Viral Replication (49) 
 Adenovirus Hsp40 Viral replication (38) 
 Polyomavirus Hsc70 Capsid assembly (18) 
 HPV Hsp40 (hTid-1) Interacts with viral oncoprotein  (85) 
     
     

DNA with HBV Hsp60 RT interaction (72) 
an RNA Duck HBV Hsp70/40 RT activity (5) 
intermediate HBV Hsp90 RT activitiy (46) 
 Hepadnavirus Cdc37 Assembly and replication (98) 

 HBV Hsp40 (Hdj1) Negative regulation of 
replication (90) 

     
     

dsRNA Reovirus Hsp90 Viral attachment (37) 
     
     

(-) RNA Influenza Hsp90 Genome replication (67) 
 Measles Hsp70 Genome replication (107, 108) 
     
     

(+) RNA DENV Hsp70/90 Viral attachment2 (80) 
 FHV Hsp90  Synthesis of polymerase (13, 52) 
 BMV Hsp40 (Ydj1) RdRp transport and activity (91) 
 HCV Hsp90 RdRp maturation (101) 
  Cyclophilin B RdRp complex activity (100) 
 CuNV Hsp70 (Ssa) RdRp complex activity (88) 
 SINV Hsc70 RdRp complex member (27) 
 ToMV Hsp70 RdRp complex member (70) 
 Poliovirus Hsp90 Capsid protein folding (33) 
     

 

 

1 – Abbreviations – HSV-Herpes simplex virus, HPV-Human papillomavirus, HBV-Hepatitis B virus, DENV-
Dengue virus, FHV-Flock House virus, BMV-Brome mosaic virus, HCV-Hepatitis C virus, CuNV-Cucumber 
necrosis virus, SINV-Sinbis virus, ToMV-Tomato mosaic virus. 
2 – The functional role of this has been debated (12) 
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of (+) RNA viruses, which include the two genera alpha and beta.  Alphanodaviruses 

infect insects, while betanodaviruses infect fish.  FHV was isolated in 1983 from the 

grass grub, Costelytra zealandica at the field station in Flock House, New Zealand (86).  

FHV has been used as a model virus for many studies of the viral replication cycle, 

including those examining capsid assembly and genome packaging (95), the cellular 

response to a viral infection (55, 58, 99), and RNA complex assembly and function (22, 

56, 62, 63, 77, 78, 94, 102).  FHV is a very useful model pathogen, for a number of 

reasons.  FHV can replicate its genome in a wide array of cell types, including insect 

cells (63), C. elegans (55), mammalian cells (3), plant cells (87), and the brewer’s yeast, 

Saccharomyces cerevisiae (78).  The ability to replicate in a number of hosts suggests 

that FHV requires host factors that are either well conserved or few in number, and 

allows us to make comparisons of requirements between host cells.  FHV also has a 

well defined RNA replication target membrane.  During replication the FHV RNA-

dependent RNA polymerase, protein A, is targeted to the outer membrane of the 

mitochondria (63).  This targeting is due to an N-terminal sequence of protein A that 

resembles the targeting signal of cellular mitochondrial proteins (62).  FHV infection of 

Drosophila cells causes a rearrangement of the mitochondria membranes, and forms 

invaginations of the outer membrane into the intermembrane space between the outer 

and inner membranes of the mitochondria, called spherules (63), which have recently 

been modeled using cryogenic-electron microscopy to develop a three dimensional 

picture of FHV RNA replication complexes (53).   

FHV has a small 4.5 kilobase genome, consisting of two capped, non-

polyadenylated segments (Figure 1.3), which makes expression possible in many cell 

types.  The larger 3.1 kilobase segment, RNA1, encodes protein A, the FHV RNA-

dependent RNA polymerase (RdRp) and the only viral protein required to form a 

replication complex.  The smaller 1.4 kilobase segment, RNA2, encodes the structural 
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protein precursors, which are dispensable for RNA replication, but are required for virion 

formation.   

Upon entering the cell, RNA1 is translated to protein A.  Protein A can then 

recognize, bind and traffic RNA1 to the mitochondrial outer membrane (94), where it 

forms a replication complex.  During active replication, a third, 0.4 kb subgenomic RNA 

is produced from the 3’ end of RNA1, called RNA3.  RNA3 encodes protein B2, which 

functions as an inhibitor of the RNAi response (55).  Protein B2 functions by binding to 

dsRNA molecules and blocking their recognition by innate defenses (16).  Because of 

this function, protein B2 is necessary for RNA replication in cells with an active RNAi 

system, such as insects (28, 55, 99) and other invertebrates (58), and plants (55). 

 

Yeast is a useful and genetically tractable model host.  In order to explore the roles 

of host proteins in the replication of a (+) RNA virus, we use the brewer’s yeast 

Saccharomyces cerevisiae.  We chose to work with yeast as a model host because it is 

a well studied and genetically tractable system, allowing for simple transition from 

hypothesis to experimental design.  Yeast has been well studied as a eukaryotic cell, 

and has been used to dissect a number of cellular functions including trafficking, 

translocation (20, 31, 34, 41) and heat shock (8, 14, 20, 21, 81, 83), allowing our studies 

to tap into a large amount of published information about these cellular functions.  Yeast 

has been identified as a useful model for some genetic and transmissible human 

diseases (25, 59, 84) and also as a viable model host for (+) RNA viruses (4, 22, 62, 64, 

88, 91, 97) due to the orthology of many yeast genes to those of higher eukaryotes.  

Chaperone systems in particular have been well studied in yeast cells, including the 

diversity of the Hsp70 (10) and J-domain protein systems (83, 96).  An in depth area of 

chaperone study is the role of chaperones regulating prions in yeast cells, where it has 

been shown that prions are highly affected by cellular chaperones through their functions 
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Figure 1.3 - Schematic of the Flock House virus genome.  (A)  RNA1 encodes the 
FHV RNA-dependent RNA-polymerase, protein A.  During RNA replication, a 
subgenomic RNA3 is generated from the 3’ end of RNA1.  RNA3 encodes protein B2, 
which is an inhibitor of RNA interference.  (B)  RNA2 encodes the structural protein 
precursor. 
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of protecting, unfolding, and refolding prion aggregates (84). 

Perhaps the most useful feature of yeast as a host cell for our studies is the 

availability of genetic libraries including knockout (36), regulated expression (66), and 

tagged libraries (35, 54, 82) that cover most of the genome.  These many options allow 

for detailed analysis of a gene by selecting a strain that is appropriate for a particular 

experiment, rather than constructing one.  This is useful for both individual studies and 

also for the design and development of high throughput studies (36). 

We study FHV in a yeast model using a replicon system (62).  These are cDNA 

copies of RNA1 that are tightly regulated by a GAL1 promoter.  Upon induction with 

galactose, these constructs express an authentic viral RNA1 that is then translated and 

sets up a replication complex on the mitochondria (62).  A detailed description of these 

constructs and their use in our studies can be found in Chapter II (Figure 2.1). 

In the following chapters, we have taken advantage of these established model systems 

in order to study the roles of cellular chaperones in the genome replication of a (+) RNA 

virus.  We will show that host chaperones are required for efficient FHV RNA replication, 

and that there are host- and membrane-specific differences in that requirement.  Further, 

we used a targeted analysis of cytosolic chaperones in yeast to identify those that affect 

FHV RNA replication.  In that study, we have shown that the Hsp70 system plays 

contrasting roles in the regulation of viral replication, and also identified a number of 

other chaperones as important for further study based on their RNA replication 

phenotypes.  Finally, we have begun to develop a method for genome-wide or chemical 

library based high throughput screening for those host proteins or chemical compounds 

that impact the synthesis and stability of protein A in yeast cells, allowing for future large 

scale analysis of host systems in the replication of a (+) RNA virus. 
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CHAPTER II 

 

THE HEAT SHOCK PROTEIN 70 CO-CHAPERONE YDJ1 IS REQUIRED FOR 
EFFICIENT MEMBRANE-SPECIFIC FLOCK HOUSE VIRUS RNA REPLICATION 

COMPLEX ASSEMBLY AND FUNCTION IN YEAST 
 

 The assembly of RNA replication complexes on intracellular membranes is an 

essential step in the life cycle of positive-sense RNA viruses.  We have previously 

shown that Hsp90 chaperone complex activity is essential for efficient Flock House virus 

(FHV) RNA replication in Drosophila S2 cells.  To further explore the role of cellular 

chaperones in viral RNA replication, we used both pharmacologic and genetic 

approaches to examine the role of the Hsp90 and Hsp70 chaperone systems in FHV 

RNA replication complex assembly and function in Saccharomyces cerevisiae.  In 

contrast to results with insect cells, yeast deficient in Hsp90 chaperone complex activity 

showed no significant decrease in FHV RNA replication.  However, yeast with a deletion 

of the Hsp70 cochaperone YDJ1 showed a dramatic reduction in FHV RNA replication 

that was due in part to reduced viral RNA polymerase accumulation.  Furthermore, the 

absence of YDJ1 did not reduce FHV RNA replication when the viral RNA polymerase 

and replication complexes were retargeted from the mitochondria to the endoplasmic 

reticulum.  These results identify YDJ1 as an essential membrane-specific host factor for 

FHV RNA replication complex assembly and function in S. cerevisiae, and are consistent 

with known differences in the role of distinct chaperone complexes in organelle-specific 

protein targeting between yeast and higher eukaryotes.
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Introduction 

Genome replication of positive-sense RNA viruses occurs within membrane-

associated macromolecular complexes (5).  Although the assembly of these highly 

active enzymatic complexes in association with intracellular membranes is a critical step 

in the positive-sense RNA virus life cycle, the mechanisms responsible for viral protein 

translation, folding, and transport to the appropriate membrane compartment within cells 

during viral RNA replication complex assembly are poorly understood.  The heat shock 

proteins (Hsps) are a diverse set of molecular chaperones that facilitate cellular protein 

translation, folding, and trafficking (15).  These abundant chaperones also participate in 

the assembly of membrane-associated protein complexes (47), suggesting that positive-

sense RNA viruses may also use cytosolic Hsps as chaperones to assemble viral RNA 

replication complexes.  Consistent with this hypothesis, cellular chaperones have been 

associated with the replication of numerous positive-sense RNA viruses, including 

hepatitis C virus (HCV) (42), cucumber necrosis virus (39), brome mosaic virus (BMV) 

(40), tomato mosaic virus (29), and Sindbis virus (13). 

To study the role of cellular chaperones in viral RNA replication complex 

assembly and function, we use Flock House virus (FHV), a versatile positive-sense RNA 

virus and well-studied member of the Nodaviridae family (2).  The utility of FHV as a 

model pathogen derives in part from its relatively small genome and robust replication in 

multiple eukaryotic hosts, including Drosophila melanogaster (14, 26), Caenorhabditis 

elegans (23) and Saccharomyces cerevisiae (22, 25, 27, 32, 33).  The FHV genome is 

bipartite and consists of two capped but non-polyadenylated RNA segments (38).  The 

larger 3.1-kb segment, RNA1, encodes protein A, the FHV RNA-dependent RNA 

polymerase (RdRp), which is essential for the assembly of functional viral RNA 

replication complexes (1, 2, 18, 22, 25, 33).  The smaller 1.4-kb segment, RNA2, 

encodes the structural capsid protein precursor, which is dispensable for RNA replication 
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but necessary for infectious virion production (2).  During viral RNA replication, protein A 

generates a subgenomic 0.4-kb RNA, RNA3, which is colinear with the 3’ end of RNA1.  

RNA3 encodes the RNA interference suppressor protein B2 (21), which is required for 

FHV RNA replication in insects (21), plants (21), and nematodes (23), but not in yeast 

(33).   

FHV RNA replication complexes assemble on the mitochondrial outer membrane 

in both insect cells (26) and yeast (25), and protein A is sufficient for their appropriate 

intracellular localization (25).  FHV replication complexes are targeted and anchored to 

the mitochondrial outer membranes in part by an amino-proximal domain in protein A 

that resembles the transmembrane stop-transfer sequences present in several cellular 

mitochondrial outer membrane proteins (25, 27).  The protein A mitochondrial targeting 

signal contains no discernable enzymatic function, as fully functional FHV RNA 

replication complexes are formed when the mitochondrial targeting signal is replaced 

with a sequence that contains an endoplasmic reticulum (ER) targeting domain (27).  

Thus, FHV provides a versatile system to examine the role of both general and 

membrane-specific host factors in viral RNA replication complex assembly and function. 

We have previously shown that the cellular chaperone Hsp90 facilitates the 

assembly of functional FHV RNA replication complexes in Drosophila S2 cells (8, 19), 

consistent with the demonstrated role of this abundant cytosolic chaperone in the 

transport of cellular mitochondrial proteins in higher eukaryotes (47).  In this report, we 

further explore the role of cellular chaperones in FHV RNA replication complex assembly 

and function using S. cerevisiae as a eukaryotic host.  The facile genetics and ready 

availability of yeast strains with deletions, mutations, or regulated expression of 

individual genes makes S. cerevisiae a useful model host to examine the impact of 

unique cellular proteins on viral RNA replication (20, 39, 40).  We demonstrate that 

disruption of Hsp90 chaperone complex activity did not significantly impact FHV RNA 
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replication in S. cerevisiae.  In contrast, deletion of YDJ1, an Hsp40 family co-chaperone 

required for Hsp70 chaperone complex activity (7), significantly reduced FHV RNA 

production when replication complexes were targeted to the mitochondrial membrane, 

but had only a marginal effect on ER-targeted FHV RNA replication complex function.  

These results demonstrate both host- and membrane-specific differences in the role of 

cellular chaperones in viral RNA replication complex assembly and function. 
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Materials and Methods 

Yeast strains, transformation, and culture conditions.  The diploid S. 

cerevisiae strain BY4743 (MATa/MATα his3Δ1/his3Δ1 leu2Δ0/leu2Δ0 lys2Δ0/+ 

met15Δ0/+ ura3Δ0/ura3Δ0) was used for all experiments to minimize complications 

related to second site mutations more common in a haploid strains.  Wild type (wt) 

BY4743 and diploid strains with homozygous deletions of SBA1, STI1, or YDJ1 were 

purchased from the American Type Culture Collection (Manassas, VA).  Yeast were 

cultured and transformed as previously described (25), except that the temperature-

sensitive phenotype of Δydj1 yeast required growth at 25oC for 7 days after 

transformation for satisfactorily large colonies to develop.  Due to the temperature-

sensitive nature of FHV RNA replication complexes (unpublished observations), and 

slow growth or inviability of the mutant strains at higher temperatures, as well as to 

maintain consistency with Drosophila studies, all experiments were performed at 25oC.  

For induction of Δsba1 and Δsti1 yeast, individual clones were transferred to liquid 

selective minimal media containing 2% glucose and grown to stationary phase, washed 

with sterile distilled water and resuspended in selective minimal media with 2% 

galactose at an optical density unit at 600 nm (OD600) of 0.1, which was equivalent to 

approximately 2.5 x 106 cells per ml for both wt and deletion strains.  For induction of 

Δydj1 yeast, cells were grown in liquid selective minimal media with 2% raffinose, 

washed in sterile distilled water and resuspended in selective minimal media with 2% 

raffinose plus 2% galactose at an OD600 of 0.1.  Unless otherwise stated, experiments 

were performed with two independently derived clones and results are representative of 

at least three independent experiments.   

Plasmids.  FHV expression plasmids pF1, pF1fs, and pFA-C/HA have been 

previously described (22, 25, 27, 33).  The retargeted protein A expression plasmid 
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pFA(HCV)-C/HA was generated by inserting the NheI/HindIII fragment from pFA-C/HA 

into pFA-HCV (27).  FHV RNA1 expression plasmids pF1 and pF1fs encode galactose-

inducible cDNA copies of FHV RNA1 with authentic viral 5’ and 3’ ends that are 

generated by precise transcription initiation and a hepatitis delta ribozyme, respectively, 

and thus contain the necessary cis elements to serve as replication templates (Figure 

2.1).  In addition, the RNA1 transcribed from pF1 can be translated into protein A and 

initiate RNA replication in cis, which links protein A accumulation to viral RNA replication 

(Figure 2.1, left).  In contrast, the RNA template transcribed from plasmid pF1fs contains 

an early frameshift-induced stop codon and therefore can not be translated into protein 

A.  Functional protein A is provided from a second plasmid, pFA-C/HA or pFA(HCV)-

C/HA to initiate RNA replication in trans, where protein A accumulation is independent of 

viral RNA replication (Figure 2.1, right).  The protein A expression plasmids pFA-C/HA 

and pFA(HCV)-C/HA encode a galactose-inducible C-terminally hemagglutinin (HA)-

tagged protein A open reading frame (ORF) flanked by an upstream GAL1 leader 

sequence and a downstream CYC1 polyadenylation signal sequence.  RNAs transcribed 

from pFA-C/HA and pFA(HCV)-C/HA are efficiently translated into protein A, but do not 

have the necessary cis elements to serve as replication templates. 

The yeast complementation plasmid pYDJ1 was generously provided by 

Masayuki Ishikawa (Hokkaido University, Sapporo, Japan) (40) and the plasmids pSC-

FLGR and pSC-cGR, which encode the steroid dependent full-length or constitutively 

active C-terminally truncated glucocorticoid receptor (GR), respectively, and the steroid-

responsive reporter plasmid pSC-GRE-LacZ, were generously provided by Jorgé Iñiguéz 

(University of Michigan) (17).  The plasmid pGAL-LacZ-HA, a galactose-inducible, HA-

tagged β-galactosidase expression construct was generated by inserting a PstI/SalI 

fragment containing the LacZ gene encoding a C-terminally HA-tagged protein into the 

PstI/SalI sites of pFA (33). 
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Antibodies and reagents.  Rabbit polyclonal antibodies against FHV protein A 

have been previously described (26).  Rabbit polyclonal antibodies against the HA 

epitope tag were purchased from Santa Cruz Biotechnology (Santa Cruz, CA), and 

mouse monoclonal antibodies against porin and 3-phosphoglycerate kinase (PGK) were 

purchased from Molecular Probes (Eugene, OR).  Rabbit polyclonal antibodies against 

yeast Ydj1p were generously provided by Masayuki Ishikawa (Hokkaido University, 

Sapporo, Japan).  All secondary antibodies for immunoblotting were purchased from 

Jackson Immunoresearch (West Grove, PA).  The Hsp90-specific inhibitor geldanamycin 

was purchased from Sigma (St. Louis, MO) and stored as a stock solution in 

dimethylsulfoxide at -20oC.  Deoxycorticosterone was generously provided by Jorgé 

Iñiguéz and was also stored as a stock solution at -20oC. 

Immunoblot and Northern blot analysis.  Total protein was isolated from an 

equivalent number of yeast as previously described (25) and stored at –20oC until 

analysis.  Protein samples were separated by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) and immunoblotted as previously described (19).  Total 

RNA was isolated from yeast using hot acidic phenol as previously described (33) and 

stored at –80oC until analysis.  RNA samples were denatured in sample buffer 

containing 60% formamide and 7% formaldehyde, separated on formaldehyde-1% 

agarose gels, transferred to ZetaProbe nylon membranes (Bio-Rad, Hercules, CA) by 

passive capillary transfer overnight, UV-crosslinked at 120 mJ per cm2 and probed with 

either digoxygenin-UTP or 32P-UTP labeled strand-specific riboprobes as previously 

described (26).  Protein and RNA bands were quantitated by densitometry using either 

AlphaEaseFC (Alpha Innotech, San Leandro, CA) or Image Quant TL (Amersham 

Biosciences, Piscataway, NJ) software.   

Glucocorticoid receptor-based Hsp90 activity assay.  Yeast transformed with 

pSC-GRE-LacZ and pSC-FLGR were inoculated into selective media in 96-well plates 
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Figure 2.1.  Schematics of FHV replicons.  RNA replication in cis (left) is initiated 
when wild type FHV RNA1 is transcribed from plasmid pF1 by host DNA polymerase II.  
Authentic 5' and 3' ends are generated by precise transcription initiation and a hepatitis 
delta ribozyme (δ Rz), respectively, and therefore RNA1 from pF1 can both be translated 
into protein A (PtnA) and function as an RNA replication template.  RNA replication in 
trans (right) requires that the replication template and PtnA are provided by separate 
plasmids.  The RNA1 template is transcribed from plasmid pF1fs, which contains an early 
frame shifting mutation (asterisk) that introduces a premature stop codon.  Functional 
protein A is provided in trans from a second plasmid, either pFA-C/HA or pFA(HCV)-
C/HA, which generate mRNAs with modified 5’ and 3’ untranslated regions that optimize 
their translation by introduction of the GAL leader (L) and CYC1 polyadenylation signal 
(An) but prevent their utilization as replication templates.  The shaded box indicates the 
location of the membrane targeting signal that is modified in pFA(HCV)-C/HA.  
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and grown in a moist chamber until saturation, diluted 40-fold into fresh selective test 

media containing vehicle, 10 μM deoxycorticosterone, or 10 μM deoxycorticosterone and 

10 μM geldanamycin, and incubated overnight at 25oC to induce GR-responsive and 

Hsp90-dependent β-galactosidase expression.  For Hsp90- and steroid-independent GR 

activity, yeast transformed with pSC-GRE-LacZ and pSC-cGR were cultured in a similar 

manner but without deoxycorticosterone or geldanamycin.  To quantitate reporter gene 

activity, cells were permeabilized with 120 mM sodium phosphate (pH 7.0), 10 mM 

potassium chloride, 1 mM magnesium sulfate, 2.5% (w/v) 3-[(3-cholamidopropyl) 

dimethylammonio]-1-propanesulfonate (CHAPS) and 20 mM dithiothreitol for 15 min at 

37oC and incubated with 0.5 mM chlorophenol red-β-D-galactopyranoside (Roche).  

Substrate conversion was measured by monitoring the change in OD550 over time and β-

galactosidase activity was normalized to cell density. 

 Membrane flotation and carbonate extraction.  Thirty OD600 units of yeast 

were harvested by centrifugation, washed once with distilled water, and converted to 

spheroplasts with 1000 U lyticase in 2 ml spheroplasting (SP) buffer (1 M sorbitol, 0.1 M 

potassium phosphate [pH 7.6]) containing 0.2% β-mercaptoethanol for 20 min at 25oC.  

Spheroplasts were washed once in SP buffer, resuspended in 0.5 ml lysis buffer (50 mM 

HEPES [pH 7.5], 50 mM potassium chloride, 5 mM EDTA, 2 mM magnesium chloride, 

and a 1:100 dilution of yeast protease inhibitor cocktail [Sigma P8215]), stored on ice for 

10 min, lysed with 20 strokes of a 2 ml Dounce homogenizer, and centrifuged at 500 x g 

for 5 min to pellet unlysed cells and nuclei.  Clarified lysates were mixed with 50% 

nycodenz to a final concentration of 37.5% and 1.2 ml were loaded under a 3.4 ml 5-

35% discontinuous nycodenz gradient in Beckman 13 x 51 mm ultracentrifuge tubes and 

centrifuged at 100,000 x g in a Beckman MLS 50 rotor for 24 h at 4oC.  Equal volume 

fractions were collected from both top (low density, LD) and bottom (high density, HD) 
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regions of the gradient as previously described (25, 27).  For carbonate extraction 

experiments, LD fractions were pelleted by centrifugation at 17,000 x g for 15 min at 4oC, 

resuspended in either lysis buffer or in 0.1 M sodium carbonate (pH 11), incubated on 

ice for 30 min, and centrifuged at 17,000 x g for 15 min at 4oC to separate samples into 

carbonate-extracted supernatant (CS) and pellet (CP) fractions.  Final samples were 

analyzed by SDS-PAGE and immunoblotting as described above.   

 Statistics.  A two-tailed Student’s t-test assuming unequal variances was used 

for all statistical analyses, and a p-value < 0.05 was considered statistically significant.   
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Results 

FHV RNA replication in S. cerevisiae is independent of Hsp90 chaperone 

complex activity.  We have previously shown that inhibition of Hsp90 activity 

suppresses FHV RNA replication in Drosophila S2 cells (19).  Since cellular chaperone 

complexes in yeast and higher eukaryotes are similar in composition but may differ in 

function (47), we examined the impact of the Hsp90 chaperone complex on FHV RNA 

replication in S. cerevisiae (Figure 2.2).  Yeast are less sensitive to Hsp90-specific 

pharmacologic inhibitors such as geldanamycin due in part to decreased cell 

permeability (3), and thus we used both pharmacologic and genetic approaches to 

disrupt S. cerevisiae Hsp90 chaperone complex activity.  Yeast express two Hsp90s that 

are thought to be functionally redundant, which are encoded by the constitutive HSC82 

and the inducible HSP82 genes (4).  The deletion of both genes is lethal (28), and 

therefore we used yeast strains with homozygous deletions of the Hsp90 cochaperones 

STI1 and SBA1.  These genes encode the yeast orthologs of Hsp-organizing protein and 

p23, respectively, and their deletions disrupt Hsp90 chaperone complex activity without 

significantly altering cell viability (3, 9).  To verify the functional chaperone defect in Δsti1 

and Δsba1 yeast, we used a glucocorticoid receptor (GR)-based reporter assay (17).  

The maturation of mammalian steroid receptors into a ligand-ready state is dependent 

upon a functional Hsp90 chaperone complex (31).  Since the S. cerevisiae genome does 

not encode a GR, we transformed yeast with both a mammalian GR expression plasmid 

and a glucocorticoid response element-driven β-galactosidase reporter plasmid, induced 

cells with deoxycorticosterone, and measured reporter gene activity by β-galactosidase 

assay (Figure 2.2A).  In wt BY4743 yeast transformed with the Hsp90-dependent 

reporter system, 10 µM deoxycorticosterone induced the robust production of β-

galactosidase.  Consistent with the reduced sensitivity of yeast to the inhibitory activity of 
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Figure 2.2 - FHV RNA replication in S. cerevisiae is independent of Hsp90 
chaperone complex activity.  (A) Inducible Hsp90-dependent GR activity.  Wt (black 
bars), Δsti1 (white bars), and Δsba1 (grey bars) yeast transformed with pSC-GRE-LacZ 
and pSC-FLGR were induced with 10 µM deoxycorticosterone (DOC) in the presence or 
absence of 10 µM geldanamycin (GA), and β-galactosidase activity was measured by 
colorimetric assay.  Results are expressed as the percent activity relative to DOC-
induced β-galactosidase in wt yeast.  (B) Constitutive Hsp90-independent GR activity.  
Wild type (black bars), Δsti1 (white bars), and Δsba1 (grey bars) yeast transformed with 
pSC-GRE-LacZ and pSC-cGR were assayed for β-galactosidase activity, and results are 
expressed as the percent activity relative to wt yeast.  (C) FHV RNA replication in Δsti1 
yeast.  Yeast transformed with vector control (lanes 1 and 4) or pF1 (lanes 2-3 and 5-6) 
were induced with galactose for 24 h, and total protein and RNA were isolated and 
analyzed by immunoblot and Northern blot, respectively.  The position of FHV genomic 
and subgenomic positive-sense RNA ((+)RNA1 and (+)RNA3, respectively) are shown 
on the left.  Ribosomal RNA (rRNA) and PGK are shown as loading controls.  (D) FHV 
RNA replication in Δsba1 yeast.  Yeast transformed with vector control (lanes 1 and 6) or 
pF1 (lanes 2-5 and 7-10) were induced with galactose for 24 h in the presence of vehicle 
(lanes 1-3 and 6-8) or 10 µM GA (lanes 4-5 and 9-10), and total protein and RNA were 
isolated and analyzed by immunoblot and Northern blot, respectively.  Labels and 
loading controls are as in (C).  Numbers represent the percent accumulation of (+)RNA3 
and protein A (PtnA) in Δsti1 or Δsba1 samples compared to wt control (lanes 2 and 3). 
There was no difference in growth between wt, Δsti1 and Δsba1 yeast after induction 
with galactose (data not shown).  When cropping was necessary, all panels were from 
the same exposure of the blot, and all contrast adjustments to the initial image were 
done prior to cropping.   
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pharmacologic Hsp90 inhibitors (3), 10 µM geldanamycin reduced β-galactosidase 

reporter gene activity by 60% in wt yeast (Figure 2.2A), in comparison to the greater 

than 90% reduction of GR-dependent reporter gene activity in Drosophila S2 cells 

treated with 5 µM geldanamycin (19).  In contrast to results with wt yeast, deletion of 

STI1 reduced β-galactosidase activity by greater than 90% even in the absence of 

geldanamycin (Figure 2.2A).  Similar results were obtained with Δsba1 yeast, where in 

the absence of geldanamycin steroid induced-β-galactosidase activity was 16% of wt, 

and this residual activity was reduced to background levels with 10 µM geldanamycin 

(Figure 2.2A).  A truncated and constitutively active form of the GR without ligand-

binding domains, which is Hsp90- and steroid-independent, induced equivalent β-

galactosidase activity in wt, Δsti1, and Δsba1 yeast (Figure 2.2B), indicating that the 

decrease in deoxycorticosterone-induced reporter activity seen in the absence of STI1 

and SBA1 was due to a defect in Hsp90 chaperone complex-dependent GR maturation. 

To examine the impact of Hsp90 activity on FHV RNA replication in yeast, we 

transformed wt, Δsti1, and Δsba1 yeast with pF1, induced cells with galactose for 24 h, 

and analyzed FHV protein A and RNA accumulation by immunoblotting and Northern 

blotting, respectively (Figures 2.2C and 2.2D).  In contrast to the potent inhibitory effect 

on Hsp90-dependent reporter gene activity (Figure 2.2A), the deletion of STI1 did not 

suppress FHV RNA replication, measured by positive strand (+)RNA1, (+)RNA3 or 

protein A accumulation (Figure 2.2C, lanes 5 and 6).  Although there was an 

approximate 30% reduction in FHV RNA replication in Δsba1 yeast (Figure 2.2D, lanes 7 

and 8), this was potentially due to an Hsp90-independent function of SBA1 (11, 12), as 

the addition of geldanamycin did not further suppress FHV RNA replication in Δsba1 

yeast  (Figure 2.2D, lanes 9 and 10) despite its inhibitory effect on residual GR-

dependent reporter gene activity (Figure 2.2A).  Furthermore, we saw no reduction in 
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FHV RNA replication in wt yeast treated with geldanamycin (Figure 2.2D, lanes 4 and 5), 

despite a 60% reduction in Hsp90 complex chaperone activity (Figure 2.2A).  Taken 

together, these results indicated that FHV RNA replication in S. cerevisiae was not 

dependent upon a functional Hsp90 chaperone complex. 

FHV RNA replication in S. cerevisiae is dependent on the Hsp70 co-

chaperone YDJ1.  One previously described difference in the chaperone activity 

between yeast and higher eukaryotes is the differential role of Hsp70 and Hsp90 in the 

delivery of preproteins to the mitochondrial import machinery.  In higher eukaryotes, 

mitochondrial protein targeting and import are facilitated by both the Hsp70 and Hsp90 

chaperone complexes, whereas in yeast only the Hsp70 complex is required (47).  FHV 

RNA replication complexes assemble on mitochondrial membranes in both Drosophila 

S2 cells and yeast (25, 26).  Since our results indicated that FHV RNA replication was 

not dependent upon functional Hsp90 chaperone complex activity in S. cerevisiae, we 

subsequently examined the role of the Hsp70 chaperone complex.  S. cerevisiae 

encodes at least nine cytosolic isoforms of Hsp70, some of which are thought to have 

partially overlapping functions (43).  The Hsp70 SSA subfamily has been specifically 

implicated in import into and transport across cellular membranes (6, 10), suggesting 

that this group of yeast cytosolic Hsp70 chaperones may be particularly relevant to FHV 

RNA replication complex assembly and function.  Deletion of all four SSA genes is lethal 

(43), and therefore to examine the role of the Hsp70 chaperone complex in FHV RNA 

replication we used a diploid yeast strain with a homozygous deletion of the Hsp70 co-

chaperone YDJ1.  YDJ1 encodes the yeast ortholog of Hsp40/DnaJ, whose deletion is 

not lethal but still disrupts Hsp70 chaperone complex activity (7).   

Initial experiments indicated that deletion of YDJ1 in the BY4743 background 

resulted in a prominent growth defect in selective minimal media with glucose as the 

carbon source that produced a doubling time approximately two- to three- fold longer 
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than wt yeast, and induced a growth arrest in selective minimal media with galactose as 

the sole carbon source (data not shown).  Thus, to induce FHV replicon expression from 

the GAL1 promoter-driven plasmid pF1, we initially cultured Δydj1 and wt yeast in 

selective media with raffinose and transferred to a raffinose-galactose combination to 

induce replicon expression.  To minimize the effects of cell growth on RNA replication, 

we harvested cells prior to stationary phase for both wt and Δydj1 yeast.  Under these 

growth and induction conditions, deletion of YDJ1 greatly reduced FHV RNA replication 

in yeast, when measured by the accumulation of (+)RNA1, (+)RNA3, or protein A (Figure 

2.3A).  To ensure that the defect in FHV RNA replication was not due to reduced GAL1 

promoter activity in the absence of YDJ1, we transformed yeast with the reporter 

plasmid pGAL-LacZ-HA, induced for 16 h, and assayed for β-galactosidase activity 

(Figure 2.3B).  There was no difference between wt and Δydj1 yeast in galactose-

induced β-galactosidase activity, indicating that the reduced FHV RNA replication in 

Δydj1 yeast was not due to a defect in GAL1 promoter activity.  Since FHV protein A 

accumulation and RNA replication are linked processes in cells transformed with pF1 

(see Figure 2.1), we could not determine from these experiments whether the primary 

defect in Δydj1 yeast was reduced viral RNA polymerase accumulation or replication 

complex function.  Nevertheless, these results suggested that in contrast to the Hsp90 

co-chaperones STI1 and SBA1, the Hsp70 co-chaperone YDJ1 was important for 

efficient FHV RNA replication in S. cerevisiae. 

We further explored FHV RNA replication in Δydj1 yeast using the two-plasmid 

trans replication system depicted in Figure 2.1 to separate viral RNA polymerase 

accumulation from function, and complemented Δydj1 mutant yeast with a constitutive 

exogenous copy of the co-chaperone expressed from plasmid pYDJ1 (Figure 2.4).  We 

transformed wt, Δydj1, and pYDJ1-complemented Δydj1 yeast with pFA-C/HA and pF1fs,  
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Figure 2.3 - FHV RNA replication is dependent on the Hsp70 co-chaperone YDJ1.  
(A) Wt and Δydj1 yeast transformed with vector control (lanes 1 and 4) or pF1 (lanes 2-3 
and 5-6) were induced with galactose for 24 h, and total protein and RNA were isolated 
and analyzed by immunoblot and Northern blot, respectively.  Results are presented as 
described in Figure 2.  Total protein and RNA recovery in Δydj1 yeast were increased 
compared to an equivalent number of wt yeast, and therefore sample loading was 
adjusted and resulted in underloading for Δydj1 RNA samples.  Numbers represent the 
percent accumulation of (+)RNA3 and protein A compared to wt control and normalized 
to total RNA and protein levels (lanes 2 and 3).  (B) GAL1 promoter activity in Δydj1 
yeast.  Wt (black bars) and Δydj1 (white bars) yeast transformed with pGAL-LacZ-HA 
were induced with galactose for 16 h and β-galactosidase activity was measured by 
colorimetric assay.  Results were adjusted to cell number and are expressed as the 
percent activity relative to wt induced samples.  β-galactosidase activity in uninduced 
samples was < 1% of wt induced levels. 
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Figure 2.4 - FHV RNA replication in trans in Δydj1 yeast.  (A)  Growth of wt, Δydj1, 
and complemented (Δydj1+pYDJ1) yeast.  Yeast transformed with pFA-C/HA and pF1fs 
were induced in selective media with 2% raffinose plus 2% galactose and cell density 
was measured by spectrophotometry (OD600).  Note that Δydj1 and complemented 
(Δydj1+pYDJ1) yeast have the same growth kinetics.  Wt yeast saturate at an OD600 of 4 
to 5 in selective media with 2% raffinose and 2% galactose (data not shown).  (B)  FHV 
RNA replication in wt, Δydj1, and complemented Δydj1 yeast.  Yeast transformed with 
pFA-C/HA and pF1fs were induced for 24 h and total RNA and protein were isolated from 
an equal number of cells and analyzed by Northern blotting and immunoblotting, 
respectively.  Note that total RNA and protein accumulation was increased in the Δydj1 
strain in both the presence and absence of complementation.  We confirmed the genetic 
deletion of the YDJ1 locus in Δydj1 yeast by PCR (data not shown), and thus the faint 
bands in lanes 3 and 4 in the Ydj1p blot represent co-migrating cellular proteins that 
cross reacted with the Ydj1p antisera.  Note that protein in lane 1 is under loaded (PGK 
and Ydj1p blots) and reflects some variability between replicates, which is the reason 
two clones are used for each condition. 
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induced with raffinose-galactose, and initially examined cell growth for 24 h under 

induction conditions (Figure 2.4A).  Proliferation of Δydj1 yeast was markedly reduced 

compared to wt yeast with calculated doubling times of 12 h and 5 h, respectively.  

Surprisingly, this growth defect was not rescued by pYDJ1-mediated complementation 

despite Ydj1p overexpression (see Figure 2.4B, Ydj1p blot lanes 5 and 6), potentially 

due to unregulated co-chaperone expression.  Nevertheless, the similar growth 

phenotypes of Δydj1 yeast in the presence and absence of pYDJ1 complementation 

allowed us to directly examine the impact of the Hsp70 co-chaperone on FHV RNA 

replication without potential confounding effects related to cell growth.   

We analyzed FHV RNA replication and protein A accumulation in wt, Δydj1, and 

pYDJ1-complemented Δydj1 yeast transformed with pFA-C/HA and pF1fs at 24 h after 

galactose induction by quantitative Northern blotting and immunoblotting (Figure 2.4B).  

FHV RNA replication in trans was significantly reduced in Δydj1 compared to wt yeast 

(Figure 2.4B, compare upper blot lanes 1 and 2 to lanes 3 and 4), consistent with cis 

replication results (Figure 2.3).  Furthermore, FHV RNA replication was rescued by 

complementation with pYDJ1 (Figure 2.4B, lanes 5 and 6) in contrast to the growth 

phenotype noted above.  When we quantified FHV RNA accumulation normalized to cell 

number, Δydj1 yeast displayed a greater than 70% reduction in (+)RNA3 levels 

compared to wt, whereas complementation with pYDJ1 resulted in an increase in 

(+)RNA3 accumulation to levels greater than in wt yeast  (Table 2.1).  Similar results 

were seen with genomic (+)RNA1 accumulation, although the reduction in  Δydj1 yeast 

was attenuated likely due to the contribution of replication-independent genomic 

(+)RNA1 production from host RNA polymerase II-directed transcription.  The defect in 

RNA replication was also seen in vitro using extracts from wt, Δydj1 and complemented 

yeast (Appendix, Figure 2.8).  These results indicated that YDJ1 was necessary for 

46 



47

Tabl
 

e 2.1 - Quantitative analysis of the effect of YDJ1 on  FHV RNA replication in S. cerevisiae 

  Mitochondrial targeted protein A  ER targeted protein A 

  ∆ ∆ydj1 ydj1 ∆ydj1+ Fold  ∆ydj1+ Fold 

Normalization  Increase   Increase

      

 

   

pYDJ1 a pYDJ1 a

(+)RNA1    73 ± 26   371 ± 63* 5.1   143 ± 30   314 ± 13* 2.2 

(+)RNA3    27 ± 19   319 ± 41* 11.8   102 ± 27   177 ± 25 1.7  Cell Number 

Protein A  140 ± 11  1130 ± 445   245 ± 83   513 ± 69 8.1 2.1 

         

(+)R    44   220 5.0   112   245 2.2NA1 ± 14  ± 40* ± 32  ± 16*  
Total RNA 

11.8  1.7 (+)RNA3    16 ± 11   188 ± 19*    80 ± 21   138 ± 21 
        

 

Prote    32   208 6.5     62   160 2.6Total Protein in A ± 8  ± 29* ± 15  ± 22*  

 

 

Numbers represent percent of wt control and are the mean ± SEM from three independent experiments. 
Asterisk indicates a p-  <0.05 red to east. 
a Fold increase of pYDJ1-complemented yeast over ∆ydj1 yeast

value compa ∆ydj1 y
. 

 

 



efficient assembly and function of mitochondrial-targeted FHV RNA replication 

complexes in S. cerevisiae. 

In contrast to FHV RNA accumulation, the deletion of YDJ1 had less of an 

apparent impact on protein A accumulation (Figure 2.4B).  When we quantitated 

immunoblot results and normalized to cell number, there was no significant decrease in 

protein A accumulation in Δydj1 yeast, although complementation with pYDJ1 increased 

protein A recovery eight-fold (Table 2.1).  However, it should be noted that the slow 

growth phenotype of Δydj1 mutant and complemented yeast (Figure 4A) resulted in a 

three- to five-fold increase in the per cell accumulation of total protein and RNA 

compared to wt yeast (Figure 2.4B, compare rRNA gel and PGK blot in lanes 1 and 2 to 

lanes 3 through 6).  When we normalized protein accumulation results to total protein 

loading controls, there was a 68% reduction in protein A accumulation in Δydj1 yeast 

that was fully complemented by pYDJ1 (Table 2.1).  These results suggested that the 

FHV RNA replication defect in Δydj1 yeast was due in part to decreased viral 

polymerase accumulation. 

YDJ1 is not essential for efficient ER-targeted FHV RNA replication 

complex activity.  Although cytosolic Hsps are ubiquitous chaperones that influence a 

wide range of cellular processes, membrane-specific activities for particular chaperones 

have been described (6, 10).  To examine whether the role of YDJ1 in FHV RNA 

replication complex assembly and function was membrane-specific, we used a replicon-

based system that retargets FHV RNA replication complexes to the ER (27).  The wt 

amino-proximal mitochondrial targeting signal in protein A can be replaced with the ER 

targeting signal from the HCV NS5B protein to generate the chimeric protein A 

expression plasmid pFA(HCV)-C/HA (27).  We transformed wt, Δydj1, and pYDJ1-

complemented Δydj1 yeast with pFA(HCV)-C/HA and pF1fs, induced with raffinose-
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galactose for 24 h, and analyzed (+)RNA1, (+)RNA3, and protein A accumulation (Figure 

2.5 and Table 2.1).  In contrast to results with FHV RNA replication complexes targeted 

to mitochondria (Figure 2.4B), deletion of YDJ1 had a minimal impact on ER-targeted 

FHV RNA replication complex activity (Figure 2.5, lanes 3 and 4).  After we normalized 

results for total protein and RNA levels, ER-targeted FHV protein A accumulation was 

reduced only 38% compared to 68% for mitochondria-targeted protein A in Δydj1 yeast, 

whereas there was no substantial decrease in (+)RNA1 or (+)RNA3 accumulation (Table 

2.1).  These results were also mirrored in vitro using extracts from wt, Δydj1 and 

complemented yeast (data not shown).  Complementation with pYDJ1 did increase 

(+)RNA1, (+)RNA3 and protein A accumulation (Figure 2.5, lanes 3 and 4 compared to 

lanes 5 and 6), and a quantitative analysis showed an approximate two-fold increase in 

FHV RNA and protein A accumulation with Ydj1p overexpression (Table 2.1).  This is 

consistent with the finding that overexpression of Ydj1p also increased the accumulation 

of β-galactosidase expressed from a GAL1 promoter-driven plasmid (data not shown), 

suggesting that co-chaperone overexpression stimulated galactose-inducible promoter 

activity.  These results indicated that in contrast to FHV RNA replication complexes 

targeted to the mitochondria, those targeted to the ER did not require YDJ1 for efficient 

assembly and function. 

Protein A is membrane associated in Δydj1 yeast.  FHV protein A is tightly 

associated with intracellular membranes in S. cerevisiae (25), and this membrane 

association is important for complete viral RNA replication complex activity (44, 45).  

Thus, we examined whether the defect in FHV RNA replication in Δydj1 yeast was due in 

part to decreased membrane association of the viral polymerase (Figure 2.6).  Protein A 

has an amino-proximal transmembrane domain that mediates its membrane association 

and renders it resistant to alkaline extraction (25).  We used this biochemical  
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Figure 2.5 - YDJ1 is not essential for ER-targeted FHV RNA replication complex 
activity.  Wt, Δydj1, and complemented Δydj1 yeast transformed with pFA(HCV)-C/HA 
and pF1fs were induced for 24 h, and total RNA and protein were isolated and analyzed 
as described in Figure 4.   
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characteristic in a density-based flotation technique to examine protein A membrane 

association in Δydj1 yeast (Figure 2.6A).  We subjected whole cell lysates to 

equilibration centrifugation in nycodenz gradients and isolated low density (LD) and high 

density (HD) fractions, which represented membrane-associated and soluble proteins, 

respectively (25).  The LD fraction was further subjected to alkaline extraction and 

differential centrifugation to separate peripheral from integral membrane proteins.  We 

analyzed fractions by immunoblotting for FHV protein A, the cytosolic enzyme PGK, and 

the integral membrane protein porin (Figure 2.6B).  Consistent with previous 

observations (25, 26), the majority of protein A was recovered in the LD fraction from wt 

yeast, and neither the deletion of YDJ1 nor its complementation altered this distribution 

(Figure 2.6B, lanes 1 and 2).  Furthermore, 84%, 91%, and 81% of membrane-

associated protein A was resistant to alkaline extraction in LD fractions from wt, Δydj1, 

and pYDJ1-complemented strains, respectively (Figure 2.6B, lanes 3 and 4).  We 

obtained similar results with ER-retargeted protein A (Figure 2.6C).  These results 

indicated that the functional defect in RNA replication complex activity in Δydj1 yeast 

was not due to grossly altered protein A membrane association.   
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Figure 2.6 - Protein A is tightly membrane associated in Δydj1 yeast.  (A)  
Schematic of membrane flotation protocol.  Whole cell lysates were mixed with 
nycodenz to 37.5%, loaded under a discontinuous 5-35% nycodenz gradient, and spun 
to equilibrium at 100,000 x g.  Equal volume samples were taken from the top low 
density (LD) fraction, and bottom high density (HD) fraction.  LD fractions were further 
subjected to carbonate extraction at pH 11 for 30 min on ice, and subsequently pelleted 
and separated into supernatant (CS) and pellet (CP) fractions by differential 
centrifugation.  (B)  Membrane flotation and carbonate extraction of membranes from wt, 
Δydj1, and complemented (Δydj1+ pYDJ1) yeast transformed with pFA-C/HA and pF1fs.  
Yeast 3-phosphoglycerate kinase (PGK) and porin are cytosolic and membrane proteins, 
respectively.  (C) Membrane flotation and carbonate extraction of membranes from wt, 
Δydj1, and complemented (Δydj1+ pYDJ1) yeast transformed with pFA(HCV)-C/HA and 
pF1fs. 
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Discussion 

In this report we examined the role of cellular chaperone complexes in FHV RNA 

replication complex assembly and function in S. cerevisiae.  We demonstrated that 

deletion of YDJ1, an Hsp70 co-chaperone, selectively reduced viral RNA replication 

when replication complexes were targeted to the mitochondria but not those targeted to 

the ER.  The defect in mitochondrial targeted FHV RNA replication was due in part to 

decreased viral polymerase accumulation.  These results identify YDJ1 as a cellular host 

factor essential for mitochondrial targeted FHV RNA replication in yeast.  Furthermore, 

they demonstrate that S. cerevisiae and FHV is a versatile host-pathogen model system 

to investigate the role of membrane-specific host factors in viral RNA replication complex 

assembly and function. 

The observation that FHV RNA replication in yeast was not significantly reduced 

in the absence of functional Hsp90 chaperone complex activity (Figure 2.2) was in 

contrast to our results in Drosophila S2 cells despite similar temperature conditions, 

where direct genetic or pharmacologic disruption of Hsp90 function greatly reduced FHV 

RNA replication (19).  One potential explanation for these contradictory results is the 

previously described differences in chaperone complex activity between yeast and 

higher eukaryotes with respect to mitochondrial protein targeting (47).  The delivery of 

cellular preproteins to the mitochondrial import machinery is facilitated by both the 

Hsp70 and Hsp90 chaperone complexes in higher eukaryotes, whereas only the Hsp70 

chaperone complex is required in yeast (47).  This suggests that FHV uses established 

cytosolic chaperone pathways to facilitate the synthesis and transport of its RNA 

polymerase to the appropriate cellular membrane during replication complex assembly.  

Alternatively, FHV may require Hsp90 activity that is independent of the co-chaperones 

STI1 or SBA1, similar to the direct role of Hsp90 in the maintenance of the cystic fibrosis 

transmembrane conductance regulator in yeast (46).  However, the selective and direct 

53 



Hsp90 inhibitor geldanamycin had no effect on FHV RNA replication in yeast despite its 

moderate suppression of Hsp90-dependent GR activity (Figure 2.2).  Recent work has 

identified an extensive network of cochaperones used by Hsp70 and Hsp90 in yeast that 

has raised the possibility of novel chaperone activities (36, 48), and studies are currently 

underway to examine the contribution of the complete set of known and hypothesized 

Hsp70 and Hsp90 cochaperones on FHV RNA replication. 

The demonstration that the Hsp70 co-chaperone YDJ1 was essential for efficient 

FHV RNA replication is consistent with its previous identification as a host factor 

necessary for BMV RNA replication (40).  However, there are significant differences in 

the role that YDJ1 may play in FHV and BMV RNA replication complex assembly and 

function.  The most obvious difference is that BMV normally assembles its viral RNA 

replication complexes on the ER (34, 35), whereas we found no significant defect in 

Δydj1 yeast when FHV RNA replication complexes were retargeted to this intracellular 

membrane compartment (Figure 2.5).  The ubiquitous nature of Hsp70 chaperone 

complex activity on numerous cellular processes made the differential effect of YDJ1 

deletion on FHV RNA replication complexes targeted to mitochondria or the ER an 

unanticipated result.  One potential explanation for the selective defect in mitochondrial 

targeted replication complexes is the observation that ER-retargeted FHV RNA 

replication complexes demonstrate increased activity via an unknown mechanism (27), 

and the deletion of YDJ1 may have been insufficient to significantly impact maximal or 

near maximal RNA replication complex function.  However, Ydj1p overexpression 

enhanced ER-retargeted FHV RNA replication (Figure 2.5), suggesting that maximal 

replication complex activity was not achieved in wt yeast.  Interestingly, when we 

examined ER-retargeted FHV RNA replication in Δsti1 and Δsba1 yeast, we found that 

while these deletions had no effect on expression of protein A, there was a significant 
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reduction in the accumulation of viral RNA (data not shown).  These results along with 

ongoing studies in our lab suggests that there are distinct chaperone requirements for 

FHV RNA replication on the ER versus the mitochondria, and that a broader targeted 

analysis of the chaperone network in yeast would be beneficial to understanding the 

complex cellular requirements for viral RNA replication, and suggest that membrane-

specific activities can be differentiated with the FHV system in S. cerevisiae. 

An additional difference between the role of YDJ1 in FHV and BMV RNA 

replication is that the Hsp70 co-chaperone facilitates assembly of BMV RNA replication 

complexes by maintenance of viral polymerase cytosolic solubility prior to membrane 

association, but does not influence its accumulation or recruitment to the ER membrane 

(40).  Although we also found normal membrane association of the FHV RNA 

polymerase in Δydj1 yeast (Figure 2.6), a detailed quantitative analysis revealed that 

Ydj1p facilitated protein A accumulation (Table 2.1).  Furthermore, we found no evidence 

for FHV protein A aggregation in Δydj1 yeast (Figure 2.6), whereas the BMV RNA 

polymerase forms high-density cytosolic aggregates in the absence of functional Ydj1p 

(40).  However, immunofluorescence microscopy demonstrated that a small fraction of 

wild-type FHV protein A did not co-localize with mitochondrial markers in Δydj1 yeast 

(Appendix, Figure 2.7), suggesting that Ydj1p could influence the cytosolic fate of the 

FHV RNA polymerase but was not necessary to prevent the formation of insoluble 

aggregates (Figure 2.6).  These results indicated that cellular chaperones can have 

virus-specific effects on positive-strand RNA virus replication, consistent with the limited 

degree of overlap in host factors identified in genome-wide screens of related positive-

strand RNA viruses (20, 30). 

 There are three general hypotheses to explain to role of cellular chaperones in 

positive-strand RNA virus replication.  The first hypothesis suggests a direct role 
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whereby cellular chaperones physically yet transiently interact with viral RNA replication 

complex components to facilitate protein folding and stabilization during translation, 

intracellular targeting, or membrane association.  The presence of hydrophobic viral 

proteins that are required for the association of RNA replication complexes with 

intracellular membranes (25, 37, 41) may necessitate the use of cytosolic chaperones to 

prevent premature or inappropriate protein folding prior to membrane association, similar 

to the role of these chaperones in the maturation of endogenous hydrophobic cellular 

proteins (15, 16).  The second hypothesis also suggests a direct role whereby cellular 

chaperones constitute an essential component of the functional membrane-associated 

viral RNA replication complex, and may function to stabilize viral proteins or RNA.  This 

hypothesis is consistent with the co-purification of Hsp70 chaperones with the 

membrane-associated replication complexes of cucumber necrosis virus (39), tomato 

mosaic virus (29), and Sindbis virus (13).  Interestingly, Ydj1p has been shown to 

specifically interact with the SSA family of Hsp70s in yeast (24), and preliminary results 

suggest that deletion of both SSA1 and SSA2 suppresses FHV RNA replication in S. 

cerevisiae  (S. Weeks and D. Miller, unpublished results), similar to results with 

cucumber necrosis virus (39).  The third hypothesis suggests an indirect role whereby 

cellular chaperones promote the maturation of particular cellular proteins that 

subsequently facilitate viral RNA replication complex assembly or function.  We are 

currently using both targeted genetic and global biochemical approaches within the 

framework of these three hypotheses to further define the role of cellular chaperones in 

FHV RNA replication. 

The three hypotheses outlined above are not mutually exclusive, and there is a 

high likelihood that individual cellular chaperones may have virus- and cell-specific 

mechanisms of action.  Nevertheless, there is increasing evidence that the use of 

cellular chaperones may be a common feature during virus replication.  Further studies 
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on the roles of these ubiquitous cytosolic proteins on the replication of both closely 

related and highly divergent pathogens will provide important insight into the elaborate 

methods that viruses use to complete their life cycles, and may identify common targets 

for the development of novel therapeutics. 
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APPENDIX 
 
 
Materials and Methods 

Immunofluorescence Microscopy.  We harvested yeast by centrifugation, 

washed once in sterile water, and fixed cells in 0.1 M potassium phosphate (pH 6.5) with 

5.25% formaldehyde for 60 min at 25oC.  Fixed cells were washed twice in SP buffer, 

spheroplasted with lyticase, permeablized in SP buffer with 0.1% Triton X-100 for 10 min 

at room temperature, and attached to polyethyleneimine-coated microscope slides.  

Slides were incubated with HA-specific mouse and SSC1-specific rabbit antibodies 

overnight at room temperature, washed in PBS (50 mM phosphate, 150 mM sodium 

chloride [pH 7.4]), incubated with separate rhodamine redX, and fluorescein-labeled 

secondary antibodies, and mounted with ProLong Gold (Molecular Probes, Eugene, 

OR).  We examined slides with a Zeiss LSM510 confocal microscope equipped with a 

CCD camera, and processed images with Zeiss LSM Image Browser software and 

Adobe Photoshop. 

In vitro RdRp activity.  Replication complex activity in vitro was measured using 

RdRp assays as previously described (2) with several modifications.  Briefly, LD 

membrane fractions were pelleted by centrifugation, washed once and resuspended in 

lysis buffer without EDTA or protease inhibitors.  Total membrane protein concentrations 

were measured using the DC protein assay according to the manufacturer’s instructions 

(Bio-Rad, Hercules, CA).  Reaction mixtures containing 2.5 µg of total membrane 

protein, 50 mM Tris (pH  8.0), 50 mM potassium acetate, 15 mM magnesium acetate, 40 

U rRNasin (Promega, Madison, WI), 10 µCi α32P-rUTP (Amersham Biosciences, 

Piscataway, NJ), 1 mM unlabelled rCTP, rATP, rGTP, and 5 μg actinomycin D per ml in 

a 25 µl final volume were incubated at 25oC for 3 h, extracted once with phenol-

chloroform, desalted with RNAse-free Micro Bio-Spin 30 columns (Bio-Rad), and 
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separated in 1% non-denaturing agarose gels.  After electrophoresis the gels were dried, 

and [32P]-labeled products were detected by autoradiography and quantified by 

densitometry as described above. 
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Results 

FHV Protein A intracellular targeting in Δydj1 yeast.  FHV can assemble 

functional RNA replication complexes on intracellular membranes other than the 

mitochondrial outer membrane when specifically retargeted (2).  However, to determine 

whether the absence of YDJ1 altered wt protein A targeting, we examined the 

intracellular localization of FHV protein A in wt, Δydj1, and complemented Δydj1 yeast by 

confocal immunofluorescence microscopy with the mitochondrial specific marker SSC1 

(3).  In the absence of FHV protein A expression, yeast mitochondria display a cage-like 

morphology with a fairly uniform distribution around the cell periphery (Fig. 2.7, top 

panel).  The expression of protein A in wt yeast altered this distribution such that the 

mitochondria clustered in discreet regions of the cell, where the majority of protein A 

colocalized with SSC1 (Fig. 2.7, second panel) (1).  In contrast, the protein A signal in 

Δydj1 yeast only partially colocalized with SSC1, and the mitochondrial morphology did 

not completely change to a clustered distribution (Fig. 2.7, third panel).  This altered 

protein A localization was due to the absence of the Hsp70 co-chaperone, as the wt 

phenotype was restored upon complementation with pYDJ1 (Fig. 2.7, bottom panel).  

These data indicated that YDJ1 did affect FHV protein A intracellular localization, and 

suggested that a portion of the functional defect in viral RNA replication in Δydj1 yeast 

(Fig. 2.4 and Table 2.1) may be due to improper protein targeting.  It is difficult to 

determine what this defect represents on a cellular level, as it may be due to an effect on 

the levels of protein A in the cell. 

In vitro RdRp activity in Δydj1 yeast.  The differences in growth rate between 

Δydj1 and wt yeast (Fig. 4A) made it difficult to directly compare FHV RNA replication 

complex activity and differentiate the effects of YDJ1 on protein A accumulation versus 

function in vivo.  Thus, to further investigate FHV RNA replication complex function in 
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Figure 2.7 - Protein A intracellular localization in Δydj1 yeast.  Wt and Δydj1 yeast 
were transformed with pFA-C/HA, pF1fs and pYDJ1 as indicated, induced for 24 hours, 
fixed, spheroplasted, permeablized and immunolabeled with mouse antibodies specific 
for HA-tagged protein A, and rabbit antibodies specific for the mitochondrial chaperone 
SSC1.  Representative images for protein A (PtnA-red), SSC1 (green), merged signals 
(overlay), and corresponding differential interference contrast (DIC) are shown.  The 
merged images represent a digital superimposition of red and green signals in which 
areas of fluorescence co-localization are yellow.  Images are representative of three 
independent experiments. 
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 Δydj1 yeast we used a cell-free system to examine protein A RdRp activity in vitro (Fig. 

2.8).  We isolated membrane fractions from whole cell lysates by equilibrium 

centrifugation (see Fig. 2.6A) and performed in vitro RdRp reactions with radiolabeled 

nucleotides as previously described (2).  We added no exogenous RNA to the reactions, 

and therefore any RdRp activity was due to the presence of endogenous viral template.  

We normalized samples to total membrane protein, which resulted in approximately 

equal amounts of protein A measured by immunoblot analysis (Fig. 2.8, top panel).  

Membrane fractions from Δydj1 yeast showed a greater than 80% reduction in RdRp 

activity compared to membrane fractions from wt yeast (Fig. 2.8, compare first two 

lanes), consistent with the in vivo RNA replication results (Fig. 2.4 and Table 2.1).  

Furthermore, membrane fractions from complemented Δydj1 yeast showed a partial 

restoration of RdRp activity to approximately 50% of wt levels (Fig. 2.8, third lane).  The 

absence of complete restoration of FHV RdRp activity in vitro with pYDJ1 

complementation despite in vivo restoration to greater than wt levels (Table 2.1) 

suggests that Ydj1p also influenced viral RNA accumulation via a replication-

independent mechanism, such as RNA stabilization.  We also examined the in vitro 

RdRp activity in membrane fractions from yeast expressing the ER-targeted protein A.  

Consistent with in vivo results (Fig. 2.5), there was no decrease in ER-targeted in vitro 

RdRp activity in membrane fractions from Δydj1 yeast (data not shown).  These results 

suggested that the absence of YDJ1 resulted in the assembly of dysfunctional 

mitochondrial-targeted FHV RNA replication complexes.  The defect in RdRp activity in 

extracts from Δydj1 cells could be explained by a functional problem with the complex 

itself, or also by a limiting factor for replication, such as (-) RNA1 template.  Experiments 

have not been performed to address the limiting factors in RdRp complex activity, so at 

present this is only a confirmation of the in vivo phenotype. 
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Figure 2.8 - In vitro RdRp activity in membrane fractions from Δydj1 yeast.  
Membranes isolated by density gradient equilibrium centrifugation were adjusted for total 
membrane protein and either immunoblotted for FHV protein A (upper panel) or 
incubated with [32P]UTP and unlabeled ribonucleotides, and reaction products were 
separated by nondenaturing agarose gel electrophoresis and visualized by 
autoradiography (lower panel).  The positions of dsRNA1, ssRNA1 and ssRNA3 based 
on previous studies (2) are shown on the left.  All panels for the RdRp results were from 
the same gel exposure, and all contrast adjustments to the initial image were done prior 
to cropping.  Numbers represent the sum of all radiolabeled products expressed as the 
percent of wt control. 
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CHAPTER III 

 

A TARGETED ANALYSIS OF CELLULAR CHAPERONES IN YEAST REVEALS 
CONTRASTING ROLES FOR HSP70 IN FLOCK HOUSE VIRUS RNA REPLICATION 

  

 Cellular chaperones play a role in the replication of positive strand RNA viruses.  

We have previously shown that YDJ1, a yeast Hsp40, is involved in the RNA replication 

of Flock House virus, and that its deletion severely reduces RNA replication in yeast.  To 

further understand how chaperones impact RNA replication in the yeast model, we 

examined a panel of deletion mutants lacking cytosolic proteins that have a known or 

hypothesized chaperone activity.  This analysis revealed that the deletion of several J-

domain proteins impact FHV RNA replication, including YDJ1, which has a negative 

effect on RNA replication, and ZUO1, which has a positive effect.  J-domain proteins, of 

which YDJ1 and ZUO1 are the most highly expressed members, play a critical role by 

increasing the ATPase activity of their partner Hsp70s.  Overexpression of other J-

domain proteins in YDJ1 and ZUO1 deletion strains revealed that while the effect of 

YDJ1 deletion is able to be complemented by different J-domain proteins, the effect of 

deleting ZUO1 is only able to be complemented by a similar J-domain protein, consistent 

with previous reports about the specificity of J-domains with their Hsp70 partners.  

Finally, a multiple deletion of the corresponding Hsp70 chaperones mimicked the 

deletion of each J-domain protein.  These results identify Hsp70 chaperones as critical 

regulators of Flock House virus RNA replication.
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Introduction 

Positive-sense (+) RNA viruses represent the largest group of named human 

viral pathogens, yet there are relatively few treatments directed against them.  One 

reason for this lack of effective antiviral tools is poor understanding the mechanisms of 

the early events in the viral replication cycle.  The ability to target early events in a viral 

infection may improve the prognosis of patients that present with a (+) RNA  viral 

infection.  One promising early target event is the assembly of genome replication 

complexes within membrane-associated macromolecular complexes in host cells (5).  

Although the assembly of these highly active enzymatic complexes in association with 

intracellular membranes is a critical step in the positive-sense RNA virus life cycle, the 

mechanisms responsible for viral protein translation, folding, and transport to the 

appropriate membrane compartment within cells during viral RNA replication complex 

assembly are poorly understood.  Cellular chaperones are a diverse set of proteins that 

facilitate cellular protein translation, folding, and trafficking (20).  These abundant 

chaperones also participate in the assembly of membrane-associated protein complexes 

(53), suggesting that positive-sense RNA viruses may also use cytosolic chaperones to 

assemble viral RNA replication complexes.  Consistent with this hypothesis, cellular 

chaperones have been associated with the replication of numerous positive-sense RNA 

viruses, including hepatitis C virus (HCV) (49), cucumber necrosis virus (43), brome 

mosaic virus (BMV) (44), tomato mosaic virus (34), and Sindbis virus (12). 

To study the role of cellular chaperones in viral RNA replication complex 

assembly and function, we use Flock House virus (FHV), a versatile positive-sense RNA 

virus and well-studied member of the Nodaviridae family (2).  The utility of FHV as a 

model pathogen derives in part from its relatively small genome and robust replication in 

multiple eukaryotic hosts, including Drosophila melanogaster (15, 32), Caenorhabditis 

elegans (28) and Saccharomyces cerevisiae (27, 31, 33, 37, 38).  The FHV genome is 
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bipartite and consists of two capped but non-polyadenylated RNA segments (42).  The 

larger 3.1-kb segment, RNA1, encodes protein A, the FHV RNA-dependent RNA 

polymerase (RdRp), which is essential for the assembly of functional viral RNA 

replication complexes (1, 2, 22, 27, 31, 38, 42).  The smaller 1.4-kb segment, RNA2, 

encodes the structural capsid protein precursor, which is dispensable for RNA replication 

but necessary for infectious virion production (2).  During viral RNA replication, protein A 

generates a subgenomic 0.4-kb RNA, RNA3, which is colinear with the 3’ end of RNA1.  

RNA3 encodes the RNA interference suppressor protein B2 (26), which is required for 

FHV RNA replication in insects (26), plants (26), and nematodes (28), but not in yeast 

(38).   

FHV RNA replication complexes assemble on the mitochondrial outer membrane 

in both insect cells (32) and yeast (31), and protein A is sufficient for their appropriate 

intracellular localization (31).  FHV replication complexes are targeted and anchored to 

the mitochondrial outer membranes in part by an amino-proximal domain in protein A 

that resembles the transmembrane stop-transfer sequences present in several cellular 

mitochondrial outer membrane proteins (31, 33).  The protein A mitochondrial targeting 

signal can be replaced with other targeting signals and used to retarget protein A.  Fully 

functional FHV RNA replication complexes are formed when the mitochondrial targeting 

signal is replaced with a sequence that contains an endoplasmic reticulum (ER) 

targeting domain (33).  Thus, FHV provides a versatile system to examine the role of 

both general and membrane-specific host factors in viral RNA replication complex 

assembly and function.  

We use Saccharomyces cerevisiae as a model host in part because it is a 

genetically tractable, easily manipulated, and well understood host cell.  Also, the 

availability of deletion, modified expression, and tagged libraries make it possible to 

perform larger throughput analyses that would be difficult in other host cells. 
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We have previously shown that the cellular chaperone Hsp90 facilitates the 

synthesis of protein A in Drosophila S2 cells (6, 23), consistent with the demonstrated 

role of this abundant cytosolic chaperone in cellular translation (11, 46, 52).  We have 

also shown that there are membrane- and host-specific differences between the role of 

chaperones in FHV genome replication (50).  To further examine the roles that cellular 

chaperones play in the early events of FHV replication, we analyzed RNA replication in a 

panel of 31 yeast deletion strains which lack cytosolic proteins of known or hypothesized 

chaperone activity.   In addition to identifying a number of interesting phenotypes 

associated with this deletion panel, we found that deletion of some of the family of J-

domain containing proteins had profound effects on FHV RNA replication.  Deletion of 

the J-domain protein ZUO1 increased the accumulation of both the viral polymerase 

protein A and the subgenomic RNA3.  Further, we showed that overexpression of other 

J-domain proteins in the Δydj1 and Δzuo1 strains partially to fully compliment the 

phenotypes, consistent with published reports of complementation among J-domain 

proteins.  Consistent with the known role of Hsp40 as a regulator of an Hsp70, multiple 

deletions of partner Hsp70s caused a similar phenotype as those of the individual J-

domain protein deletions.  These results implicated Hsp70s in the regulation of RNA 

replication in yeast, and suggest that there are divergent roles for Hsp70 in FHV RNA 

replication. 
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Materials and Methods 

Yeast strains, transformation, and culture conditions.  The diploid S. 

cerevisiae strain BY4743 (MATa/MATα his3Δ1/his3Δ1 leu2Δ0/leu2Δ0 lys2Δ0/+ 

met15Δ0/+ ura3Δ0/ura3Δ0) was used as the parent for the panel of deletions to minimize 

complications related to second site mutations more common in a haploid strains.  Wild 

type (wt) BY4743 and diploid strains with homozygous deletions of individual members 

of the Hsp70 (SSA1, SSA2, SSA3, SSA4, SSB1, SSB2, SSE1, SSE2, and SSZ1), 

Hsp90 (HSC82 and HSP82), or J-domain/Hsp40 (APJ1, DJP1, JJJ1, JJJ2, JJJ3, SWA2, 

XDJ1, YDJ1, and ZUO1) families of chaperones, as well as other proteins with known or 

hypothesized chaperone activity (EGD1, EGD2, BTT1, HSP26, HSP42, HSP104, CPR1, 

CPR6, CPR7, GIM4, and GIM5) were purchased from the American Type Culture 

Collection (Manassas, VA), and were confirmed by PCR.  An overview of these 

chaperones can be found in Table 3.1.  Wildtype strain DS10 (MAT α his3 leu2 lys2 

Δtrp2 ura3) and SSA1/ SSA2 double deletion strain in that background were generously 

provided by Peter Nagy (University of Kentucky, Lexington, KY) and have been 

described previously (43, 51).  Wildtype strain MH272-3f a/α (ura3/ura3 leu2/leu2 

his3/his3 trp1/trp1 ade2/ade2 HMLa/HMLa) and haploid SSZ1 (MAT a) deletion strain, 

and SSB1/SSB2 (MAT α) double deletion strain in that background were provided by 

Sabine Rospert (Universität Freiburg, Freiburg, Germany) and have been described 

previously (39). Yeast were transformed as previously described (31), and incubated on 

agar plates at 25oC until colonies formed.  Due to the temperature-sensitive nature of 

FHV RNA replication complexes (data not shown), and slow growth or inviability of some 

mutant strains at higher temperatures, as well as to maintain consistency with 

Drosophila studies, all experiments were performed at 25oC.  For analysis of the mutant 

panel, individual clones were transferred to liquid selective minimal media containing 2%  
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Table 3.1 – Yeast cytosolic chaperones and their functions in the cell. 
 

Family Chaperone Partners Cellular Function1

    

SSA YDJ1, JJJ1, SWA2 Protein folding/sorting 
SSB ZUO1, SSZ1 Translation and folding 
SSE Hsp90/70 Nucleotide exchange factor Hsp70 

SSZ1 ZUO1, SSB Translation and folding 
    
    

Hsp90 Hsc82/Hsp82 Hsp70, STI1, SBA1, 
SSE, CPR6, CPR7 Specialized folding 

    
    

APJ1 Unknown Protein folding 
XDJ1 Unknown  Protein folding 
YDJ1 SSA Protein folding/sorting 
DJP1 SSA Peroxisome biogenesis 
SIS1 SSA Translation initiation 
JJJ1 SSA Ribosome biogenesis 
JJJ2 Unknown Unknown 
JJJ3 Unknown Unknown 
SWA2 SSA Clathrin uncoating 

Hsp40 

ZUO1 SSZ1, SSB Translation and folding 
    
    

EGD/BTT YDJ1, SSA1 Protein folding and sorting 
STI1 Hsp90 Hsp90 complex activity 
SBA1 Hsp90 Hsp90 complex activity 
CPR1 Unknown Protein folding 
CPR6 Hsp90 Protein folding and transport 
CPR7 Hsp90 Protein folding and transport 
GIM4 Chaperonin Protein folding 
GIM5 Chaperonin Protein folding 
Hsp26 unknown Unfolded protein binding/folding 
Hsp42 unknown Unfolded protein binding/folding 

Others 

Hsp104 YDJ1, SSA Refolding aggregates 
    
    
1     Cellular functions are known or hypothesized, and are collected from the Saccharomyces 

Genome Database website www.yeastgenome.org  
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 glucose and grown to stationary phase, washed with sterile distilled water and 

resuspended in selective minimal media with 2% galactose at an optical density unit at 

600 nm (OD600) of 0.2, which was equivalent to approximately 5 x 106 cells per ml.  For 

induction of Δydj1 yeast, cells were grown in liquid selective minimal media with 2% 

raffinose, washed in sterile distilled water and resuspended in selective minimal media 

with 2% raffinose plus 2% galactose at an OD600 of 0.2.  For dilution plating, yeast were 

grown as above, then adjusted to 1.0 OD600/ml and serial diluted five times at 1:10 in a 

96 well plate.  10 µl of each dilution was spotted onto agar plates containing the 

indicated supplements and incubated at 30oC for three days until colonies formed.  

Unless otherwise stated, experiments were performed with two independently derived 

clones and results are representative of at least two independent experiments.   

Plasmids.  FHV expression plasmids pF1, pF1fs, pFA-C/HA, and pFA(HCV)-

C/HA have been previously described (27, 31, 33, 38, 50).    FHV RNA1 expression 

plasmids pF1 and pF1fs encode galactose-inducible cDNA copies of FHV RNA1 with 

authentic viral 5’ and 3’ ends that are generated by precise transcription initiation and a 

hepatitis delta ribozyme, respectively, and thus contain the necessary cis elements to 

serve as replication templates (Fig. 2.1).  In addition, the RNA1 transcribed from pF1 can 

be translated into protein A and initiate RNA replication in cis, which links protein A 

accumulation to viral RNA replication (Fig. 2.1, left).  In contrast, the RNA template 

transcribed from plasmid pF1fs contains an early frameshift-induced stop codon and 

therefore can not be translated into protein A.  Functional protein A is provided from a 

second plasmid, pFA-C/HA or pFA(HCV)-C/HA to initiate RNA replication in trans, where 

protein A accumulation is independent of viral RNA replication (Fig. 2.1, right).  The 

protein A expression plasmids pFA-C/HA and pFA(HCV)-C/HA encode a galactose-

inducible C-terminally hemagglutinin (HA)-tagged protein A open reading frame (ORF) 

flanked by an upstream GAL1 leader sequence and a downstream CYC1 
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polyadenylation signal sequence.  RNAs transcribed from pFA-C/HA and pFA(HCV)-

C/HA are efficiently translated into protein A, but do not have the necessary cis elements 

to serve as replication templates. 

J-domain yeast complementation plasmids were described previously (41), and 

were moved into a pRS416 background to be compatible with our system. 

 Antibodies and reagents.  Rabbit polyclonal antibodies against FHV protein A 

have been previously described (32).  Rabbit polyclonal antibodies against the HA 

epitope tag were purchased from Santa Cruz Biotechnology (Santa Cruz, CA), and 

mouse monoclonal antibodies against porin and 3-phosphoglycerate kinase (PGK) were 

purchased from Molecular Probes (Eugene, OR).  Rabbit polyclonal antibodies against 

yeast Ydj1p were generously provided by Masayuki Ishikawa (Hokkaido University, 

Sapporo, Japan).  Polyclonal antibodies against yeast Ssb1p, Ssz1p and Zuo1p were 

generously provided by Sabine Rospert (University of Freiburg, Freiburgh, Germany).  

All secondary antibodies for immunoblotting were purchased from Jackson 

Immunoresearch (West Grove, PA).   

 Immunoblot and Northern blot analysis.  Total protein was isolated from an 

equivalent number of yeast using post alkaline extraction (25) and stored at –20oC until 

analysis.  Protein samples were separated by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) and immunoblotted as previously described (23).  Total 

RNA was isolated from an equivalent number yeast using hot acidic phenol as 

previously described (38) and stored at –80oC until analysis.  RNA samples were 

denatured in sample buffer containing 60% formamide and 7% formaldehyde, separated 

on formaldehyde-1% agarose gels, transferred to ZetaProbe nylon membranes (Bio-

Rad, Hercules, CA) by passive capillary transfer overnight, UV-crosslinked at 120 mJ 

per cm2 and probed with 32P-UTP labeled strand-specific riboprobes as previously 

described (32).  Protein and RNA bands were quantitated by densitometry using either 
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AlphaEaseFC (Alpha Innotech, San Leandro, CA) or Image Quant TL (Amersham 

Biosciences, Piscataway, NJ) software.   

 Statistics.  A two-tailed Student’s t-test assuming unequal variances was used 

for all statistical analyses, and a p-value < 0.05 was considered statistically significant.   
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Results

A targeted analysis of cellular chaperones and their impact on FHV RNA 

replication.  To further explore the roles of cellular chaperones in FHV RNA replication, 

we examined RNA replication in a panel of 31 deletion strains lacking cytosolic proteins 

with known or hypothesized chaperone function.  Strains were grown and induced in 

groups with a corresponding positive and negative control, and equal numbers of cells 

were harvested from each strain for protein and RNA analysis.  Levels of all 

quantifications were normalized to loading controls and are expressed in Table 3.2 

compared to wildtype levels.  We examined three types of FHV RNA replication:  

replication in cis, replication in trans, and retargeted replication in trans (Figure 2.1).  We 

chose to examine replication in these three ways to gain a further level of insight into 

replication.  Replication in cis (Table 3.2, column 1) is a more authentic representation of 

infection, with one template being the source of all viral products in the cell.  Replication 

in trans (Table 3.2, columns 2 and 3) allows us to examine the accumulation of the viral 

polymerase, protein A, independent of the activity of FHV RNA replication complexes, as 

its message comes solely from cellular transcription rather than cellular transcription and 

viral RNA replication.  Retargeted replication in trans (Table 3.2, columns 4 and 5) 

allows us the additional condition of examining FHV protein and RNA levels when 

replication complexes are retargeted to the ER rather than to the mitochondria, which 

can be used to distinguish between membrane specific effects and general cellular 

effects. 

Hsp70.  The Hsp70 family is the largest family of chaperones in yeast, comprised 

of nine members.  There is considerable amount of redundancy built into the Hsp70 

system (51), and so a single deletion of one family member may not show a phenotype 

in this method of analysis.  Therefore a lack of effect in a single deletion does not 

exclude the possibility that Hsp70 family members are involved in FHV RNA replication. 
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Deletion of SSA1 caused a minor defect in the accumulation of protein A, but caused a 

moderate increase rather than decrease in the accumulation of RNA3, which was 

elevated above wild type levels.  The deletion of SSE1 caused an increase in replication 

in cis, and a drastic increase in the accumulation of ER-targeted protein A.  One Hsp70 

member that had a substantial phenotype was SSZ1, a ribosome associated atypical 

Hsp70 that has a role in translational fidelity and early protein folding, and does not have 

a functionally redundant homolog (16, 17).  The deletion of SSZ1 caused a 10-fold 

increase in the accumulation of mitochondrial-targeted protein A while having no effect 

on the accumulation of ER-targeted protein A.  RNA replication in this mutant was also 

dramatically increased, between 30-50 fold, regardless of targeting. 

Hsp90.  Like the Hsp70 family, the Hsp90 family of chaperones has redundancy 

due to two copies of functionally similar proteins.  Deletion in either of the two Hsp90 

members did not have a significant phenotype, which is consistent with our previous 

study where we found that in yeast, the deletion of Hsp90 cochaperones did not cause a 

defect in FHV RNA replication (50), but did cause a complete loss of Hsp90-dependent 

reporter activity, consistent with published reports of their function as Hsp90 

cochaperones (3, 7).   

Hsp40/J-domain proteins.  In contrast to the results from the main chaperones, 

deletion mutants in the J-domain protein family of Hsp40 family had a number of 

interesting phenotypes, consistent with our previous identification of YDJ1, the most 

abundant cytosolic J-domain protein (41), as a necessary host protein for FHV RNA 

replication previously (50).  Deletion of APJ1, which shares homology with YDJ1, had a 

negative effect on the accumulation of RNA3, but not on that of protein A.  Further, this 

effect was not specific to the mitochondria, decreasing RNA3 accumulation in the ER-

retargeted system as well.  Another J-domain protein deletion mutant that had a 

significant phenotype was ZUO1, dramatically increasing the accumulation of protein A  
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Table 3.2 – An analysis of chaperones and their impact on FHV RNA replication. 
 

  Cis  Trans - Mitochondria  Trans – ER 
  (+)3  PtnA  (+)3  PtnA   (+)3 

SSA1 0  -  +  0  0 
SSA2 0  0  0  0  0 
SSA3 0  0  0  0  0 
SSA4 0  0  0  0  0 
SSB1 0  0  0  0  0 
SSB2 0  0  ND  -  ND 
SSE1 +  -  ND  +++  ND 
SSE2 0  0  0  0  0 

Hsp70 

SSZ1 +++  +++  +++  0  +++ 
           

Hsc82 0  -  0  0  0 Hsp90 
Hsp82 0  0  0  0  0 

           
YDJ1 - -  - -  - -  0  0 
XDJ1 0  0  0  0  0 
APJ1 -  0  -  0  - 

J- 
Dom. 

DJP1 0  0  0  0  0 
 SWA2 0  +  +  0  0 

ZUO1 +++  ++  +++  0  +++ 
JJJ1 ++  +  ++  0  ++ 
JJJ2 +  +  +  0  + 
JJJ3 0  0  0  0  0 

           
EGD1 0  0  0  0  - 
EGD2 0  0  0  0  0 NAC 
BTT1 0  0  0  0  0 

           
HSP26 0  0  -  0  0 
HSP42 0  0  -  0  0 
HSP104 0  -  -  0  0 
CPR1 0  0  +  0  0 
CPR6 0  -  - -  0  0 
CPR7 ++  0  0  0  ++ 
GIM4 0  0  -  +  0 

Others 

GIM5 ++  +  +  ++  ++ 
           
Symbols:          +++: greater than 1000%, ++:  500-1000%, +:  300-500%,  
                         0: 60-   300%, -:40-60%, - -:  less than 40% 
Abbreviations:  ND – incomplete results 
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and RNA3 of mitochondria targeted replication, but only the RNA3 of ER-targeted 

replication.  This was the same phenotype as that caused by deletion of the Hsp70 

chaperone, SSZ1.  ZUO1 and SSZ1 are the regulatory members of the ribosome 

associated complex, a chaperone complex involved in translational fidelity and early 

nascent protein folding.  Interestingly, deletion of another ribosome associated 

chaperone, JJJ1, caused the same increases as those of the ribosome associated 

complex, suggesting a link between translation and replication, consistent with previous 

reports (6, 48).  A similar uncharacterized J-domain protein, JJJ2, also caused an 

increase in the accumulation of protein A and RNA3.   

The nascent polypeptide associated complex.  In contrast to the results of the 

deletion of the ribosome associated chaperones above (ZUO1, SSZ1, JJJ1), the deletion 

of members of another ribosome associated complex, the nascent polypeptide 

associated complex (EGD1, EGD2, BTT1) had very little effect on FHV RNA replication.   

Stress response chaperones.  Next we examined a number of other known 

and hypothesized chaperones.  Deletion of a number of proteins involved in folding and 

refolding of nascent and stressed proteins had consequences on FHV RNA replication.  

Deletion of two small chaperones, HSP26 and HSP42, which are both involved in 

preventing aggregation of unfolded proteins under stress (21, 40), caused a decrease in 

RNA3 accumulation in trans, yet had no effect on replication in cis.  In addition, deletion 

of HSP104 caused a decrease in protein A and RNA3 accumulation.  Hsp104p is 

involved in refolding proteins under stress, and works in cooperation with Ydj1p and the 

Ssa complex (19, 35).   

Immunophillins.  CPR1, CPR6, and CPR7 are all immunophilins, a class of 

chaperones involved in protein folding (29) and trafficking (13, 14, 36).  Deletion of 

CPR1 caused an increase in RNA3 in trans replication targeted to the mitochondria, 

while the deletion of CPR6 caused a decrease in protein A and RNA3 accumulation in 

82 



the same system.  The deletion of CPR7 caused an increase in replication in cis and in 

retargeted trans.  These proteins have been hypothesized to have different roles in cells 

(29), and so are intriguing candidates for further study. 

Chaperonin complex members.  Finally, a deletion of GIM4 caused a decrease 

in RNA3 in trans, but an increase in protein A in retargeted trans.  Deletion of GIM5 

caused an increase in protein A and RNA3 in all replicon systems.  Gim4p and Gim5p 

are members  of the chaperonin complex and have been implicated in microtubule 

biogenesis (18, 47).  Mitochondria are associated with microtubules in cells, and so this 

may indicate that the cytoskeleton is involved in FHV RNA replication.  This would not be 

suprising, given the dramatic cell morphology changes seen with FHV RNA replication 

(24, 31-33). 

 

Deletion of ribosome associated chaperones causes a 2-fold change in GAL1 

promoter activity.  We next tested the GAL1 promoter activity in the J-domain protein 

and deletion strains as well as the Hsp70 chaperone SSZ1 deletion strain to ensure that 

the results seen above were specific to FHV RNA replication as opposed to a non-

specific effect on the promoter activity of the replicon.  Yeast were transformed with a 

GAL1 promoter-driven β-galactosidase expression construct and induced as in the FHV 

experiments (Figure 3.1).  Most of the J-domain protein deletion strains had no change 

in their GAL1 promoter activity (Figure 3.1, lane 1 vs lanes 4-8 and 10).  The deletion of 

JJJ2 or ZUO1 however, increased the accumulation of β-galactosidase by two-fold 

(Figure 3.1, lane 1 vs 9 and 11).  Similar to the results with the Δzuo1 strain, the 

accumulation of β-galactosidase was increased in the Δssz1 strain as well (Figure 3.1, 

lane 1 vs 3 and 11).  The JJJ1 deletion mutant did not have an increase in promoter 

activity (Figure 3.1, lane 1 vs 8), and therefore the results above are specific to FHV 

RNA replication.  The moderate 1.5 to 2-fold increase in promoter activity does not fully  
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Figure 3.1 – GAL1 promoter activity in J-domain protein deletion strains. 
Yeast expressing a GAL1 promoter-driven β-galactosidase construct were induced for 
24h in galactose containing media.  Bars represent quantification of immunoblots 
normalized to loading controls and are the given as an average of three trials ± the SEM. 

84 



  

account for the dramatic increases in the accumulation of protein A or RNA3 (at least 5-

10 fold), and therefore there are specific effects on FHV RNA replication in these strains 

as well.   

 

The YDJ1 deletion phenotype can be complemented with unrelated J-domain 

proteins.  The deletion of YDJ1 caused a drastic reduction in RNA replication and a 

defect in accumulation of protein A (50).  This strain also had a growth defect and heat 

sensitivity that was consistent with previous studies (41, 44).  When we transformed the 

Δydj1 strain with constructs expressing various J-domain proteins, we noticed that 

several complemented strains grew colonies faster than the uncomplimented Δydj1 

strain (data not shown), consistent with previous work on J-domain proteins (41).  The 

other phenotypes that were complemented in that study, such as heat sensitivity (41), 

were not complemented in our hands (Figure 3.2).  This inconsistency could be due to a 

different parent strain and also our use of centromeric, stable low copy number 

expression vectors rather than 2-micron high copy vectors 

As for the FHV RNA replication phenotypes, the Δydj1 strain showed a 75% 

reduction in (+) RNA3 levels, and this reduction was fully complemented by expression 

of YDJ1, consistent with our previous work (Figure 3.3A, lanes 1-2 vs. 4 and 12).  In 

addition to Ydj1p, overexpression of Jjj2p and Sis1p was able to partially complement 

the defect in (+) RNA3 levels (Figure 3.3A, lanes 7 and 9 vs. 1-2 and 4).  This 

complementation of a Δydj1 strain with other J-domain proteins is consistent with the 

previous work examining the growth and heat sensitivity of the Δydj1 strain (41).  Sis1p 

is an essential chaperone that has been shown to regulate the SSA family of 

chaperones, similar to Ydj1p, while Jjj2p’s function has not been identified.  There are no 

common features that known or characterized for these J-domain proteins other than the 
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Figure 3.2 – Growth and heat sensitivity of Δydj1 strains complemented with other 
J-domain proteins.  Yeast containing vector controls or the indicated J-domain protein 
expression vectors were serially diluted 1:10 and spotted on plates.  Plates were 
incubated at the indicated temperature for 2 days and imaged.  Data are representative 
of three experiments. 
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Figure 3.3 - Cross complementation of the Δydj1 strain.   (A) Wt yeast expressing 
pFHV1 or pFHV1fs, or Δydj1 yeast expressing pFHV1 and the indictated plasmid were 
grown and induced in raffinose/galactose media.  RNA was extracted as before and 
analyzed by Northern blot.   (B) Quantification of A, lanes 4-12.  Bars represent the 
accumulation of RNA3 compared to wt and are the result of three independent 
experiments ± SEM.  A double asterisk indicates a p-value < 0.05 by two-tailed Student’s 
t-test assuming unequal variances compared to vector control. (C) Schematics of J-
domain proteins:  Jjj2p, Sis1p, and Ydj1p are from (41).   Numbers indicate length in 
amino acids of full length proteins.  Domain abbreviations:   JD - J-domain, G/F or G/M - 
Glycine/Phenylalanine or Glycine/ Methionine rich region, Zn - Zinc Finger.  
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J-domain (Figure 3.3C) (41).  Therefore, it is possible that the source of the RNA 

replication phenotype in the Δydj1 strain is due to a lack of regulation of the partner SSA 

Hsp70 complex. 

 

Deletions in the major SSA family of Hsp70 chaperones decrease FHV RNA 

replication.  Due to the ability of unrelated J-domain proteins to partially rescue the 

defect in FHV RNA replication in the Δydj1 strain, we hypothesized that the cause of the 

defect was actually due to a decrease in activity of the partner Hsp70 for Ydj1p.  Ydj1p 

has been shown to interact with and regulate the ATPase activity of the SSA family of 

yeast Hsp70s (9, 10).  The SSA family has four members, all of which are greater than 

70% homologous to each other and have been shown to be somewhat redundant in 

function (4).  Therefore, in order to study the role of these chaperones in FHV RNA 

replication, we must use strains with multiple deletions.  In previous studies on cucumber 

necrosis virus, researchers copurified the SSA complex with the CuNV RNA replication 

complex from yeast (43).  Further, the authors were able to show a defect in replication 

using a double deletion strain of SSA1/2 compared to wildtype.  We obtained the double 

deletion and its parent wildtype strain and examined FHV RNA replication in cis using 

the strains (Figure 3.4A).  The double deletion strain showed a reduction in (+) RNA3 

levels similar to that of the Δydj1 strain (Figure 3.4A).  Further, there was a defect in 

accumulation of the polymerase in the double deletion strain (Figure 3.4B).  This is 

consistent our hypothesis that the phenotype seen in the Δydj1 strain is due to a defect 

in the regulation of the partner Hsp70, and provides more evidence that FHV relies on 

the main chaperone systems in the host in order to replicate its genome.   

 

The ZUO1 deletion phenotype can be complemented with the ribosome associated 

JDP, JJJ1.  The deletion of ZUO1 and also that of SSZ1 yielded the same result, a  

88 



 

 

 

 

 

 
 
 
Figure 3.4 - Double deletion of SSA1/2 causes the same phenotype in FHV RNA 
replication as deletion of YDJ1.  (A)  FHV replication in cis in wt and Δssa1/2.  Number 
represents accumulation of (+)RNA3 compared to wild type, and the result of two 
experiments ± standard deviation. (B)  Yeast expressing HA-tagged protein A were 
induced in raffinose/galactose and harvested at the indicated times and analyzed by 
immunoblot. 
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dramatic increase in the levels of protein A and (+) RNA3 (Table 3.2).  Zuo1p and Ssz1p 

function in cells as the ribosome associated complex, and have been reported to be 

involved in the efficiency and fidelity of translation in yeast (8, 17, 39).  They do this by 

regulating the SSB family of Hsp70s, which are also ribosome associated in fungal cells 

(17).  The dramatic increase in FHV RNA replication was the strongest such phenotype 

in our analysis, and we next sought to complement this phenotype with other J-domain 

proteins.  Consistent with our results from the targeted analysis, deletion of ZUO1 

caused an increase of RNA3 above wildtype levels (Figure 3.5A, lanes 1-2 vs. 4).  

Complementation of this phenotype in Δzuo1 yeast was only possible through 

expression of ZUO1 or JJJ1 (Figure 3.5A, lanes 6 and 12).   

There may have been some partial complementation in the APJ1, JJJ2, SIS1, 

and YDJ1 (Figure 3.5A, lane 4 vs lanes 5, 7, 9, and 11) which were reduced from 400% 

to about 300%, but the only two J-domain proteins that were able to complement the 

phenotype to near wildtype levels were Jjj1p and Zuo1p (Figure 3.5B).  In addition to the 

J-domain, both of these proteins contain a zuotin domain, which has been shown to bind 

Z-DNA in vitro (Figure 3.5C) (54), and a zinc finger domain, as well as a charged 

domain, which have been hypothesized to bind target proteins.   

 

Deletions in the SSB family of Hsp70 chaperones increase FHV RNA replication.  

Because the deletion of SSZ1 and ZUO1 caused the same phenotype, and both are 

regulators of the SSB family of Hsp70s, we next hypothesized that the SSB family of 

Hsp70s was the source of the phenotype in the Δzuo1 strain.  In fungal cells, the SSB 

family of Hsp70s is ribosome associated, and is involved in the regulation and fidelity of 

translation.  Ssb1p and Ssb2p are 99% identical to each other and are functionally 

redundant, and are 63% identical to the SSA family (4).  A double deletion is viable, and 

has been reported to be similar in phenotype to both the Δzuo1 and Δssz1 strains  
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Figure 3.5 - Cross complementation of the Δzuo1 strain.   (A) Wt yeast expressing 
pFHV1 or pFHV1fs, or Δzuo1 yeast expressing pFHV1 and the indictated plasmid were 
grown and induced in raffinose/galactose media.  RNA was extracted as before and 
analyzed by Northern blot.   (B) Quantification of A, lanes 4-12.  Bars represent the 
accumulation of RNA3 compared to wt and are the result of three independent 
experiments ± SEM.  A double asterisk indicates a p-value < 0.05 by two-tailed Student’s 
t-test assuming unequal variances compared to vector control. (C) Schematics of J-
domain proteins:  Zuo1p and Jjj1p are from (41).   Numbers indicate length in amino 
acids of full length proteins.  Domain abbreviations:   JD - J-domain, Zuo - zuotin 
domain, Zn - Zinc Finger, CH - charged domain  
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Figure 3.6 - Double deletion of SSB1/2 causes the same phenotype in FHV RNA 
replication as deletion of RAC members.   (A) FHV replication in cis in wt, Δssz1, or 
Δssb1/2.  (B)  Yeast expressing HA-tagged protein A were induced in galactose and 
harvested at the indicated times and analyzed by immunoblot. 
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 (16, 17).  We obtained this Δssb1/2 strain as well as a Δssz1 strain in the same MH272-

3f background, and examined FHV replication in cis in all strains (Figure 3.6A).  FHV 

replication in the wild type strain was not as robust as in other strains (Figure 3.6A, lanes 

1-2), consistent with previous results from our lab (unpublished data).   

The deletion of SSZ1 in the MH272-3f background caused an increase in the 

accumulation of RNA3 (Figure 3.6A, lanes 3-4 vs. 1-2), similar to in the results in the 

BY4743 background.  Further, the double deletion of SSB1 and SSB2 caused a more 

exaggerated phenotype, increasing RNA replication two-fold above the increase in the 

SSZ1 deletion strain (Figure 3.6A, lanes 5-6 vs. 3-4).  Further, the accumulation of 

protein A expressed from a GAL1 promoter-driven vector was faster and saturated at a 

higher level in the Δssb1/2 strain than in the MH272-3f (Figure 3.6B).  These results are 

consistent with the hypothesis that the role of Zuo1p and Ssz1p in FHV RNA replication 

is to regulate the activity of Ssb1/2p on the ribosome, and so we hypothesize that the 

phenotype seen in the Δssz1 and Δzuo1 strains is due to a deregulation of the Ssb1/2 

chaperone on the ribosome.  This hypothesis is based on the known cellular role of 

Zuo1p and Ssz1p as regulators of the Ssb1/2 chaperone complex, though we can not 

rule out that Ssz1p, Zuo1p, and Ssb1/2p have separate cellular effects that yield the 

same phenotype from these data. 
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Discussion 

Cellular chaperones have effects on FHV RNA replication.  In this study, we used a 

panel of deletion strains to examine the roles of cellular chaperones on FHV RNA 

replication.  We used three types of replicons to determine effects on replication in cis, 

as well as both protein and RNA effects on replication in trans targeted to the 

mitochondria and retargeted to the endoplasmic reticulum.  Analysis of these 

chaperones revealed several interesting phenotypes.  The major chaperone groups of 

Hsp70/90 are functionally redundant, and therefore we didn’t see many phenotypes by 

deleting individual members.  The impact of the major chaperones on FHV RNA 

replication were instead revealed by deletions of their respective cochaperones, which 

had much more consistent and significant phenotypes.  One family that was particularly 

interesting was the J-domain containing family of Hsp40 proteins.  These proteins serve 

to regulate the ATPase activity of their partner Hsp70s, and by using what is known 

about these pairings, we were able to predict which particular Hsp70s were involved.  

The minor and specialized chaperones were also an interesting group, and all suggest 

potential cellular functions that are important for FHV RNA replication.   

The goal of this targeted analysis was identify chaperones that had a functional 

role in FHV RNA replication, and also to build a testable model for the early events of 

FHV RNA replication.  Using these primary data, as well as information in the literature 

about the cellular roles of these chaperones, we can make hypotheses about individual 

steps of the translation, folding and trafficking of protein A, as well as the formation and 

activity of FHV RNA replication complexes.  This model will be described in the final 

chapter of this thesis (Chapter V), and will serve as the basis of future experiments to 

dissect how chaperones influence FHV RNA replication. 
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The specificity of Δydj1 and Δzuo1 phenotypes links the J-domain proteins to their 

partner Hsp70s.  The two strongest phenotypes in our targeted analysis were those 

caused by the deletion of YDJ1 and ZUO1, and so we next examined these phenotypes 

in more detail.  The deletion of the Hsp40/JDP YDJ1 caused a drastic decrease in FHV 

RNA replication, while the deletion of ZUO1 caused a drastic increase.  By over 

expressing individual J-domain proteins in the Δydj1 and Δzuo1 backgrounds, we 

examined the ability of other J-domain proteins to complement the defects.   

The ability of unrelated J-domain proteins to partially complement the defective 

RNA replication phenotype of the Δydj1 strain is consistent with what is known about the 

cellular function of Ydj1p as a regulator of the SSA family of Hsp70s (9, 10, 41, 45).  We 

examined this possibility by using a strain with a deletion of two SSA members, and 

found that deletion of SSA1 and SSA2 replicated the Δydj1 phenotype, decreasing 

RNA3 levels by 75%.  This is consistent with the hypothesis that the effect of deleting 

YDJ1 is due to a deregulation of the SSA chaperone complex. 

 We performed a similar complementation experiment with the Δzuo1 strain.  This 

experiment revealed that only Zuo1p or Jjj1p were able to complement the Δzuo1 

phenotype.  This result was consistent with previous studies of Zuo1p and, as a part of 

the ribosome associated complex, its role in the regulation of the ribosome associated 

SSB family of Hsp70 chaperones (41).  The fact that Jjj1p could complement the 

phenotype of the Δzuo1 strain can also be explained by its cellular role.  Jjj1p is also 

ribosome associated and regulates the SSA complex.  Jjj1p’s cellular role is to recruit 

Ssa1/2p to the ribosome, where the chaperone is involved in ribosome biogenesis (30, 

41).  Therefore it has been suggested that overexpression of Jjj1p can recruit Ssa1/2p to 

the ribosome, where the chaperone complex can complement the defects associated 

with deletion of the ribosome associated Ssz1p/Zuo1p/Ssb1/2p complex. 
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 Due to Zuo1p and Ssz1p’s role of regulating Ssb1/2, we next examined the effect 

of a double deletion of SSB1 and SSB2 on FHV RNA replication.  We used a different 

wild type strain for this experiment, and it appeared restricted for FHV RNA replication.  

As in the targeted analysis, the deletion of SSZ1 relieved that restriction, increasing 

replication to detectable levels.  Furthermore, the double deletion of SSB1 and SSB2 

caused an additional increase in FHV RNA replication.  These results are consistent with 

the hypothesis that the defect in the Δzuo1 and Δssz1 strains was caused by a defect in 

the regulation of the Ssb1/2p chaperone complex.  The restriction of FHV RNA 

replication in the MH272-3f wild type strain is consistent with observations in our lab that 

there are differences in the robustness of FHV RNA replication between wild type 

strains, though this is the first time that we have seen a mutation that relieved the 

restriction.  This presents the possibility for further study of restriction factors that 

negatively regulate FHV RNA replication in yeast. 

Two competing hypotheses.  Because these studies do not examine the physical 

interaction of protein A with any of these chaperones, there are two possibilities that 

could explain our results.  The phenotypes that we saw could be due to a direct or 

indirect on FHV RNA replication.  Because chaperones are known to act through 

transient interactions with their client proteins, it is attractive to hypothesize that these 

chaperones are acting directly on protein A, or on FHV RNA replication complexes.  

However, it is equally possible that these chaperones are acting indirectly, through their 

role as chaperones on other cellular factors, which are then directly influencing protein A 

or FHV RNA replication.  Further studies are necessary to distinguish between these 

possibilities, yet they are not mutually exclusive, and likely there are aspects of direct 

and indirect influence involved. 
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APPENDIX 
 
 
 
Primary data for targeted analysis of chaperones.  Data from Table 3.2 are shown as 
representative blots. 
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Figure 3.7 – Targeted analysis of chaperones:  replication in cis.  Total RNA 
extracted from an equivalent number of yeast was separated by electrophoresis and 
analyzed by Northern blot as in the materials and methods.   (A)  Group 1.  (B) Group 2.  
(C) Group 3.  Abbreviations: wt – wild type yeast expressing pFHV1, neg – wild type 
yeast containing an empty vector, rRNA – ribosomal RNA. 
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Figure 3.8 – Targeted analysis of chaperones:  replication in trans RNA samples.  
Total RNA extracted from an equivalent number of yeast was separated by 
electrophoresis and analyzed by Northern blot as in the materials and methods.   (A)  
Group 1.  (B) Group 2.  (C) Group 3.  Abbreviations: CHA – wild type yeast expressing 
protein A only, fs – wild type yeast expressing replication template only, wt – wild type 
yeast expressing both protein A and a replication template, rRNA – ribosomal RNA. 
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Figure 3.9 – Targeted analysis of chaperones:  replication in trans protein 
samples.  Total protein extracted from an equivalent number of yeast was separated by 
electrophoresis and analyzed by immunoblot as in the materials and methods.   (A)  
Group 1.  (B) Group 2.  (C) Group 3.  Abbreviations: CHA – wild type yeast expressing 
protein A only, fs – wild type yeast expressing replication template only, wt – wild type 
yeast expressing both protein A and a replication template, rRNA – ribosomal RNA. 
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Figure 3.10 – Targeted analysis of chaperones:  ER-retargeted replication in trans 
RNA samples.  Total RNA extracted from an equivalent number of yeast was separated 
by electrophoresis and analyzed by Northern blot as in the materials and methods.   (A)  
Group 1.  (B) Group 2.  (C) Group 3.  Abbreviations: wt – wild type yeast expressing both 
ER-retargeted protein A and a replication template, neg – wild type yeast expressing 
replication template only, rRNA – ribosomal RNA. 
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Figure 3.11 – Targeted analysis of chaperones:  ER-retargeted replication in trans 
protein samples.  Total protein extracted from an equivalent number of yeast was 
separated by electrophoresis and analyzed by immunoblot as in the materials and 
methods.   (A)  Group 1.  (B) Group 2.  (C) Group 3.  Abbreviations: wt – wild type yeast 
expressing both ER-retargeted protein A and a replication template, neg – wild type 
yeast expressing replication template only, rRNA – ribosomal RNA. 
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CHAPTER IV 

 

DESIGNING A METHOD OF HIGH THROUGHPUT SCREENING FOR CHANGES IN 
PROTEIN A SYNTHESIS AND STABILITY IN YEAST 

  

 Identification of host factors or chemical compounds that modulate the synthesis 

and stability of viral proteins would be beneficial for designing research tools as well as 

potential therapeutic targets.  Due to the number of chemical and genetic libraries 

available to researchers today, designing a method to test these libraries in a high 

throughput way is a necessary step in beginning any kind of comprehensive study into 

their effects on a given system.  Yeast make a useful model system for high throughput 

screening due to its genetic tractability and ease of use in the laboratory, as well as the 

number of yeast genes that have orthologs in higher eukaryotes.  Therefore we used the 

Flock House virus model system to develop a method for high throughput screening of 

genetic and chemical libraries to examine their effects on the synthesis and stability of 

protein A, the Flock House virus RNA-dependent RNA polymerase.  These preliminary 

studies have identified a number of complicating factors, but have identified two 

approaches that may be useful in this task. 
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Introduction 

 Positive strand (+) RNA viruses are significant health threats today, yet there are 

relatively few clinical treatments available for those infected with them.  Because (+) 

RNA viruses replication is intimately tied to the host cellular machinery, it is difficult to 

separate viral processes from those of the cell.  Therefore, better understanding of how 

(+) RNA viruses replicate in host cells is an important first step in the design and 

development of therapeutic agents to combat viral infections.  We use Flock House virus 

(FHV) as a model (+) RNA viral pathogen because of its robust genomic replication in 

many eukaryotic cell types including Drosophila melanogaster (6, 15), Caenorhabditis 

elegans (12), and Saccharomyces cerevisiae (11, 14, 16, 19, 20).  This implies that the 

host factors required for efficient FHV RNA replication are either well conserved or few in 

number.  In order to efficiently identify the specific role of cellular factors in viral 

replication, we must first identify those factors that impact replication, and then further 

test their effect.  A good way to begin a study like this is through the use of genetic and 

chemical libraries in a high throughput manner.  The use of a model host often can be 

beneficial because of the genetic tractability and availability of libraries.  In our lab we 

use the brewer’s yeast Saccharomyces cerevisiae as a model host. 

Studies in our lab and others have shown that yeast is a viable model host 

organism for (+) RNA virus replication studies (11, 14, 16, 19, 20, 22).  Yeast is as easy 

to culture and transform as bacteria, yet is a eukaryotic cell, with many genes that are 

orthologous to those of higher eukaryotes (5, 13).  The true benefits of yeast, however, 

lie in the availability of numerous genetic libraries that have been constructed, including 

deletion (8), promoter controlled expression (17), as well as the possibility of using yeast 

to screen chemical libraries (23).   In order to screen the large number of libraries 

efficiently, it is necessary to design a method of screening them in a high throughput 

way.  Therefore, assay design is critical before scaling up experiments, and thorough 
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testing of conditions must be done to ensure that sample to sample variability is 

minimized.  In this study, we began the development of a high throughput assay based 

on host gene deletions that impact the synthesis and stability of protein A, the Flock 

House virus RNA-dependent RNA polymerase. 

Our first goal was to develop an assay based on a selectable tag with a survival-

based readout.  Survival-based designs allow for screening strains in pools, biologically 

eliminating negatives and leaving a higher yield of positive strains.  When the 

homologous diploid deletion library that we used was constructed, a molecular barcode 

was included in the flanking region around the inserted KanMX gene (8).  This barcode 

is unique for each strain and can be amplified by PCR from any strain using the same 

primer set.  This PCR product can be used as a probe for a microchip containing each 

code in a known location, allowing pools of strains to be grown together and each 

strain’s growth to be tracked by barcode (8).  For our first design we chose to tag protein 

A with the URA3 gene in order to take advantage of the positive and negative selection 

that is possible with such a construct (1, 2).  This method has been used in screens 

before (24), and the URA3 tag has been shown to be active on intracellular membranes 

(24).  Ura3p normally processes orotidine 5-phosphate into uracil, but when grown in 

media containing the chemical mimic 5-fluoroorotic acid (5-FOA), the enzyme converts it 

into 5-fluorouracil, which is toxic (2, 25).  

Our second goal was to design the screen in a more traditional way, based on 

the firefly luciferase gene, which has been shown to be active and easy to read in yeast 

(10).  Both the URA3 and luciferase tags were functional as protein A fusion constructs, 

and we therefore tested their utility as methods of high-throughput screening.
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Materials and Methods 

Yeast strains, transformation, and culture conditions.  The diploid S. 

cerevisiae strain BY4743 (MATa/MATα his3Δ1/his3Δ1 leu2Δ0/leu2Δ0 lys2Δ0/+ 

met15Δ0/+ ura3Δ0/ura3Δ0) was used for all experiments to minimize complications 

related to second site mutations more common in haploid strains.  Wild type (wt) 

BY4743 and diploid strains with homozygous deletions of MFT1, APJ1, GIM4, and SSZ1 

were purchased from the American Type Culture Collection (Manassas, VA).  Yeast 

were cultured and transformed as previously described (14), except that due to the 

temperature-sensitive nature of FHV RNA replication complexes (unpublished 

observations), and slow growth or inviability of some mutant strains at higher 

temperatures, as well as to maintain consistency with Drosophila studies, all 

experiments were performed at 25oC unless otherwise stated.  For yeast induction, 

individual clones were transferred to liquid selective minimal media containing 2% 

glucose and grown to stationary phase, washed with sterile distilled water and 

resuspended in selective minimal media with 2% galactose and indicated selection 

agents at an optical density unit at 600 nm (OD600) of 0.1, which was equivalent to 

approximately 2.5 x 106 cells per ml for both wt and deletion strains.  For constitutive 

expression constructs, individual clones were transferred into liquid selective media 

containing 2% glucose and grown to stationary phase, washed, and diluted into the 

same media with indicated selection agents at an optical density unit at 600 nm (OD600) 

of 0.1.  For calculation of the number of doublings, the following equation was used:  

Log2 (OD2/OD1), where OD2 and OD1 are the final and initial OD600 readings, 

respectively.  Percent doublings was calculated using the following equation:  100 x ( D5-

FOA/Dvehicle), where D5-FOA and Dvehicle are the number of doublings in the 5-FOA treated 

and untreated samples, respectively.   Unless otherwise stated, experiments were 
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performed with two independently derived clones and results are representative of at 

least three independent experiments.  For dilution plating, yeast were grown as above, 

then adjusted to 1.0 OD600/ml and serial diluted five times at 1:10 in a 96 well plate.  10 

µl of each dilution was spotted onto agar plates containing the indicated supplements 

and incubated at 30oC for three days until colonies formed. 

Plasmids.  FHV expression plasmids pFA-C/HA has been previously described 

(11, 14, 16, 20).  The constitutive expression constructs pRS425-GPD, pRS415-ADH 

were generously provided by Anuj Kumar (University of Michigan, Ann Arbor, MI).  The 

protein A-URA3 fusion construct pFA-C/URA3 was generated by PCR using primers for 

the URA3 gene that change the first amino acid from a methionine  to a glycine, and 

incorporate restriction sites BspE1 and AatII upstream and downstream of the URA3 

coding sequence, respectively (See Table 4.1).  Following PCR amplification from 

pRS416 (ATCC, Manassas, VA) and restriction digestion with the above enzymes, the 

PCR products were separated by agarose gel electrophoresis and the correctly sized 

URA3 fragment was isolated using the PCR and Gel clean up kit per manufacturer’s 

instructions (Promega, Madison, WI).  Isolated products were ligated into pFA-C/HA 

plasmid digested with the above enzymes, generating a URA3 fusion beginning in the 

linker of the C/HA tag and effectively replacing the tag.  Constitutive expression  

 

Table 4.1 - Primers for construction of protein A-C/Ura3    

Primer Sequencea,b Res. 
Site 

Sense 5’-CAACTGTCCGGAGGTTCGAAAGCTACATATAAGGAACGTG-3’ BspEI 
Antisense 5’-GTCGATGACGTCAGTTTTTTAGTTTTGCTGGCCGCA-3’ AatII 

a – restriction site sequences are underlined 
b – First amino acid Met  Gly mutation is shaded 
 

constructs were generated by moving the protein A-C/HA or protein A-C/URA3 open 
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reading frames from pFA-C/HA or pFA-C/URA3, respectively into pRS425-GPD.  Further 

generation of other weaker constitutive expression constructs was done by moving the 

protein A-C/URA3 open reading frame into pRS415-ADH or by moving the GPD-protein 

A-C/URA3 cassette into pRS415 (ATCC, Manasas, VA).  Protein A-C/URA3 constructs 

are summarized in Table 4.1.  The yeast protein A-C/fLUC vector was generated in two 

steps.  Firstly, a Drosophila based expression vector was generated by PCR amplifying 

a region encoding fLUC from pTRE2/hyg-LUC, incorporating AgeI and XhoI sites , 

digesting the PCR product, and ligating it into the BspEI/XhoI sites of pS2FA-GalL (15).  

Next, a BlpI/HindIII fragment from the Drosophila vector was inserted into the same sites 

of the yeast vector pFA-C/HA (14). 

 

Table 4.2 – Constitutive protein A-C/URA3 vectors used in this study. 

Construct Name 
Copy 
Number 

Promoter 
Activity  

Expression 
Level 

p425-GPD-C/URA3 High High High 
p415-GPD-C/URA3 Low High Medium 
p415-ADH-C/URA3 Low Low Low 

 

Antibodies and reagents.  Rabbit polyclonal antibodies against FHV protein A 

have been previously described (15).  Rabbit polyclonal antibodies against the HA 

epitope tag were purchased from Santa Cruz Biotechnology (Santa Cruz, CA), and 

mouse monoclonal antibodies 3-phosphoglycerate kinase (PGK) were purchased from 

Molecular Probes (Eugene, OR).  All secondary antibodies for immunoblotting were 

purchased from Jackson Immunoresearch (West Grove, PA).   

Immunoblot analysis.  Total protein was isolated from an equivalent number of 

yeast via post alkaline extraction (9) and stored at –20oC until analysis.  Protein samples 

were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE) and immunoblotted as previously described (26).  Protein bands were 
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quantitated by densitometry using AlphaEaseFC (Alpha Innotech, San Leandro, CA) 

software.   

In vivo yeast firefly luciferase assay.  The determination of firefly luciferase 

activity in intact yeast was adapted from Leskinen et al. (10) with some modifications.  

Essentially, yeast expressing fLUC tagged protein A were grown in 2% raffinose media 

in 96 well plates until saturated (usually 2 days), diluted 1:40 into 2% raffinose/2% 

galactose induction media, and induced overnight.  Plates were then read at 600nm 

(OD600), and 50 µl was transferred to an opaque plate and used for the luciferase assay.  

The luciferase assay was performed in a BMG plate reader with dual injectors (BMG 

labtech, Offenburg, Germany).  Plates were shaken at max speed for 30s prior to assay 

to resuspend cells, and 200 µl of 1.1 mM D(-)-Luciferin (Sigma #L9504, St. Louis, MO) in 

Na Citrate buffer (pH 3.0) was injected in each well, then plates were shaken for 2s and 

light emission was detected at max gain for 10 seconds.  Finally, light output was 

normalized to cell density (RLU/OD600), giving a per cell RLU value.  Calculations were 

done with BMG Mars software (BMG labtech, Offenburg, Germany). 

Statistics.  A two-tailed Student’s t-test assuming unequal variances was used 

for all statistical analyses, and a p-value < 0.05 was considered statistically significant.   
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Results 

 Our goal is to design an easy to interpret method for high throughput screening 

of mutations or chemical compounds that decrease the accumulation of the FHV RNA-

dependent RNA polymerase, protein A in Saccharomyces cerevisiae.  To do this, we 

looked at several potential systems that had been used previously for high throughput 

screening.   

Protein A with a C-terminal Ura3p tag is functional and selectable.  In order to 

perform a viability based screen, we generated a protein A-Ura3 fusion protein and 

tested the functionality of this construct by selection and counter selection on minus 

uracil dropout media and 5-FOA media, respectively (Figure 4.1).  Wild type yeast 

containing either C-terminally HA- or Ura3-tagged protein A were serially diluted and 

spotted on selective galactose plates without uracil or with 0.05% 5-FOA.  Yeast 

expressing either construct were able to grow on media selecting for the plasmid (Figure 

4.1, left panel), indicating that there was no difference in toxicity between HA- and Ura3- 

tagged protein A.  Yeast expressing Ura3-tagged protein A were able to grow on uracil 

dropout media, whereas those expressing HA-tagged protein A were not (Figure 4.1, 

center panel).  Conversely, media containing 5-FOA inhibited the growth of yeast 

expressing Ura3-, but not HA-tagged protein A (Figure 4.1, right panel).  Further 

experiments were done on the same media at different temperatures, but there was no 

change in the results (data not shown).  Therefore, the protein A-Ura3 fusion construct 

was functional in our hands, and could be used for selection or counter selection in 

yeast.   

Protein A is toxic to yeast when constitutively expressed.  In order to avoid picking 

up false positives that inhibit expression from an inducible GAL1 promoter, we next 

moved the Ura3-tagged protein A ORF into a high copy number vector, with 

constitutively active GPD promoter (Table 4.2).  When we transformed this construct,  
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Figure 4.1 - A Ura3 tag is functional on protein A.  Wild type yeast containing HA- of 
Ura3- tagged protein A constructs were serially diluted 1:10 and spotted onto selective 
media containing galactose.  Plates were grown at 30 degrees celsius for three days.  
Abbreviations:  L: leucine, U: uracil, 5-FOA: 0.05% 5-fluoroorotic acid, Gal:  2% 
galactose. 
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Figure 4.2 - Ura3-tagged protein A is unstable at high expression levels.  Wildtype 
yeast expressing p425-GPD-FA-C/Ura3 were grown for 48h in the presence or absence 
of 5-FOA.  Immunoblot analysis with a polyclonal protein A antibody.  The low 
expression in lane 1 is due to the cells being in stationary phase.  Numbers on the left 
are protein standards in kDa.  The asterisk indicates a band the size of untagged protein 
A.  PGK is 3-phosphoglycerate kinase, a loading control.  
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p425-GPD-C/URA3, into yeast, we noticed a drastic increase in the amount of time to 

form colonies on plates.  Further, the colonies that did form were irregularly shaped 

(data not shown).  This suggested that protein A was toxic when expressed at high 

levels in yeast, something that we had not observed using GAL1 inducible constructs, 

which are also highly expressed.  To examine the stability of the Ura3-tagged protein A 

in wt cells, we grew yeast containing p425-GPD-C/URA3 in the presence or absence of 

5-FOA.  Immunoblot analysis of total protein extracts from these cultures revealed that 

protein A-Ura3 was expressed in cells, but at a low level (Figure 4.2, lane 2).  In addition 

to the band at the right size for protein A-Ura3, there was a large band recognized by the 

polyclonal protein A antibody that was the approximate size of untagged protein A 

(Figure 4.2, asterisk in lanes 2-3).  This suggested that the protein A-Ura3 construct is 

not stable in cells.  Furthermore, the growth of wild type yeast containing p425-GPD-

C/URA3 was slow, as was that of the same vector expressing protein A-HA (data not 

shown), suggesting that protein A itself was toxic to cells at very high levels after an 

extended period.  In order to fully test the value of a Ura3-tagged protein A, we decided 

to move the ORF into a lower level constitutive expression vector. 

Lower expression constructs yield a more stable level of protein A-Ura3.  We 

moved the protein A-Ura3 cassette to a centromeric vector under the same promoter, 

generating p415-GPD-C/URA3, which decreased the expression levels in yeast by 

lowering copy number (Table 4.2).  We also decided to put the protein A-Ura3 cassette 

under the control of another weaker constitutive constitutive promoter (18), generating 

p415-ADH-C/URA3 (Table 4.2).  When wild type yeast were transformed with the lower 

constitutive expression constructs, it was apparent that the constructs were less toxic to 

cells.  Cells transformed with p425-GPD-C/URA3 took 7 days to generate reasonably 

sized colonies on plates, whereas cells transformed with p415-GPD-C/URA3 or p415- 
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ADH-C/URA3 took only 4 days (data not shown).  Immunoblot analysis of lysates from 

these strains showed that there was no detectable degradation of protein A-Ura3 in the 

p415-GPD-C/URA3 or p415-ADH-C/URA3 containing strains, compared to the strain 

containing p425-GPD-C/URA3 (Figure 4.3, Lanes 2-5 vs. lane 1).  The construct p415-

GPD-C/URA3 yielded a higher level of full length protein A-Ura3, than in the high copy 

p425-GPD-C/URA3 vector (Figure 4.3 lanes 4-5 vs. lane 1).  Further, the p415-ADH-

C/URA3 construct yielded a low level of expression that was a useful control for further 

studies (Figure 4.3, lanes 2-3 compared to 4-5), allowing a comparison between wild 

type yeast expressing high or low levels of protein A-Ura3. 

Protein A-Ura3 expression was not stable after treatment with 5-FOA, and different 

expression levels did not correlate with growth differences.  In order for these 

constructs to be useful for a high throughput analysis, two conditions must be met.  First, 

expression of the constructs needs to be stable through treatment, because the cellular 

levels of protein A-Ura3 are the basis for selection.  Second, a difference in cellular 

levels of protein A-Ura3 would have to correlate to a difference in viability, because 

survival under counter-selection due to a loss of protein A is the basis for our detection.  

To test these two conditions, we transformed wild type yeast with one of three plasmids, 

for no protein A-Ura3 expresison (empty vector), for low protein A-Ura3 expression 

(p415-ADH-C/URA3), or for high protein A-Ura3 expression (p415-GPD-C/URA3).  

These three strains were grown in the presence or absence of 5-FOA for 24 hours, and 

equivalent numbers of cells were harvested from each culture and analyzed by 

immunoblot (Figure 4.4A).  To measure growth, cell density was measured at 5h and 

24h post treatment, and the number of doublings was used to calculate a percentage of 

doublings, as described in the materials and methods (Figure 4.4B).  This method of 

calculating cell growth was chosen because the method of detection in the high-  
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Figure 4.3 - Different expression constructs of protein A.  Wild type yeast 
expressing protein A-Ura3 from different copy number plasmids and promoters.  GPD - 
glyceraldehyde-3-phosphate dehydrogenase promoter, ADH - Alcohol dehydrogenase 1 
promoter.  PGK is 3-phosphoglycerate kinase, a loading control.  Lanes are from the 
same blot, and all contrast adjustments were done prior to cropping.  
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Figure 4.4 - Protein A-Ura3 is not a stable or titratable construct.  (A) Protein A-Ura3 
is not maintained with counter selection.  Total protein samples from wt yeast expressing 
different levels of protein A-Ura3 after treatment with vehicle only, or treatment with 5-
FOA.  (B)  There is no difference between growth of yeast expressing high or low levels 
of protein A-Ura3.  After 24h of growth, the number of doublings was calculated for each 
sample.  Numbers in B represent the percent of doublings in 5-FOA treated samples 
compared to untreated samples for wt yeast expressing different levels of protein A-
Ura3.  Labels:  None = empty vector, Low = p415-ADH-C/URA3, High = p415-GPD-
C/URA3.  All labels between A and B are matched.  
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throughput screen will be based on an increase in barcode signal over initial reading, 

which is roughly equivalent to number of doublings of cell density.   

In the absence of 5-FOA the low and high expression constructs yielded a low 

and high level of protein A-Ura3, respectively (Figure 4.4A, lanes 3 and 5).  In the 

presence of 5-FOA, the levels of protein A-Ura3 dropped in both the low and high 

expressing strains (Figure 4.4A, lanes 4 and 6), indicating that the expression of protein 

A-Ura3 was not stable through treatment.  Further, there was no difference in growth 

between the high and low expression vectors (Figure 4.4B, high and low bars).  This 

indicates that despite a large difference in the cellular levels of protein A-Ura3 between 

the high and low expressing constructs, there was no measurable difference in the effect 

on growth.   

Taken together, these data suggested that the Ura3 tag was too active to be 

useful in our high throughput screen, because our expected results are that in a library of 

deletions or chemical treatments there will a range of effects on the stability of protein A, 

and so detection of moderate phenotypes will be necessary.  Therefore, we conclude 

that the protein A-Ura3 construct is not useful for a high throughput analysis, though it 

may serve some purpose in a different experiment, or if its activity can be reduced. 

A firefly luciferase tagged protein A is a good candidate for a high throughput 

screen.  Because the Ura3 tag was too active to be useful in a viability-based assay, we 

next decided to examine the utility of a non-selectable tag.  This would require more 

hands on time but could be used to identify compounds or deletions that increase the 

levels of protein A above wild type in addition to those that decrease the levels.  

Therefore, we generated a firefly luciferase (fLUC) tagged protein A construct (pFA-

C/fLUC) as well as an ER retargeted fLUC-tagged protein A (pFA(HCV)-C/fLUC).  

Previous studies using fLUC have validated that fLUC works in yeast (10), and so we 

were confident that this approach would work for protein A-fLUC in yeast as well.  We 
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sought to validate these constructs in wild type cells as well as in certain members of the 

targeted analysis from chapter 3 to test if trends by immunoblot were consistent for a 

luciferase assay.   

We chose to test the protein-fLUC constructs in strains with deletions of MFT1, 

APJ1, GIM4 and SSZ1.  MFT1 was initially included in the targeted analysis because it 

was listed as a mitochondrial targeting gene (7), but further literature searching revealed 

that it really has a defect in transcription (3) and so it was removed from the data in 

Chapter III.  While it was not useful in our chaperone analysis, it was useful for testing 

constructs driven from a GAL1 promoter, such as this validation.  By immunoblot, MFT1 

accumulated about 60% less protein A than did wt (data not shown).  APJ1, GIM4, and 

SSZ1 were chosen because or their phenotypes were the normal accumulation, slightly 

increased accumulation, and largely increased accumulation of protein A, respectively 

(Chapter III, Table 3.2).  Yeast were grown in 96 well plates, and induced overnight 

before luciferase activity was detected by addition of luciferin.   

 

Table 4.3 – Performance of fLUC construct compared to immunoblot. 
       

  wt MFT1 APJ1 GIM4 SSZ1 
       
       

RLU/cell  100 ±19      4 ±1* 81 ±9 86 ±9    192 ±18* 
       

WB (HA)   100 ±0 41 ±19 125 ±45 227 ±97  1121 ±754 
       
            

Numbers represent the average ±SEM   
Asterisk indicates a p-valule of < 0.05 from a Student’s t-test. 
 

The light signal from each mutant strain was compared to that of the wild type 

strain sample by a Student’s t-test (Table 4.3).  Yeast expressing HA-tagged protein A 

showed no light emission (data not shown), while wild type yeast expressing fLUC-

tagged protein A showed a robust signal above background (Table 4.3).  The MFT1 

deletion strain had a significantly lower signal than wt, following the same trend as its 
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immunoblot numbers.  The APJ1 and GIM4 deletion strains both had slightly decreased 

signals from wt, but not significantly so.  Finally, the SSZ1 deletion strain had a 

significantly increased signal.  The magnitude of these changes was not the same as 

their immunoblot numbers (Table 4.3), but the trend of changes was consistent, and 

indicated that all of these strains would have performed similarly in either method of 

analysis.  These data validated that a fLUC tag would be useful for a high-throughput 

analysis of the synthesis and stability of protein A.  Further, due to its sensitivity and 

dynamic range, it would allow for additional analysis, such as one where conditions 

caused an increase in the accumulation of protein A. 
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Discussion 

In this study we began the development of a method of high throughput 

screening for changes in protein A synthesis and stability in yeast.  In doing so, we 

identified several challenges associated with using a toxic or selectable tag in yeast 

when the anticipated results are an intermediate phenotype.  Further, we have explored 

the utility of a firefly luciferase tag in the same high throughput screen.  While this 

method would be more time consuming, it is highly sensitive and also has the added 

potential of being able to detect an increase in protein A levels in the cell. 

The Ura3 tag was active on protein A, and was too sensitive for the detection of a 

moderate phenotype.  In this study, we showed that the Ura3 gene was active and 

functional when used as a tag for protein A.  In fact it was too active for the detection of 

a moderate phenotype, which is the predicted and demonstrated phenotype for this type 

of analysis (Chapter 3).  A literature review of the URA3 gene and its product, orotidine-

5'-phosphate decarboxylase, revealed that the activity of this enzyme is quite high; it is 

able to reduce the reaction half-time from 78 million years to 18 milliseconds (a 1017 change) 

(21).  Therefore, in order to be useful, we would need to decrease the activity and increase 

the titratability of the enzyme by random mutagenesis and screening for less proficient 

clones.  Another alternative would be to follow the model of the membrane based yeast two 

hybrid analysis, which uses an unstable Ura3 tag that is released upon interaction of two 

tagged proteins and is degraded, making cells resistant to 5-FOA, or a similar method using 

a released transcription factor to express a selectable marker (24).  We could adapt this to 

our model using positive selection, where cells in which proteins don’t interact would retain 

the Ura3 tag, and so would grow on uracil dropout media.  This method is limited only by our 

knowledge of the interacting partners of protein A, other than protein A itself (4).  As our 

understanding of the FHV RNA replication complex increases, this will become a more viable 

screening method. 
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Firefly luciferase is an active protein A tag in yeast, and is a potentially useful tag for 

our high throughput screen.  Tagging protein A with fLUC yielded an active fusion protein, 

which gave a reproducible light signal upon treatment with substrate.  Further, when tested in 

strains that were identified in our targeted analysis as having lower than, equal to, or higher 

than wild type levels, the fLUC tagged protein A performed equally well, with signals 

significantly lower than, no different than, or significantly higher than wild type signals, 

respectively.  This suggests that strains identified as interesting by immunoblot analysis 

would have also been identified as hits in a luciferase based high-throughput screen.  When 

the fLUC-tagged protein A was used in replication in trans assays, the tagged protein A was 

expressed at levels comparable to a C/HA tagged construct, and it was able to replicate, but 

at a reduced level compared to the C/HA tagged protein A (S. Weeks, A. Leorps, and D. 

Miller, unpublished observations).  This indicated that the large cFLUC tag might interfere 

with RNA replication, and while this is important to note, it does not impact the utility of the 

construct in a synthesis and stability based screen.  This method of screening for mutations 

or compounds that alter the per cell levels of protein A requires more hands on time than a 

live-die assay that could be run in pools and identified by genetic tag amplification, but is 

highly sensitive, and is currently a more viable option.  Additional options for the use of the 

pool based screen include selection of cells by means other than viability, such as 

fluorescence.  For example, a fluorescently-tagged protein A could be integrated into a wild 

type strain, and used in a classical mutagenesis screen, and pools of mutants could be 

sorted using fluorescence-activated cell sorting, isolating those cells that have more or less 

fluorescent signal than the cutoffs for wild type cells.  Protein A has been used in a flow 

cytometry experiment in yeast before (4), and so this is a possibility for our studies too. 

 In this study, we have identified certain challenges and limitations to performing a 

high throughput assay based on the accumulation of protein A in yeast cells.  Despite the 

limitations in the systems that we tested, the benefits of using a genetically tractable 
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organism like yeast as a model system to perform such a test outweigh the drawbacks and 

make this a good candidate for future development. 
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CHAPTER V 

 

GENERAL DISCUSSION 

 

In these studies, we have explored the role of chaperones in the replication of a 

positive strand RNA virus using two approaches.  First, we examined the major 

chaperone complexes in the cell specifically.  Second, we used a targeted analysis to 

explore a larger group of cytosolic chaperones.  These methods have allowed us to form 

a testable model of the early events in FHV RNA replication using a combination of the 

data from our own studies and also information from the yeast community at large.  In 

addition to these two methods, we have begun to develop a method for a high 

throughput genomic or chemical library screening to identify yeast genes or chemical 

compounds that affect FHV RNA polymerase synthesis and stability, allowing us to 

approach the question of host factors from a more unbiased perspective in the future.  

These diverse approaches will allow us to generate a large data set that will help to 

address a central question in our lab:  What host factors do positive strand RNA viruses 

use to accomplish their replication cycle?
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Host chaperone requirements for FHV RNA replication are host- and membrane-

specific.  In our first study we sought to expand upon our data from Drosophila cells, 

where our lab has shown that Hsp90 is necessary for synthesis of protein A, the FHV 

RNA-dependent RNA polymerase (6, 18).  We showed that in contrast to the results in 

Drosophila cells, FHV RNA replication in yeast was Hsp90 independent.  Instead, FHV 

RNA replication was dependent on the Hsp70 chaperone system.  Because of 

redundancy and viability issues with knocking out the main cellular chaperones, we 

approached this experimentally using yeast strains with a deletion of cochaperones for 

each complex.  To impact the Hsp90 system, we used strains with a deletion of STI1 or 

SBA1, two cochaperones that are involved in early and late complex activity, 

respectively.  To impact the Hsp70 system, we used a strain with a deletion of YDJ1, an 

Hsp40 that required for efficient Hsp70 activity.  This was an indirect approach, but due 

to previous studies (5, 7, 8, 22, 38) and our own controls (Figure 2.2) we believe that 

these cochaperone deletions were specific to the corresponding chaperone complex.  It 

is possible however that there was some indirect effect on another system unrelated to 

Hsp90 or 70.  Deletion of SBA1 for example, did have a small effect on RNA replication, 

whereas deletion on STI1 had no effect compared to the drastic reduction seen in 

Drosophila cells.  Both cochaperone deletions reduced Hsp90 reporter assay levels to 

background, and treatment with Hsp90 specific inhibitors had no effect on FHV RNA 

replication despite causing a 60% reduction in reporter levels.  This suggested that the 

SBA1 deletion may have had other effects not involving Hsp90 activity.  Literature has 

suggested a role for SBA1 in the nucleus (37), and so this chaperone may have 

alternative functions in the cell. 

Rather than FHV RNA replication being dependent on the Hsp90 chaperone 

complex, we found that it was dependent on the Hsp70 complex.  The deletion of the 

Hsp70 cochaperone YDJ1 caused a reduction in RNA replication, and we suspected that 
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this defect was two-fold.  Both protein A and (+) RNA3 accumulation were down in Δydj1 

cells.  Protein A levels were decreased compared to loading controls in YDJ1 yeast, yet 

some protein A did accumulate in the cells but there was no replication indicating that 

the protein A that accumulated was defective.  We next showed that this defective 

protein A was tightly membrane associated, and that a portion of it was accumulating on 

the mitochondria, indicating that there may be a problem with the complex activity.  

Finally, we showed that the defect in the YDJ1 deletion strain was membrane specific.  

When protein A was retargeted to the endoplasmic reticulum membrane rather than the 

mitochondria, there was little or no defect in accumulation of protein A or (+) RNA3 

(Figure 2.5).  This is consistent with the hypothesis that Ydj1p functions at the level of 

replication complex activity, and that there is likely another component present at the ER 

that is able to compensate for the absence of Ydj1p.  Another possibility is that the ER-

targeted FHV replication complexes do not require chaperones. 

This difference in FHV host requirements between the Drosophila and yeast 

models is one that we must reconcile in our future studies.  Initially we hypothesized that 

the differences were due to a known difference in the mitochondrial trafficking pathways 

between yeast and higher eukaryotes (44).  Mitochondrial targeting in higher eukaryotes 

(including Drosophila) requires the Hsp70 and 90 chaperone systems, while in yeast, 

only Hsp70 is required.  This hypothesis was consistent with our data in the Δydj1 strain 

in chapter II, where there we saw a defect in the FHV RNA replication on the 

mitochondria, but no defect in the ER-retargeted replication.  However, our lab later 

found that the Hsp90 dependence that we saw in Drosophila was at the step of protein A 

synthesis, and that there was no defect in targeting or stability (6).  Further, the data in 

Chapter 3 from the Δssa1/2 double mutant strain is consistent with a protein A 

accumulation defect, consistent with a problem with protein A synthesis rather than 

trafficking.  It is possible, however, that a trafficking defect may cause an decrease in the 
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stability of protein A, which we can not rule out at this time.  More experiments are 

needed to further distinguish between these two possibilities.  If there is a difference in 

the chaperone requirements for the synthesis of protein A between yeast and higher 

eukaryotes, this would be an interesting and novel finding. 

 

A targeted analysis of chaperones revealed a contrasting role for Hsp70 in FHV 

RNA replication.  In our second study, we explored a group of 31 cytosolic proteins with 

known or hypothesized chaperone activity in an attempt to get a broader view of 

chaperones and their effect on FHV RNA replication.  Individual knockouts of Hsp70 or 

Hsp90 did not have consistent effects, with the exception of the deletion of SSZ1, a 

unique and atypical Hsp70.  This is consistent with the known redundancy in the main 

chaperone systems of yeast cells (41).  One group that was very telling was the J-

domain family of Hsp40 proteins.  These proteins are believed to work as partners of the 

Hsp70 machinery, and therefore were good indicators that the Hsp70 machinery was 

involved in FHV RNA replication.  Two particular J-domain proteins that were interesting 

were YDJ1 and ZUO1.  In our first study, we found that the deletion of YDJ1 had a 

drastic negative effect on FHV RNA replication, and our results in the second study were 

consistent.  In contrast to YDJ1, the deletion of ZUO1 caused a drastic increase in FHV 

RNA replication.  This increase was due to an increase in the accumulation of both 

protein A and RNA3.   

We next explored the ability of other J-domain proteins to complement the RNA 

replication phenotypes that we saw in our targeted analysis shared the same 

complementation characteristics as those of growth and temperature sensitivity (32).  

We found that the decrease in FHV RNA replication caused by deletion of YDJ1 was 

able to be complemented by other J-domain proteins, including those that are 

structurally unrelated to Ydj1p, suggesting the defect in FHV RNA replication was due to 

139 



regulation of Hsp70 by a J-domain.  In contrast, the drastic increase in FHV RNA 

replication that we saw in the ZUO1 deletion strain was complemented by Zuo1p itself or 

by the closely related and ribosome associated J-domain protein, Jjj1p.  Both of these 

results led us to the same conclusion; the defect seen in the J-domain deletion strains 

was likely due to the deregulation of the partner Hsp70. 

The chaperone partners for Ydj1p are the SSA family of Hsp70s, though Ydj1p is 

only one of many J-domain proteins that partner with that family.  This promiscuity is 

consistent with our ability to complement deletion of YDJ1 with other J-domain proteins, 

and led us to examine FHV RNA replication in a strain with a double deletion of SSA1 

and SSA2.  This strain has been used in other (+) RNA virus studies.  Ssa1/2p were 

purified with the cucumber necrosis virus RNA replication complex, and a double 

deletion SSA1/2 strain decreased replication complex activity (34).  Like our studies with 

the YDJ1 deletion strain, FHV RNA replication in the Δssa1/2 strain was defective, 

consistent with the hypothesis that the defect in Δydj1 cells was due to a deregulation of 

Ssa1/2p. 

The chaperone partners for Zuo1p are the SSB family of Hsp70.  Zuo1p 

regulates Ssb1/2 along with its partner, Ssz1p.  Ssz1p is an atypical Hsp70, and along 

with Zuo1p, makes up the ribosome associated complex, which regulates Ssb1/2p (15).  

Together, this chaperone complex functions on the ribosome and binds nacent 

polypeptides, ensuring efficiency and fidelity of the translation machinery.  No other J-

domain proteins have been shown to bind and regulate Ssb1/2p, and so the 

complementation results of the ZUO1 deletion phenotype led us to hypothesize that this 

was due to a deregulation of Ssb1/2p (32).  This led us to examine FHV RNA replication 

in a SSB1/2 deletion strain.  The deletion of both SSB1 and SSB2 caused a more drastic 

increase in FHV RNA replication than did the deletion of either ZUO1 or SSZ1, 

consistent with our hypothesis that the J-domain protein defect was caused by a 
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deregulation of the Hsp70.  This experiment used a different parent wild type strain than 

the large scale analysis, and there was no detectable replication in that wild type strain, 

only in the SSZ1 and SSB1/2 deletion strains.  This further emphasized the drastic 

increase in replication caused by the deletion of these chaperones. 

The FHV RNA replication phenotypes of the other J-domain deletion strains were 

interesting as well, and require further study.  There was a correlation between type of J-

domain protein and impact on FHV RNA replication.  Deletion of two of three type I J-

domain proteins tested (APJ1 and YDJ1) had negative effects on FHV RNA replication, 

the only type II J-domain protein (DJP1) had no effect, and all but one of the type III J-

domain proteins tested had a positive effect when deleted.  This is an intriguing area for 

future study, and may help to determine what the cellular roles of some hypothesized J-

domain proteins are.   

For some of the strains that we tested in the targeted analysis, deletion caused 

an increase in protein A or RNA3 above wild type levels.  This is intriguing, as there 

seems to be a saturation point in wild type yeast for both protein A and RNA3 

accumulation (Weeks and Miller, unpublished observations).  In addition to our targeted 

analysis, the wild type strain used in the SSB1/2 experiments appeared to be non-

permissive for FHV RNA replication (Figure 3.4), and the deletion of SSZ1 or SSB1/2 

made the strain permissive.  The fact that the deletion of a gene causes an increase in 

that accumulation above the wild type saturation point suggests that there is a system of 

negative regulation of FHV replication in yeast.  There are viruses that specifically infect 

fungi (9, 11), and RNA silencing antiviral systems have been described in some fungi 

(26, 33), but none have been described for Saccharomyces cerevisiae.  This is a 

particularly intriguing area for a classical mutagenesis screen, as it implies that one or 

more cellular factors may be acting to restrict viral RNA replication in S. cerevisiae.  

Possibility for this effect on the accumulation of protein A, it that a defect in the SSB 
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chaperone complex is causing a problem with translational fidelity during the synthesis 

of protein A.  Control of translational fidelity is a known cellular role for the SSB 

chaperone complex, and a mis-translation of RNA1 could cause protein A to become 

more active.  We did not sequence the protein A that accumulated in either ribosome 

associated complex deletion strains or in the Δssb1/2 double deletion strains, and 

therefore we can not rule out this possibility, but this is not the most likely cause for our 

results.  A more likely cause is that the SSB chaperone complex is playing a role in 

protein turnover in cells, and that a defect in this activity is causing an increased 

accumulation of protein A in mutant cells.  This is consistent with other chaperone 

systems and their role of quality control and protein turnover (24), but this has not been 

described for the SSB chaperone complex.  Interestingly, work in a collaborator’s lab has 

suggested that other proteins may be more active in the absence of the SSB chaperone 

complex, and that the chaperone complex may be involved in the degradatory pathway 

(Sabine Rospert, personal communication with S. Weeks).  Our observations in the FHV 

system are consistent with both of these possibilities.   

In addition to the direct effects on protein A, another possibility is that a defect in 

the SSB chaperone complex activity is having an effect on other cellular factors, which 

are then having an effect on FHV RNA replication.  One possibility for this is an effect on 

the lipid synthesis pathways in the cell.  Protein A has been shown to be dependent on 

certain phospholipids in order to be active (43), and a change in the normal balance of 

phospholipids on the mitochondria could cause an increase in the activity of protein A.  

This would be similar to the effect that we see when we retarget protein A to the ER, and 

it becomes more active (25).  We can not rule out a shift in phospholipids levels in SSB 

deficient cells, nor can we rule out mistargeting of protein A in these cells, and therefore 

these are both possibilities for the phenotypes that we see in ribosome associated 

complex or SSB deletion mutant strains. 
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Building a testable model for the early events in FHV replication.  The first step 

towards a complete picture of how host factors are co-opted for (+) RNA virus replication 

is to identify those host proteins that affect viral RNA replication.  The results of our 

targeted analysis gave us an overview of the impact of chaperones on FHV protein and 

RNA levels.  Those data, combined with the known or hypothesized functions of 

chaperones from literature searches allowed us to form hypotheses about the roles of 

these proteins in FHV replication.  Therefore, we built a model based on the early events 

in FHV RNA replication, and included the chaperones that we tested at the steps that 

were consistent with cellular roles and impact on viral products (Figure 5.1).  Thus far, 

experiments in our lab have not been able to show interaction of protein A with any 

cellular factor, and so we could not distinguish between direct and indirect effects in this 

model, and so the proximity of the chaperones to protein A or replication complexes is 

speculative.   

Due to their role in ribosome formation and function, the first group of 

chaperones that we were interested in were the ribosome associated complex (Ssz1p, 

Zuo1p, and Ssb1/2p), or are known to be ribosome associated (Jjj1p).  Deletion of all of 

these genes resulted in an increase in protein A and (+) RNA3 accumulation, therefore, 

we hypothesized that they were involved in a negative regulation of protein A synthesis 

or activity (Figure 3.5, step 1) as discussed above.  Jjj2p has no known function, but had 

a similar phenotype as these chaperones, and therefore it was included at this step as 

well.  Alternatively, this group of chaperones may have played a role in the translation of 

another cellular factor (X) that negatively regulated FHV replication complex activity.   

The next group of chaperones were those that impacted the accumulation of 

protein A, but are not directly involved with the translation machinery, as they may 

represent the folding and processing of protein A.  We included Ydj1p and Ssa1p in this 

group, as well as Hsp104p, which is known to interact with the Ssa complex for 
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Figure 5.1 - Model for the role of chaperones in the formation and function of FHV 
RNA replication complexes.  The steps in FHV RNA replication:  Protein A is 
translated on the ribosome (1), protein A is folded (2), protein A is trafficked to the 
mitochondrial outer membrane (3), protein A self associates (4), spherules are formed 
(5), and RNA replication (6).  Proteins boxed in gray are hypothesized to play a negative 
role in FHV RNA replication, as their deletion resulted in an increase of protein A or (+) 
RNA 3 accumulation.  Proteins boxed in white are hypothesized to play a positive role in 
FHV RNA replication, as their deletion resulted in a decrease of protein A or (+) RNA3 
accumulation.  Proteins are placed in the protein A cycle according to their impact on the 
replicons used in this study as well as their known or hypothesized role in the cell.  

144 



specialized refolding.  Deletion of these chaperones all had a negative impact on the 

accumulation of protein A, and so we hypothesized that these facilitate the folding and 

processing of protein A (Figure 3.5, step 2).  The deletion of GIM5 caused an increase in 

the accumulation of protein A.  Because Gim5p is involved in early protein folding (39), 

we also include it at this step, though it has also been implicated in microtubule 

biogenesis (16).  It is difficult to examine proper folding in vivo, but this may be able to 

be tested using an in vitro method such as circular dichroism in the presence or absence 

of certain cellular chaperones. 

Deletion of the small heat shock proteins HSP26 and HSP42 had negative 

effects on the accumulation of (+) RNA3, but not on protein A.  These chaperones are 

known to refold denatured proteins in stressed cells (17, 31), suggesting that there may 

be a refolding event that is necessary when protein A is expressed at high levels, and so 

we included them between the steps of folding and trafficking.  We also included Cpr6p 

and Cpr7p, two immunophilins that caused a decrease in the accumulation of protein A, 

or an increase in RNA replication, respectively.  We included the immunophilins at the 

step of protein A trafficking (Figure 3.5, step 3) because of their cellular role (12, 13, 23, 

28), but it remains to be seen whether they play a role in folding or trafficking events.  An 

analysis of the membrane association of protein A in these mutants will aid in 

determining this. 

 Once protein A is on the mitochondrial outer membrane, several things have to 

happen; protein A must associate with itself and possibly other proteins, form 

invaginations of the membrane called spherules, and begin to replicate the genomic 

RNA.  Therefore, chaperones that impact (+) RNA3 accumulation were included in these 

steps.  Deletion of YDJ1 likely had more than one effect, because the protein A that did 

accumulate in trans was not active, and so we included Ydj1p in steps on the 

mitochondria as well as in the cytosol (Figure 3.5, step 4).  Through work that we did not 
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show, protein A that accumulated in yeast cells was more sensitive to proteases than 

that from wt cells, indicating that protein A may have been unfolded, not interacting with 

itself and other proteins, or not forming spherules that would protect the replication 

complex from proteases or nucleases.  Therefore, we included Ydj1p at the step of 

protein A self-association.  Gim4p is a chaperonin loading protein in cells, and has also 

been shown to effect microtubule biogenesis (16, 39).  Because protein A accumulates 

on the mitochondrial outer membrane and the mitochondria are in association with the 

microtubules in yeast (36), we included Gim4p at the level of mitochondrial biogenesis.  

Deletion of SWA2 caused an increase in the accumulation of protein A and (+) RNA3, 

and so due to its role in membrane trafficking and vesicle formation (14), it was included 

at the step of spherule formation (Figure 3.5, step 5).  The deletion of CPR1 caused an 

increase in (+) RNA3 accumulation, but not in protein A accumulation, and so it was 

included between membrane association and RNA replication.  Finally, Apj1p has been 

shown to be both cytosolic, and mitochondrial associated (30), and the deletion of APJ1 

caused a decrease in (+) RNA3 accumulation levels in replication targeted to the 

mitochondria and to the ER, but had no effect on protein A levels.  Therefore, we 

included Apj1 as a potential cofactor in the RNA replication complex, though more 

experiments need to be done to confirm this. 

 Because these studies have not examined physical interactions between protein 

A and host factors, there are two possibilities to explain our results.  The first is a direct 

interaction between protein A and cellular chaperones.  This is an attractive possibility, 

because of the known action of chaperones functioning through a transient interaction 

with client proteins.  There is another possibility that these chaperones are involved in 

the stability, maturation, or trafficking of other cellular factors that affect protein A 

accumulation or RNA replication complex activity.  We have attempted to test the 

physical interactions of protein A with cellular factors, both in the cytosolic and 
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membrane-associated forms, but this data was negative (S. Weeks, K. Stapleford, and 

D. Miller, unpublished data).  Without knowing what factors protein A interacts with, it is 

difficult to distinguish between the two possibilities.  These are not mutually exclusive 

hypotheses however, and there is likely an overlap between the two, with some 

chaperones interacting with protein A, and others interacting with cofactors of protein A.  

Therefore, additional studies are necessary in order to determine whether the 

phenotypes that we saw in our studies are due to a direct or indirect effect on protein A.   

One possibility for an indirect effect is a cellular pathway that is dependent on 

chaperones, which then impacts protein A accumulation or function.  Based on other 

studies in our lab, we hypothesized that lipid synthesis pathways play a significant role in 

FHV RNA replication.  Enzymes for membrane biosynthesis have been found to be 

associated with the mitochondria (1, 19, 40, 45), and so this pathway is a good 

candidate for future study in relation to the chaperone phenotypes that we saw for FHV 

RNA replication.  This model is a starting point for the study of chaperones in FHV RNA 

replication.  We have identified several chaperones that have roles, but not what those 

roles were.  Much work remains to be done to test this model and likely the study of 

membrane association and cellular localization will be beneficial to narrowing down 

specific roles for these chaperones.   

 

High-throughput screening based on protein A levels is a viable strategy to 

identify those genes or chemical compounds that impact (+) RNA virus 

polymerase synthesis and stability.  A useful compliment to our targeted studies 

would be a high-throughput screen for effects on FHV RNA replication in yeast.  This 

has been done with other (+) RNA virus models (21, 27) using reporter replicons.  To 

accomplish this, we have begun to develop a method to screen at the whole genome or 

chemical library level.  The goal of this screen would be to identify those host proteins or 
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chemical compounds that impact the synthesis and stability of protein A in yeast cells.  

The benefits of this type of analysis on our current studies are two fold.  First, a high 

throughput screen would allow us to examine whole libraries in an unbiased approach 

rather than studying individual genes or compounds.  Second, this would allow us to 

form a more powerful model of FHV RNA replication, based on the large amount of 

information that is available about the interconnectedness of pathways in the cell, and 

their cross talk. 

 Our first approach to develop a high throughput screening method was to 

generate a construct that could give a readout based on viability.  Viability-based 

screens have the benefit of requiring less hands-on processing time due to a biological 

elimination of negatives, leaving a high yield of positive hits.  Also, due to the molecular 

barcode design used in the construction of the many yeast genetic libraries, it is possible 

to screen pools of strains rather than individual strains separately.  The method that we 

decided to use was to tag protein A with the Ura3 enzyme.  The Ura3 tag can be 

selected for or against based on media supplements (3, 4), allowing us to enrich for 

those strains that contain an altered level of protein A.  This tag was functional on 

protein A and on the mitochondria, but ultimately was not useful in its current form.  The 

high activity and low titratability of the protein A-Ura3 construct made it impossible to 

distinguish between protein levels by viability, as low or high levels of expression both 

caused an equal growth defect.  Therefore, in order to make this construct more useful, 

we would need to make the Ura3 tag less active, and therefore be able to more precisely 

control the viability of cells by titration of the selection agent.  Ultimately, we would need 

to be able to adjust the activity of the construct so that intermediate expression levels 

would have detectable growth differences, but in the current state the construct is too 

active.  The best approach to decrease the activity of the enzyme would be to use 

random mutagenesis looking for less active clones. 
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 Our second approach for a high throughput assay design was a more traditional 

method.  We used a firefly luciferase tagged protein A construct in yeast to allow us to 

use light production as a surrogate for protein A levels.  The protein A-fLUC construct 

was functional, and was able to be read simply and quickly with a luminescence-based 

plate reader.  Further, when this method was compared to data from our targeted 

analysis, the luciferase based assay was able to reproducibly identify increases and 

decreases in protein A levels by light production.  The dynamic range of luciferase 

assays is also wider than that of immunoblot quantification, and so allows us to detect 

smaller changes in protein A levels by statistical means. 

  

Future Directions.  The future of this project could go in many directions.  The first is 

the further characterization of the chaperone deletion strains from the targeted analysis.  

These strains had FHV RNA replication phenotypes, based on the accumulation of viral 

products after a 24 hour induction, but beyond that we do not know what caused the 

phenotypes.  The cause for these phenotypes could be two fold.  Either the effect was 

on protein A, or the effect was on replication complex activity.  To address the protein A 

effect, we need to examine the membrane association and cellular localization of protein 

A in each of these strains.  To address the question of an effect on replication complex 

activity, we can use an in vitro RdRp activity assay.  Determining if protein A is 

membrane and mitochondria associated, and also if there is an in vitro defect in FHV 

RNA replication complexes are two very powerful pieces of data.  These data would 

allow us to strengthen our model by assigning more solid functions to those chaperones 

that have FHV RNA replication phenotypes.   

 The future directions for the high-throughput design would include a random 

mutagenesis of the URA3 gene and a more detailed comparison of luciferase activity 

compared to immunoblot data.  To make a more useful URA3 tag, we would need to 
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make the gene less active, and in so doing make it more titratable.  The main problem 

currently is that the Ura3p is so active any amount of expression is enough to cause a 

growth phenotype.  A less active form would allow for a range of phenotypes based on 

different levels of expression.  A low fidelity PCR amplification followed by screening for 

less functional forms of the URA3 gene would be a relatively quick step towards 

generating a more useful construct.  The luciferase-based approach is functional in its 

current state, but requires more testing in order to better predict the variability of light 

values, and also to assign a wild type range to use as a cutoff during the screen.  This is 

relatively simple to achieve, and would involve repeating the preliminary experiments 

done in these studies. 

There are other possibilities for high throughput screening that we have not 

tested.  One promising method would be to utilize a fluorescently tagged protein A (10).  

This construct could be integrated into the genome of wild type yeast, and then used as 

a starting point for a classical mutagenesis.  Groups of mutants could be separated by 

fluorescence-activated cell sorting, isolating those that had higher or lower fluorescent 

signals than the parent strain and plating them for future study.  This method would have 

the benefit of the pooled screening approach and isolation of live strains on plates, but 

would require the identification of individual mutations by genetic methods.  Reading 

fluorescence in live yeast is complicated by the relatively high auto fluorescence 

associated with the cell wall and other cellular components (2).  This method would 

require some optimization to improve the signal to noise ratio, but due to the potential for 

high yield would be worth the effort to optimize. 

The possibility of a negative regulator of viral replication in yeast is very exciting.  

There are fungal and yeast viruses (9, 11, 33, 35) and it seems unlikely that there would 

be no host defense against them.  Therefore, to explore this, there are some preliminary 

results that need to be done to determine if a selectable replicon and mutagenesis 
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screen would work in yeast.  First, the careful choice of the replicon and its selectable 

marker is essential.  A selectable replicon has been used for FHV studies before (29), 

and it was based on a URA3 gene inserted into a replication template for FHV RNA2.  

When the RNA is replicated, the URA3 gene is expressed, and the cells are then able to 

grow on uracil dropout media.  We must choose markers that are stable and responsive 

in the strain background that we choose, as well as not conflict with any selectable 

markers that we would use in the rest of the screen.  Second, the non-permissive wild 

type strain must restrict the replication of the construct to the point that there is 

essentially no background expression of the selectable marker.  Third, the replicon 

needs to be expressed in the wild type strain that is non-permissive as well as the Δssz1 

and Δssb1/2 deletion strains that we know are permissive for FHV replication.  These 

would be the experimental controls for no replication, low replication, and high 

replication, respectively, and so would need to perform differently in order for the screen 

to be useful.   

The final design of the experiment may vary, but I believe that an integrated 

cassette containing a promoter-driven selectable replicon would be the best option, as it 

would ensure consistency in the library construction, and a synchronized ‘launch’ of the 

replicon in all cells.  As for the mutation of the genome, a transposon based yeast 

genome library has successfully been generated using bacteria as a carrier (20), and so 

this is a viable option.  Other alternatives include chemical or UV mutagenesis, though 

these are more difficult to identify candidate genes post screening.  Transposon 

mutagenesis has the benefit of incorporating sequencing primers in the transposon for 

easy identification of insertion site.  Other alternative approaches for identification of 

potential negative regulators or restriction factors in yeast would include a subtractive 

hybridization based approach, or potentially a cross mating to a permissive strain to test 

for dominance.  These are not as versatile as a mutagenesis screen, but would be useful 
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as backup approaches should the primary assay design fail, or as preliminary 

experiments to confirm that there are restriction factors in yeast.  

An interesting model host to consider for the FHV RNA replication experiments is 

fission yeast, such as Schizosaccharomyces pombe.  These yeast are similar to the 

budding yeast used in these studies, yet have some differences that may enrich our 

studies as well.  Fission yeast divide more similarly to higher eukaryotic cells, and may 

allow some studies into the vertical transmission of FHV infection in culture, as well as 

the division of mitochondria from mother to daughter cells.  Also, fission yeast have been 

shown to possess an RNA-interference system similar to that of invertebrates, with 

orthologs to Argonaut and Dicer proteins (42).  This could be an interesting model to 

dissect the role of RNA-interference in yeast and the role of protein B2 as an inhibitor of 

this pathway.  Differences in the chaperone systems between budding and fission yeast 

have not been well described, but this may provide an additional level of study of this 

critical host system for FHV RNA replication. 

 

Closing statement.  These studies have identified cellular chaperones as being 

important for the assembly and function of (+) RNA virus replication complexes.  We 

have used a model pathogen and host to take advantage of established cellular studies 

and well understood genetically tractable systems.  These studies represented the first 

steps towards a more complete understanding of cellular factors that viruses use in their 

hosts, and will hopefully lead to the development of novel molecular tools or antiviral 

treatments for laboratory and clinical use.  There remains much to be done in these 

systems, but these early results have suggested that this is a fruitful area of study that 

will lead to important discoveries using a relatively simple system.  Beyond the specific 

work done in this thesis, these studies have helped to verify that yeast is a useful and 

potentially high yield model system to study the replication of (+) RNA animal viruses.
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