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Summary 

Members of the (+)RNA viruses group were shown to interact with the host 
decay machinery in order to express their genomes and regulate their life 
cycles. Previous works using the BMV/yeast system demonstrated that the 
proteins LSm1-7, Dhh1 and Pat1 - activators of mRNA decapping in the 5’-
3’-deadenylation-dependent mRNA decay pathway - are essential cellular 
factors required for both translation and exit from translation to replication 
of the BMV genome. Here, we show that the corresponding human 
homologues of these proteins, LSm1-7, Rck/p54 and PatL1, are required for 
HCV RNA translation and replication. Furthermore, we also show that 
reconstituted LSm1-7 complexes specifically recognize important signals, 
either in BMV and HCV genomes, that regulate their translation and/or 
replication. These observations constitute the first evidence that the LSm1-7 
complex is able to directly interact with viral genomes representing also 
novel LSm1-7 interaction sites. Given the common replication strategies of 
(+) RNA viruses and the conserved cellular functions of LSm1-7, Pat1 and 
Dhh1 from yeast to humans, our findings pinpoint a weak spot that may be 
exploited to generate broad-spectrum antiviral drugs. 
 

Resumen 

Se ha demostrado que los miembros del grupo de virus ARN de polaridad 
positiva interaccionan con mecanismos de degradación de ARNm de la 
célula hospedadora con el fin de expresar sus genomas y regular sus ciclos de 
vida. Trabajos anteriores utilizando el sistema BMV/levadura han 
demostrado que las proteínas LSm1-7, Dhh1 y Pat1 – activadores de 
decapping del ARNm en la vía de degradación de los ARNm celulares 
dependiente de la deadenilación - son requeridas tanto para la traducción 
como para la salida de la traducción a la replicación del genoma de BMV. 
Aquí, hemos demostrado que los correspondientes homólogos humanos de 
estas proteínas, LSm1-7, Rck/p54 y PatL1, son necesarios para la traducción 
y replicación del ARN del virus de la Hepatitis C. Por otra parte, anillos 
reconstituídos de LSm1-7 reconocen específicamente señales importantes, 
tanto en los genomas de BMV como del virus de la Hepatitis C que regulan 
su traducción y/o replicación. Estas observaciones constituyen la primera 
evidencia de que el complejo LSm1-7 es capaz de interactuar directamente 
con genomas virales y representan también novedosos patrones de 
interacción de este complejo con ARN. Teniendo en cuenta las estrategias de 
replicación en común de los virus de ARN de cadena positiva y las funciones 
celulares conservadas de LSm1-7,  Pat1  Dhh1 de levadura a humanos, 
nuestros resultados señalan la posibilidad de explotar estas proteínas para la 
generación de medicamentos antivirales de amplio espectro.  
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Preface 

 
 
The family of positive-strand RNA ((+)RNA) viruses constitutes an extensive 

genetic group of plant, animal, and human viruses that encompass over one third of 

all virus genera. Among them are important human pathogens such as Hepatitis C 

Virus, Poliovirus and SARS which are associated with syndromes such as colds, 

febrile illness, meningitis, paralysis, hepatitis and hemorrhagic fevers. The different 

families of (+)RNA viruses have evolved various genome organizations, virion 

morphologies and life cycles that exploit the biology and biochemistry of their hosts 

in diverse ways. Albeit these differences all (+)RNA viruses share fundamental 

similarities concerning their RNA replication.  A deep understanding of the common 

replication strategies, namely the common cellular factors involved, is essential not 

only to increase our fundamental knowledge in cell and virus biology but also for the 

develpoment of broad-sprectrum antiviral strategies.   

 

Taking advantage  of three complementary experimental systems - the replication of 

the brome mosaic virus in yeast, the replication of HCV in human cells and the use 

of purified reconstituted protein complexes to address their interaction with viral 

RNAs - this thesis has been focused in the identification and characterization of a 

group of cellular factors that we demonstrate to have a very important role in the life 

cycle of (+)RNA viruses. The main results generated during this work have been 

included in three publications in peer-reviewed journals, which are presented in the 

“Results” section of this thesis. Complementary data is introduced in the form of 

appendices within the same section. Additionally, other review articles published 

during the thesis are included in a separated chapter. 
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1. Introduction 

 
 
1.1 Sm and Sm-l ike (LSm) P rote in Family  

The Sm and Sm-like (LSm) proteins constitute a conserved family whose members 

have been identified in all kingdoms of life and are known to be involved in RNA 

metabolism1-3. They are characterized by the presence of a Sm fold that includes two 

conserved domains, referred as Sm motifs 1 and 2, that are separated by a variable 

region4. The Sm fold itself consists of a closed barrel comprising five anti-parallel ß-

strands and a N-terminal α-helix stacked on the top, enabling the association of 

these proteins into ring-shaped complexes. The canonical Sm proteins, named B/B’, 

D1, D2, D3, E, F and G, form a heteroheptameric ring structure when binding to 

conserved single-stranded regions of U1, U2, U4 and U5 small nuclear RNAs (U-

snRNAs), to which remains permanently associated following assembly2. In addition, 

two other heteroheptameric rings have been identified in eukaryotes: the LSm2-8 

complex, composed of seven protein subunits named LSm2 to LSm8, and  the 

LSm1-7 complex, in which the subunit LSm8 is exchanged by LSm1 (reviewed in1-3). 

Furthermore, the homolog of Sm and LSm proteins in prokaryotes, Hfq, shows a 

remarkably similarity to its eukaryotic counterparts as it forms a doughnut-shape 

complex, presenting however a homohexameric structure rather than a 

heteroheptameric one3. In contrast to the Sm complex, both LSm proteins and Hfq 

bind transiently to RNAs and are able to form ring-shaped complexes even in the 

absence of RNA. 

 

These complexes are important players in multiple aspects of RNA metabolism. Sm 

proteins play a key role in the maturation of their target U-snRNAs, which are 

essential for nuclear pre-mRNA splicing5. The LSm2-8 complex is localized to the 

nucleus where is known to associate with U6 snRNAs and to be involved in 

processing and decay of various nuclear RNAs, as well as in pre-mRNA splicing. 

Conversely, the LSm1-7 complex localizes to the cytoplasm and functions as 

activator of decapping in the 5’-3’ deadenylation-dependent mRNA decay pathway6. 

In mammalians, LSm1-7 complexes were shown to participate particularly in the 

decay of mRNAs containing AU-rich elements (ARE) and histone mRNAs7-9. 
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Intriguingly, it was observed that the LSm1-7 complexes also serve to protect 3’-

ends of mRNAs from trimming in vivo, as shown by the accumulation of 3’-end 

“trimmed” forms of several mRNAs in ∆lsm1-∆lsm7 loss of function yeast 

mutants10,11.  The relationship between the functions of LSm1-7 complex in mRNA 

decay and 3’-end protection remains elusive. Finally, Hfq has been implicated in 

diverse cellular functions, like acting as translation regulator by interfering with 

ribosome binding, and as modulator of the activity from key bacterial mRNA decay 

enzymes12-16. 

 

Some complexes from the Sm family of proteins have been suggested to present 

RNA chaperone-like activities in connection to their cellular functions2,3. RNA 

chaperones are, by definition, non-specific RNA binding proteins that help RNA 

folding by facilitating RNA-RNA interactions, resolving misfolded structures or 

preventing their formation. Their function is of capital importance because some 

RNA molecules become easily trapped in inactive conformations given their 

structural and functional flexibility (reviewed in17). A hallmark of the interactions 

between chaperones and their target RNAs seems to be their transient nature: once 

the RNA has been folded, proteins can be removed without alteration of the RNA 

conformation17,18. The canonical Sm-complex was shown to present a chaperone-

like function when associated to the U1 snRNA as it stabilizes the interaction 

between this snRNA and the 5’ splice site19. Similarly, during pre-mRNA splicing, 

LSm2-8 facilitates multiple rearrangements of splicing complexes what was 

suggested to be a chaperone-type activity20,21. However, within the complexes from 

the Sm family, Hfq is the only one which chaperone activities has been proved.  Hfq 

has the ability to resolve misfolded RNA structures12, and enables translational 

control and mRNA stability by facilitating the interaction of small noncoding 

regulatory RNAs (ncRNAs) with their mRNA targets22. Furthermore, Hfq 

chaperone activities have been associated with other cellular functions such as stress 

responses and nitrogen fixation23-25. 

 

Interestingly, it has also been shown that LSm1-7 and Hfq complexes are involved 

in the replication of positive-strand RNA viruses. The LSm1-7 complex was shown 

to be required in different steps of Brome mosaic virus life cycle. However, the 
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molecular mechanisms underlying its functions are not well characterized. By its 

turn, the Hfq complex was first identified as a factor required for the replication of 

the bacteriophage Qß26, which role was later associated with its RNA chaperone 

activity27. Similarly to the cellular RNAs, regions from viral RNA genomes can also 

adopt different structural conformations, some of them acting as misfolded 

intermediates lacking functional relevance. Thus, proteins with chaperone-like 

activities are likewise essential in the context of viral RNAs, where they are often 

required for an efficient replication. Accordingly, Hfq is capable of remodeling the 

structure of the Qß viral RNA in order to allow the access of the viral replicase to 

the 3’end. The growing list of cellular or viral encoded RNA chaperones involved in 

different steps of viral cycles is representative of their importance18.  

 

Complexes from the Sm family show a preferential binding to single-stranded RNA 

regions containing AU-rich sequences. In the case of the canonical Sm complex, its 

respective subunits present in the lumen of the ring exactly the same spacing as the 

nucleotides in a RNA molecule, what makes possible their binding to single-stranded 

RNA regions via a repeating motif5. This conserved motif is present in single-

stranded regions of particular U-snRNAs and is denominated U-rich Sm-site (AU(4-

6)G), to which the Sm complexes are known to assemble around2.  

 

Knowledge of the binding specificities from LSm complexes is currently limited. 

Assuming the same rearrangement as in the Sm complex, a model was proposed to 

localize the respective LSm paralogs within the heptameric ring complexes. Further 

studies based in this model suggested that LSm rings have a more general RNA 

binding motif than the Sm complex2,28,29. Indeed, the nuclear LSm2-8 complex was 

shown to recognize both an internal and a 3’-terminal uridine-rich sequences in U6 

snRNA20,30, and to bind fully adenylated mRNAs, suggesting that this complex may 

interact with longer poly(A) tracts31. Additionally, studies with recombinant human 

LSm1-7 rings showed their direct interaction and subsequent stabilization of 

reporter RNAs containing 5’poly(A) tracts32. Further insights into the RNA-binding 

activity of the LSm1-7 complex come from the studies addressing its function as 

decapping activator in the 5’-3’ mRNA decay pathway in yeast6,33. Binding assays 

with a purified yeast complex composed of LSm1-7 and other activator of decapping 
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named Pat1, showed a preferential binding of this complex to oligoadenylated versus 

polyadenylated RNAs and a direct interaction near or at 3´ends that contain oligo(U) 

stretches34. However, since the protein Pat1 was present in the complex, its 

contribution to the identified RNA binding properties remains unclear. 

 

Finally, Hfq has been very well characterized and shown to bind both internal 

sequences and 3’terminal regions (reviewed in2,3). The distal face of the Hfq ring 

interacts with poly (A) sequences, while the proximal face is known to interact with 

internal AU-rich single-stranded regions situated near stem loops in ncRNAs 

targets36,35, as well as to a large range of tRNAs either in their D- or T-sites37. The 

capacity of both faces of the ring to bind RNA implies that Hfq can potentially bind 

two RNA substrates simultaneously, or a single one at two sites, what is suitable to 

its role as an RNA chaperone that can facilitate RNA-RNA interactions3,36. The 

mechanism of binding to ncRNAs was proposed to involve the winding of AU-rich 

oligonucleotides around the central hole in the proximal face of the Hfq ring27. 

However, a structural effect rather than a sequence specificity should rule the 

binding of this complex to tRNAs given their lack of AU-rich and single-stranded 

RNA regions in their D- or T-sites37. 

 

 

1.2 Pa thways  o f  mRNA de gradat io n in Eukaryotes  

Eukaryotic mRNAs integrate two stability determinants that are incorporated co-

transcriptionally — the 5′-7-methyl-guanosine cap (m7G) and the 3′-poly(A) tail. 

These two structures interact, respectively, with the initiation factor eIF4E and the 

poly(A)-binding protein (PABP) in order to enhance translation initiation and 

protect the transcripts from exonucleases. mRNA decay initiation occurs when 

either one of these two structures is compromised or the transcript is internally 

cleaved by endonucleases (reviewed in38). 

 

The process of mRNA degradation is of capital importance for the physiology of 

eukaryotic mRNAs. First, mRNA turnover is essential for the control of gene 

expression both by setting steady-state levels of gene expression, and by acting as a 

site of regulatory responses39. Second, mRNA decay pathways are also involved in 
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host responses to viral infections. This antiviral role includes not only the basal 

functions of the mRNA decay machinery, but also specialized systems such as the 

responses to dsRNA and the RNA interference, in which short interfering RNAs 

(siRNAs) initiate decay by endonucleolytic cleavage mediated by Argonaute protein-

2 (AGO2)40,41. Finally, specialized surveillance machineries exist that identify and 

degrade aberrant mRNA molecules, thereby increasing the quality control of mRNA 

biogenesis and protecting the cell from potentially toxic protein production42. 

Among them there are the nonsense-mediated decay (NMD), that detects and 

degrades transcripts containing premature termination codons43, the non-stop decay 

(NSD), that targets mRNAs lacking a stop codon44 and, finally, the no-go decay 

(NGD) that detects and cleaves mRNAs with stalled ribosomes45-47. 

 

The majority of the cellular mRNAs are degraded by two general pathways of 

mRNA decay in eukaryotic cells – the 3’-5’ and the 5’-3’ deadenylation dependent 

mRNA decay (Figure 1). In both cases, the degradation of the transcript begins with 

the shortening of the poly(A) tail at the 3’end of the mRNA, in a process 

denominated deadenylation.  Although there are some characterized eukaryotic 

deadenylases, such as PAN2-PAN3, CCR4-NOT and PARN (poly(A)-specific 

ribonuclease), it is still unknown exactly when and by which mechanism  

deadenylation is triggered. This is the only step in the mRNA degradation pathway 

that is potentially reversible as transcripts possessing the correct signals can be 

readenylated and return to polysomes.  However, once the cell targets a mRNA for 

turnover, the deadenylated mRNAs can be degraded either by the 3’-5’ or 5’-3’ 

mRNA decay pathways48,49.  

 

The 3’-5’ mRNA decay is carried out by the exosome, a 10-12 subunit complex that 

includes proteins with significant homology to 3’-5’ phosphorolytic exo-

ribonucleases, to hydrolytic 3’-5′ exonucleases or to RNA helicases38,39. 

Furthermore, each of the core exosome subunits has an RNase PH domain, which 

might contribute to the catalytic activity. Following the 3’-5’ decay, the remaining 

5’cap structure is metabolized by the scavanger-decapping enzyme DcpS50.  
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Figure 1. In eukaryotes, the bulk of mRNAs undergo decay by deadenylation-
dependent pathways. The 3’-poly(A) tail is removed by deadenylases, such as the 
represented CCR4–NOT or PARN. After deadenylation, mRNAs can be degraded by two 
mechanisms, either the decapping-dependent 5’-3’ decay pathway or the 3’-5’ decay. In the 
decapping pathway, the LSm1–7 complex interacts with the 3′ end of the mRNA transcripts 
and activates decapping by the DCP1–DCP2 complex. The 5’end of the mRNA is then 
exposed to be degraded by the 5′-3′ exoribonuclease XRN1. Alternatively, the deadenylated 
mRNA can be degraded in the 3′-5′ direction by the exosome, with the remaining cap 
structure being hydrolysed by the scavenger-decapping enzyme DcpS. (extracted from51). 
 

The 5'-3′ mRNA-decay pathway initiates with the removal of the m7G cap, in a 

process denominated decapping. In S.cerevisiae, Dcp1 and Dcp2 proteins form a 

dimmer that acts as a decapping enzyme. Dcp2 supplies the catalytic activity through 

its MuT domain39. In higher eukaryotes there is a third protein, known as Hdles or 

Ge-1, which enhances decapping activity of the catalytic Dcp2 and promotes the 

formation of a complex between Dcp2 and Dcp152. Following the decapping step, 

RNA is degraded by the 5’-3′ exoribonuclease Xrn1. LSm1-7 complex plus two 

other proteins, Dhh1 and Pat1, serve as accessory factors in this pathway by 

facilitating the transfer of the cellular mRNAs from a translating to non-translating 

state and acting as activators of decapping (reviewed in53,54). 
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1.3 The  con tro l  o f  mRNA decapp in g 

The regulation of eukaryotic gene expression occurs mainly through the control of 

mRNA translation and degradation in the cytoplasm. The presence of a m7G cap in 

mRNAs is essential for initiation of translation and also for protecting them from 

the 5’-3’ exonucleolytic decay55-57. Thus, the removal of the cap is a key step in the 

regulation of gene expression since leads to mRNA translation repression and 

mRNA turnover58. In this manner, mRNA decapping and mRNA translation are 

considered to be competing pathways (Figure 2). 

 

Several proteins are known to function in the stimulation or inhibition of the 

decapping process. The eukaryotic initiation factor 4E (eIF4E), component of the 

eIF4F complex, associates with the m7G cap and by that means protects it from 

decapping and activates translation initiation59,60. eIF4F forms a compact complex 

with the mRNA cap, which is further stabilized by an interaction between the eIF4G 

subunit of eIF4F complex and the cytoplasmic poly(A)- binding protein (Pab1p) at 

the mRNA poly(A) tail61. Thus, in order to the decapping process to occur it is 

required that, in a first step, the cap-binding translation factors are removed and 

that, in a second step, Dcp2 binds to the cap structure to catalyze decapping61,62.  

 

Proteins that promote this decapping process are know to act in either steps. 

Interestingly, LSm1-7 complex, plus Dhh1 and Pat1, are believed to activate 

decapping by stimulating the removal of the eIF4F complex what results in the 

repression of cellular mRNAs translation. This will lead to the second step in which 

the core decapping complex can access and remove the cap from the mRNA. This 

second step is known to be promoted by the enhancers of decapping Edc1 and 

Edc2, specific to yeast, that stimulate the Dcp2 cap-binding/catalysis step. 

Furthermore, the eukaryotic conserved Edc3 interacts directly with the decapping 

factors Dcp2 and Dcp159,60,62, what suggests that Edc3 can either recruit or activate 

the decapping complex on target mRNAs63,64. However, there are cases in which 

mRNAs are kept in a translational inactive state, meaning that not all translational 

repressed mRNAs are immediately targeted for decapping56.  
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Figure 2. Multiple factors promote mRNA decapping. mRNA decapping activation is 
thought to occur in two distinct steps. First, the cap-binding complex (eIF4F) must be 
removed from the mRNA, a process that results in a mRNA translationally inactive. This 
process is stimulated, at least in yeast, by LSm1-7, Dhh1 and Pat1. The core decapping 
complex, including Dcp2, Dcp1, and possibly in metazoans Hedls, can then access and 
remove the mRNA m7G cap through a process than can be stimulated by Edc1-3. The 
decapped mRNA is then degraded by Xrn1. (Adapted from61,65) 
 

 

Given that the proteins Dhh1 and Pat1, together with the already mentioned LSm1-

7 complex, are in the core of this thesis, I will describe them in more detail. The 

Saccharomyces cerevisiae DEAD-box Dhh1 RNA helicase is a member of the helicase 

SF2/DDX6 subfamily, highly conserved across a wide range of organisms, with 

homologues in mammals (Rck/p54), in Xenopus (Xp54), Drosophila (Me31B), and 

Caenorhabditis elegans (CGH-1) (reviewed in66). DEAD-box helicases are involved in 

splicing, ribosome biogenesis, RNA transport, degradation, and translation 

repression, although their precise contribution to most of these processes is mainly 

unknown. Their catalytic core is composed of two RecA-like domains with nine 

conserved motifs, including the eponymous DEAD motif and the more recently 

identified Q motif, with roles in catalysis and substrate binding. Helicases are 

understood to use NTP (usually ATP) binding and hydrolysis to remodel RNA or 

RNA-protein complexes, resulting in double-strand RNA unwinding and/or in 

displacement of proteins from RNA (reviewed in66-68).  Accordingly, the role of 

Dhh1 as translation repressor was suggested to be due to its ATPase activity, as it 

can release the eIF4E complex from the mRNP which simultaneously repress 

translation and stimulate decapping69,70. However, Dhh1 also represses translation of 

reporter mRNAs that do not depend of eIF4F for translation. Thus, Dhh1 could 

alternatively promote translational repression by a general destabilization of the 

eIF4F-mRNA cap complex in a more indirect manner, thus moving the equilibrium 
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toward decapping. Regarding the mammalian counterpart Rck/p54, it was shown to 

play a similar role as activator of decapping and repressor of translation, although 

this last mediated by microRNAs71. 

 

Pat1 was the only yeast protein involved in the conserved decapping-dependent 5’-3’ 

mRNA degradation pathway, that did not have identified the corresponding human 

homologue. This question was addressed during the work here presented, where the 

protein PatL1 was identified as the human counterpart. The biochemical features of 

Pat1 protein are mostly unknown. However, recent studies described the existence 

of two  primary functional domains: one promoting translation repression, assembly 

of processing bodies (discussed bellow) and mediating interactions with the mRNA 

decapping factors LSm1-7, Dcp1 and Edc3, while the second domain promotes 

mRNA decapping. In addition, there are evidences that Pat1 protein directly binds 

to RNA through two independent binding sites localized in both domains, showing 

a preference to poly(U) substrates72. 

 

Purification assays showed that in yeast, Pat1 and the LSm1-7 ring form a complex 

even in the absence of RNA. This complex promotes decapping of deadenylated 

yeast mRNAs to which, consistently, shows an inherent affinity for oligoadenylated 

mRNAs73. In addition to its role as translation repressor and activator of decapping, 

Pat1 is also required for translation initiation10,34,74. In fact, Pat1 is the only 

decapping activator protein that, besides interacting with deadenylated mRNAs, also 

binds to eIF4G-, eIF4E- and Pab1p-associated polyadenylated mRNAs and locates 

to polysomes75. The function of Pat1 in the antagonistic processes of translation 

initiation and translation repression/mRNA degradation suggest a key regulatory 

role for this protein.  
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1.4 P rocess in g bodi es  (P -bodi es )  

P-bodies are highly dynamic cytoplasmic structures formed by the self-assembly and 

disassembly of translationally repressed mRNPs. In these bodies it is possible to find 

components of the 5’-3’ mRNA decay machinery, such as LSm1-7, Dhh1 and Pat1, 

as well as protein components of the ARE-mRNA decay, miRNA and NMD 

pathways. In opposition, translation initiation factors and ribosomes are generally 

missing in such foci what suits the observation that a mRNA must be translationally 

repressed before it can be assembled into P-bodies34,76. 

 

P-bodies are proposed to be required for the regulation of the interplay between 

translation repression and mRNA decay56. In a generally accepted model for P-body 

assembly, translational repressing factors promote the formation of a P-body 

“monomer” by recruiting decapping factors and/or other P-bodies assembly 

components to the translationally repressed mRNA. Since Dhh1 and Pat1 act both 

as translational repressors and decapping activators - thus playing a key role in the 

transition between translation repression and mRNA turnover39 - they are likely 

among the first P-body factors recruited to a mRNA and, consequently, playing an 

important function in promoting the formation of a repressed mRNP that is 

competent to assemble into a P-body65. 

 

In the cases in which mRNA decay enzymes are not a limiting factor, mRNAs may 

be degraded rapidly, prior to P-body assembly. However, if decay enzymes are 

limiting, the repressed mRNAs assemble into P-bodies where they can undergo 

mRNA decay or released back into the translational pool56,55,57. Accordingly, P-

bodies substantially decrease in size and number when the amount of mRNA to be 

decayed is reduced by, e.g., blocking transcription or translation elongation, or when 

Dhh1 or Pat1 proteins are mutated or depleted. In the other hand, P-bodies increase 

in size and number when the 5’-3’ decay pathway is overloaded with RNA substrates 

or when mRNA decay is impaired, for example, by mutation of decapping factors or 

the Xrn1 exonuclease. 

 

 Although the observations that many mRNA decay enzymes concentrate in P-

bodies and that the depletion of mRNA decay enzymes leads to accumulation of 
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mRNAs in these foci, there is still no clear evidence that mRNAs are degraded while 

assembled in P-bodies. Furthermore, recent studies failed to link the loss of visible 

P-bodies with defects in the mRNA decay and translational repression 

pathways56,55,57. However, it was suggested that P-bodies might avoid indiscriminate 

mRNA decapping and decay in the cytoplasm by maintaining mRNA decay enzymes 

away from translating mRNAs. Moreover, it was also proposed the possibility that 

P-bodies, by concentrating mRNA decay enzymes, enhance only mRNA decay 

pathways for which mRNA decay enzymes are limiting7,76. In any case, it is in this 

moment unclear what role, if any, does the assembly of translationally repressed 

mRNAs into P-bodies have in promoting translational repression, decapping and/or 

mRNA decay.  

 

 

 

1.5 Pos i t i ve -s t rand RNA vi ru ses  

Viruses are self-replicant organisms defined as obligate intracellular parasites as they 

require the host sub-cellular machinery and cellular factors to bypass their lack of an 

independent metabolism. The family of positive-strand RNA ((+)RNA) viruses 

constitutes an extensive genetic group of plant, animal, and human viruses that 

encompass over one third of all virus genera. The most relevant representatives for 

mammals are members of the families Coronaviridae (SARS-coronavirus), Flaviviridae 

(West Nile Virus, Hepatitis C Virus), Picornaviridae (Poliovirus, Hepatitis A), and 

Togaviridae (Venezuelan Equine Encephalitis virus, Rubella virus). These (+)RNA 

viruses are associated with syndromes such as colds, febrile illness, meningitis, 

paralysis, hepatitis and hemorrhagic fevers. 

 

The different families of (+)RNA viruses, in order to multiply and disseminate their 

genes, have evolved various genome organizations, virion morphologies and life 

cycles that exploit the biology and biochemistry of their hosts in diverse ways. Albeit 

these differences all (+)RNA viruses share fundamental similarities concerning their 

RNA replication77 (Figure 3). In this group of viruses, viral particles contain the 

single-stranded, messenger-sense RNA genome that once introduced into cells is 

replicated in their cytoplasm through RNA intermediates, without natural DNA 

forms. Since the viral RNA-dependent-RNA polymerase (RdRp) is not encapsidated,  
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upon entering in the cell, the genomes from (+)RNA viruses must be first translated 

by the cellular translation machinery, in order to replicate their genome. The 

products of translation include proteins such as the RdRp, structural components, 

and other viral replication factors involved in processes such as membrane targeting, 

template recruitment, RNA capping and evasion from host antiviral responses.  

 

 
 

 
 

 
 

 
 

 
 

 
 

 

 
 

 
Figure 3. Schematic representation of the main steps in positive-strand RNA virus 
genome replication (discussed in the text). Arrows 1 and 2 indicate the sequential use of the 
infecting (+) genomic RNA as a template first for translation and then for RNA replication 
(Extracted from78). 

 

Following translation and, when required, post-translational modifications, the viral 

genome is specifically recognized by viral factors and assembled together with the 

RdRp, further accessory non-structural proteins and host cell factors into a so-called 

replication complex. These replication complexes are always associated with virus-

induced membrane structures derived from different cellular compartments, 

preferentially the endoplasmic reticulum, endosomes and mitochondrial membranes 

(reviewed in77). The exact function of such structures in viral RNA synthesis is yet 

not totally clear. However, they are thought to provide a physical structure where the 

replication complex can attach, confining viral RNA replication to a specific 
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cytoplasmic location where is possible to have simultaneously an increased 

concentration of essential components to this process and a way to divert the host 

defense mechanisms79,80. 

 

The genomic RNAs, once recruited to these membrane-associated replication 

complexes, serve as templates for the synthesis of negative-strand RNA replication 

intermediates that, by their turn, will be used as template for the production of 

progeny positive-strand genomic RNAs. Thus, for a successful infection to occur, 

the viral  genomic RNAs have to be efficiently copied in order to serve as mRNA 

templates for additional rounds of replication and viral protein synthesis and, in 

addition, be specifically assembled into progeny virions. 

 
One of the most interesting and puzzling aspects of (+)RNA viruses life cycle is the 

use of the same genomic RNA as a substrate for the competing processes of 

translation, replication and encapsidation. As these processes can not take place at 

the same time, mechanisms are required to regulate the sequential access of the 

respective machineries to a given RNA molecule, in order to avoid competition 

between them and allow the proper use of the genomic RNAs. Although the 

molecular features underlying these regulatory mechanisms are poorly understood, 

there is clear evidence that numerous interactions between viral cis-acting elements 

and host-encoded replication factors play an important role in these transitions78,81. 

The cis-acting signals that have been characterized in viral genomes mostly comprise 

not linear nucleotide sequences but RNA secondary structures such as bulged stem-

loops, tRNA-like cloverleaves, and pseudoknots, which are thought to create 

distinctive three-dimensional molecular shapes that interact specifically with the viral 

and host factors82. These interactions permit to specifically target viral molecules 

from among thousands of cellular RNAs and selectively channel them to translation, 

replication and assembly complexes.  

 

Along these lines it becomes clear the fundamental role that host factors play in 

several steps of viral life cycles. Accordingly to their importance, host factors are 

now being considered as promising targets in the development of new antiviral 

medicines. In fact, these novel strategies are becoming increasingly successful, and 
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include targeting factors such as cell surface receptors, protein kinases, nuclear 

receptors and proteosomes or exploiting the innate immune response system. These 

approaches are able to circumvent some of the main lacks that lead to the 

inefficiency some of the current therapies. The development and administration of 

live virus vaccines were able to keep under control important viral diseases, such as 

measles, small pox or polio. However, similar vaccines are ineffective aiming viruses 

with multiple serotypes, or with variable or complex antigenic structures. An 

alternative strategy is the development of chemicals able to target viral proteins, 

while sparing the cellular mechanisms. Although these antiviral drugs have notable 

effects controlling viral infections, they present very narrow spectra of activity and 

limited effect in eradicating chronic viral infections. Furthermore, their effectiveness 

is limited by the rapid appearance of antiviral resistances from viruses, such as HIV-

1 and HCV, that rapidly mutate given their low-fidelity replication mode. 

 

In contrast, the recent antiviral drugs targeting cellular pathways have the big 

advantage of being less susceptible to the emergence of drug resistances, since the 

human genes that encode the targeted cellular proteins are less likely to mutate in 

response to therapy (reviewed in83). Despite these approaches are presumed to be 

more toxic, it is reasonable to predict that there are cellular proteins unnecessary for 

cellular well-being, but critical to replication of viruses. In fact, it has been 

demonstrated that specific genomic changes can be well tolerated by mammals and 

yet offer strong protection against viral infections. For example, naturally occurring 

homozygous mutation in the human CCR5 (C-C-motif receptor 5) protein confers 

resistance to HIV infection84, and Pfizer’s (New York, NY) Selzentry/Celsentri 

(maraviroc) is an example of a recently approved drug targeting CCR5 for anti-HIV 

therapy85.  

 

In this manner, understanding the fundamental steps of virus life cycles, including 

the role of host factors at a molecular level, is essential for designing effective 

antiviral drugs. Furthermore, if host factors are identified that are required for 

multiple viruses, it will be possible to use to use them as targets to broad-spectrum 

antiviral agents. In this respect,  the work performed during my thesis focused in the 

identification and characterization of specific host factors involved in the replication 
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of positive-strand RNA ((+)RNA) viruses. We centered our efforts in: (i) Brome 

mosaic virus, as it is a broadly used and established model system to study (+)RNA 

virus replication mechanisms and associated factors; and (ii) Hepatitis C Virus given 

its major clinical importance. 

 
 

 

1.6 Brome Mosa ic  Vi rus 

First isolated from brome grass (Bromis inermis), Brome Mosaic Virus (BMV) has the 

historically relevance of being the first RNA virus for which infectious genomic 

transcripts were generated in vitro from cDNA clones86. Furthermore, BMV is an 

established useful model system for studying different steps of (+)RNA viruses life 

cycles87.  

 

1.6.1 Organization of the viral genome  

BMV is the type member of the icosahedral group of bromoviruses, belonging to 

the large alphavirus-like superfamily of plant and animal positive-strand RNA 

viruses. The genome of BMV consists of three RNAs with 5´-terminal m7G-caps 

and a tRNA-like structure (TLS) located at the end of the 3´UTRs (Figure 4). The 

monocistronics BMV RNA1 (3,2Kb) and RNA2 (2,9Kb) encode, respectively, the 

essential viral replication factors 1a and 2a. The discistronic RNA3 (2,1Kb) encodes 

the cell-to-cell movement protein 3a and the coat protein, both required for systemic 

infection in BMV natural host but dispensable for RNA replication. The coat 

protein is translated not from the genomic RNA3 but from a subgenomic RNA4 

generated during replication (reviewed in81). 
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Figure 4. Schematic diagram of the BMV genome showing the ORFs (solid black boxes), the 
untranslated regions (UTRs) (single lines), the subgenomic mRNA start site (bent arrow) and the 
subgenomic RNA (RNA4). The BMV RNAs are capped (m7G) and end in a tRNA-like structure 
(cloverleaf structure). The location of the recruitment element (RE) is shown for the genomic RNAs.  
 

 

BMV 1a is a multifunctional protein (109kDa) with a NTPase/RNA helicase domain 

in the C-terminal half, and a RNA capping domain in its N-terminal half88,89, while 

BMV 2a protein (94kDa) has a central domain with similarities to RNA-dependent 

RNA polymerases. BMV 1a protein localizes as a peripheral membrane protein in 

the endoplasmic reticulum (ER), inducing invaginations in which BMV RNA 

replication complexes are formed90-92. For the replication complexes to be active it is 

required the recruitment of BMV polymerase 2a and viral genomic RNAs to these 

sites at the ER93,94. The recruitment of BMV 2a results from the interaction of the 1a 

helicase-like domain with sequences in 2a protein N-terminus, while viral RNAs 

recruitment is also dependent on the 1a protein, as well as on cis-acting signals 

present in the viral genomes. During replication BMV 1a protein provides RNA 

capping, NTPase and possibly RNA helicase activities. 

 

Following uncoating of the viral genomes within the cytoplasm, the natural 

replication cycle of BMV begins with the translation of the replication factors 1a and 

2a. These proteins promote then the generation of viral replication complexes by 

inducing the formation of membrane patches in the ER. The transition between 

early translation and replication is regulated in a manner that allows sufficient 

synthesis of 2a polymerase proteins, thus securing efficient RNA replication. In 

association with host factors, the protein 1a recruits the BMV RNAs from the 

translation machinery and targets the 1a-2a-viral RNA complex to the membrane 
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replication sites. This targeting to the membranes is essential for BMV replication 

since the 2a polymerase is not functional in the cytosol before the assembly of the 

replication complex. In addition, the viral (+)RNA also plays a major role in the 

assembly and activation of the replication complex. The replication of BMV occurs 

in a asymmetric manner, with 100 positive BMV RNA strands being produced for 

every negative-strand. The transcription of subgenomic RNA4 to express the capsid 

protein (CP) occurs during the late stage of BMV infection. Subgenomic RNAs 

serve as translational templates, while genomic RNAs can be recruited for replication 

or encapsidation. The segmented BMV genomes are assembled within separate viral 

particles. The selectivity of the virion assembly was proposed to be assured by the 

specific interaction between RNAs and CP, where the highly conserved N-terminal 

arginine-rich motif of BMV CP is pointed as being responsible for both RNA 

binding and RNA packaging (reviewed in81,87).  

 

In vitro and in vivo studies have identified and extensively characterized cis-acting 

signals present within BMV RNAs 1, 2 and 3 that are required for efficient RNA 

translation, replication, encapsidation and subgenomic RNA synthesis (reviewed 

in81). The 5’-untranslated regions from RNA1 and RNA2 share sequence similarity 

between them, with special note for a region denominated recruitment element (RE) 

(Figure 4). A striking feature of this element is a cis-acting motif matching the box B 

consensus sequence of RNA polymerase III promoter, which is subsequently 

transcribed into the TΨC stem-loop of tRNAs. Interestingly, this RE element exist 

also in BMV RNA3, however it is localized in the intergenic region of this RNA and 

not in the 5’UTR95. These RE elements are required for the proper 1a-mediated 

selection and recruitment of the viral RNAs from translation to the replication 

complex95. Moreover, there are partly overlapping sequences in 5’-UTR of all BMV 

genomic RNAs that control translation and initiation of positive-strand RNA 

synthesis93,96.  

 

The integenic region of RNA3 besides the RE element contains further cis-acting 

signals required for 1a-dependent recruitment of RNA3 into replication97,98 and also 

the promoter for subgenomic RNA synthesis in the minus strand. This last consists 

of the 20 nucleotides upstream of the RNA4 initiation site. For full subgenomic 
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promoter activity there is an supplementary requirement for the oligo(A) tract 

located immediately upstream of the core promoter and additional AU-rich 

sequences99,100. 

 

The 3’UTRs of all BMV RNAs lack a poly(A) but have instead an highly conserved, 

highly structured tRNA-like structures (TLS) with key roles in BMV life cycle. These 

regions act as promoters for the synthesis of genomic-length negative-strand 

RNAs101, and are also required for efficient translation, besides functioning as a 

nucleation site for coat protein assembly and encapsidation of the BMV RNAs into 

virions102. Interestingly the tRNA-like 3’ends terminate in 3’CCAOH by action of 

(ATP, CTP):tRNA nucleotidyl transferase and are also specifically charged in vivo 

with tyrosine by cellular enzymes103. The biological meaning of this charging is not 

clear as it was shown that BMV proteins do not need tyrosylation for their initiation. 

However, the disruption of the TLSs strongly reduce the translation of the genomic 

RNA1 and RNA2, and less strongly RNA3101.  

 

The cumulative effect of the functional roles of these and, eventually, others yet to 

identify cis-acting elements, together with the interactions among them, as well as 

with cellular replication factors, coordinates the viral RNA functions for effective 

RNA replication. 

 

 

1.6.2 BMV replication in yeast  

The study of fundamental steps of virus life cycles, including the role played by host 

factors, has been deferred and challenging given the complexity of higher eukaryotic 

organisms. To circumvent the experimental difficulties associated with this 

complexity, systems were developed where higher eukaryotic viruses can direct RNA 

replication and gene expression in the yeast Saccharomyces cerevisiae (S.cerevisiae). 

 

The yeast S.cerevisiae, given its facility to grow and be genetically manipulated, has 

been successfully used for many years as a model organism to unravel biological 

processes in higher eukaryotes. The complete yeast genome, known since 1996104, 

comprises 6000 genes from which more than 60% have an assigned function. 

Noticeably, 40% of yeast genes share conserved amino acid sequences with at least 
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one known or predicted human protein. Moreover, 30% of human genes with a 

recognized involvement in human diseases have orthologs in yeast105,106. Due to this 

notable gene homology and the high conservation of fundamental biochemical 

pathways, studies in yeast have been used as model for study and understanding 

fundamental cellular processes such as mRNA translation and degradation, DNA 

repair mechanisms and the cell cycle107,108.  

 

The establishment of yeast/virus systems, allowing the replication of higher 

eukaryotic viruses in yeast, have made groundbreaking contributions for the 

dissection of the different steps from their life cycles such as the translation of viral 

proteins, the process of template selection, formation of the replication complex, 

viral RNA replication, encapsidation and recombination (reviewed in87,109,110). 

Furthermore, the use of traditional yeast mutational genetics and genome-wide 

screenings have been particularly successful in the identification of multiple host 

factors required for viral RNA replication and recombination of (+)RNA viruses. 

The list of higher eukaryotic viruses shown to replicate in yeast has been expanding 

and include viruses either with RNA or DNA genomes and that naturally infect 

plants or animals111-118. Importantly, these yeast systems reproduce the known 

features of those viruses replication cycles in their natural hosts. The first higher 

eukaryotic virus shown to replicate and encapsidate its genome in S.cerevisiae was the 

Brome mosaic virus119,120. 

 

BMV is able to recapitulate in the yeast S.cerevisiae all the steps of the life cycle as they 

occur in plants. The replication of BMV in yeast has been analyzed by following 

RNA3 or RNA3 derivatives. Yeast expressing the replicase proteins 1a and 2a, from 

DNA plasmids, are sufficient to support RNA3 or RNA3 derivatives replication and 

synthesize subgenomic mRNAs to express the coat gene111,120,121. Replicatable RNA3 

derivatives can be introduced into yeast by transfection of in vitro transcripts, by in 

vivo transcription of RNA3 “launching cassettes” on yeast plasmids or integrated into 

yeast chromosomes. Most valuable for screening purposes has been the construction 

of RNA3 derivatives in which the coat gene was substituted with a reporter gene. 

Because its expression requires 1a-, 2a-directed negative-strand RNA3 and 
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subgenomic mRNA synthesis, the reporter gene provides a screenable marker for 

viral replication. 

 

The segmented genome of BMV permits to study, independently, every single step 

of the replication process. For example, the study of recruitment of BMV RNA3 to 

the replication complex is performed in the absence of 2a polymerase and either 

expressing or not the 1a protein. Since the 1a protein is the only viral protein 

required for the template selection and for replication complex formation, when this 

protein is co-expressed with viral RNA3 it recruits this RNA to a high-stability 

membrane-bound state. This leads to an increase in the northern blot detected 

amounts of RNA3 when compared to the levels observed in the absence of 1a. The 

observed difference can be then correlated to effects on recruitment. By its turn, to 

study BMV RNA translation either BMV RNA1 or RNA2, with the original 5’ and 

3’ ends, are expressed individually in yeast cells. Given that the protein 1a is not co-

expressed the viral RNAs can not be recruited to the replication complex, meaning 

that the replication process stops at the translational step. Viral RNA translation 

efficiency is determined by normalizing viral protein levels detected by western-blot 

with the respective viral RNA levels detected via northern- blot. 

  

The BMV/yeast system has also proven to be very fruitful in the identification of 

cellular factors involved in viral replication(reviewed in81). Using traditional yeast 

mutagenic analysis it has been possible to identify and characterize host genes that 

function in controlling different aspects of BMV life cycle. A more global and 

systematic approach to identify host factors affecting viral RNA replication was the 

use of a diploid yeast deletion library for a genome-wide screening. By this approach, 

approximately 4500 yeast deletion strains (∼80% of all yeast genes) were screened 

and nearly 100 genes were identified whose absence either inhibited or stimulated 

BMV RNA replication and gene expression122. 

 

By using the BMV/yeast model system it was possible to identify the proteins LSm1, 

LSm6 and LSm7, which are subunits of the heptameric ring LSm1-7, and also Dhh1 

and Pat1 as host factors playing an essential role in BMV genome replication123-125. 

The deletion of the respective genes diminishes the viral RNA recruitment from the 
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translation machinery to the replication complex. It was shown that the dependence 

of LSm1-7/Pat1/Dhh1 for BMV RNA recruitment was functionally linked to 

sequences in the 3’end, and proposed that this complex could mediate 

rearrangements in the BMV RNA that would facilitate the loss of ribosomes and 

translation factors, as well as the recognition of the 1a replicase. This would be 

consistent with the proposed function of LSm complexes as RNA chaperones 

facilitating multiple RNA-RNA and RNA-protein interactions and rearrangements 

during turnover and translation1,3. Additionally, it was also shown that this complex 

is required for the translation of the genomic RNA1, RNA2 and RNA3 but not of 

the subgenomic RNA4, the only BMV RNA that does not require to be recruited to 

the replication complex during the virus life cycle. Thus, it is apparent that the 

LSm1-7/Pat1/Dhh1 complex is able to function in apparently antagonistic 

processes, namely, virus RNA translation and recruitment to replication. Such role 

was suggested to allow rapid switching between processes in response to, for 

example, different host cell conditions or viral requirements81. However the 

molecular features underlying the roles of these proteins in BMV RNAs replication 

are still unknown. 

 

 

1.7 Hepat i t i s  C Viru s 

Estimated to infect 170 million people worldwide126, the Hepatitis C Virus (HCV) is 

a major cause of chronic liver disease and liver transplantation in western Europe 

and United States127. Primary infections are often asymptomatic or initially 

associated with mild symptoms, but progression to chronic active hepatitis occurs in 

approximately 80% of infected individuals. The most severe manifestations 

associated with these chronic infections are liver cirrhosis and hepatocellular 

carcinoma128.  

 

The main obstacles to the eradication of HCV are the lack of an effective vaccine 

and the limitations associated with the actual treatments such as the combined 

therapy using ribavirin, a synthetic guanosine analogue, and a pegylated form of 

interferon129.  This therapy does not achieve a sustained viral clearance in more than 

50% of treated patients, and is associated with relevant side effects130,131. Thus, there 

is an urgent need to define approaches that lead to the development of more safe 
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and effective therapeutic strategies. In this regard, although new drugs designed to 

target certain viral proteins or their functional epitopes are currently being tested in 

clinical trials, the actual leading line of research in HCV field is the identification of 

cellular factors required for viral replication and the evaluation of their potential as 

antiviral targets132. Actually, various host-targeted compounds are already being 

tested in clinical trials as it is the case of NA255, that prevents de novo synthesis of 

sphingolipids, the major lipid rafts components, inhibiting HCV replication by 

disrupting anchoring of HCV nonstructural proteins on the lipid rafts133. As 

discussed, these host-targeted compounds have predictably the advantage of being 

less likely to promote the development of escaping mutants.  

 

1.7.1 Organization of the Viral Genome  

Hepatitis C virus (HCV) is an enveloped virus with a single positive-strand RNA 

genome, classified as a member of the genus Hepacivirus within the family 

Flaviviridae. The HCV genome is an uncapped linear molecule with a length of 

approximately 9.6kb, that carries a long open reading frame encoding a single 

polyprotein precursor, flanked by highly structured 5’- and 3’-untranslated regions 

(UTR’s) essential for RNA translation and replication134,135 (Figure 5).  

 

Expression of the HCV viral proteins from the monocistronic genome, is primarily 

accomplished by the 5’UTR-mediated translation of the ~3000 aminoacid-long 

polyprotein precursor and its subsequent co- and post-translational processing. The 

polyprotein is proteolytically cleaved by both cellular and viral proteins into the 

structural proteins (core, envelope proteins E1 and E2), the hydrophobic peptide p7, 

and the non-structural (NS) proteins, NS2, NS3, NS4A, NS4B, NS5A and 

NS5B134,135.  

 

Core, E1 and E2 are the major components of the virus particles. The core is a 

RNA-binding protein that forms the viral nucleocapsid and functions in the 

regulation of HCV translation, particle assembly, cell signaling, apoptosis, 

carcinogenesis and lipid metabolism136. The ER-targeted type I transmembrane 

proteins E1 and E2 are the main components of the virion envelope, and are known 

to function in protein folding and virus entry. The protein p7 is a member of the 

“viroporin” family of proteins shown to form an ion-channel in cellular membranes, 
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and to be essential both for infection and a late step in virus assembly and 

release137,138. Regarding the non-structural proteins, NS2 is a membrane-associated 

cysteine protease, not required for replication but which protease domain is essential 

for viral assembly and infectious virus production139,140. The remaining NS proteins 

components of the HCV replication complex and are known to be sufficient for 

RNA replication in cell culture, as NS3-3’UTR subgenomic replicons efficiently 

replicate in a hepatic cell line141,142. The NS3 is a serine-type protease with nucleotide 

triphosphatase and helicase activity. NS4A is a cofactor for the NS3 serine protease 

and is also required for tethering the NS3 domain to intracellular membranes. NS4B 

induces the formation of membranous vesicles where the replication complexes are 

assembled, while NS5A is a phosphoprotein with RNA-binding properties, 

component of the viral replication machinery and also involved in assembly133. 

Finally, NS5B is the RNA-dependant RNA polymerase (RdRp) responsible for the 

synthesis of the HCV RNA genome (reviewed in143). 

 

The polyprotein coding region is flanked by highly structured 5’ and 3’ untranslated 

regions that are among the most conserved segments of the viral genome and that 

include regulatory cis-acting elements that modulate different steps of the virus life 

cycle134,135,143. 

 

 
Figure 5. A schematic of the HCV genome with the secondary structure of cis-acting RNA elements is 
shown in the upper panel. The polyprotein with individual cleavage products is drawn below. (Adapted 
from134,135,143) 
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The 5’ UTR is 340nt-long and contains an internal ribosome entry site (IRES) that 

mediates cap-independent translation initiation of the HCV genome (Figure 5)144. 

This RNA element is composed by three stem-loops domains denominated SLII, 

SLIII and SLIV. The SLIII, by itself, consists of branching hairpin stem-loops (IIIa, 

-b, -c, -d, -e, -f) organized in 3- and 4-way junctions. The domains II, IIIcdef and IV 

bind the 40S ribosomal subunit in a way reminiscent of prokaryotic translation 

initiation, while the apical domains IIIab provide a platform for eIF3 (reviewed 

in134). Part of the IRES (domain II) overlaps with RNA signals essential for viral 

replication, which include also SLI, arguing for a possible role of domain SLII in 

regulating a translation-RNA replication switch144. Between SLI and SLII there is a 

spacer region (nt 21 to 43) that contains two target sequences for a liver-specific 

microRNA (miR122), which was shown to stimulate HCV translation by promoting 

the association of the small ribosomal unit with the HCV RNA145. Furthermore, 

already in the core protein-coding region of HCV, it was described the presence of 

highly conserved secondary RNA structures and a +1 alternative reading frame 

(ARF), in which was shown to exist a RNA element functionally important for 

replication146,147. 

 

The 3’ UTR is required for initiation of negative synthesis and also acts as translation 

enhancer. It consists of three structural domains: an approximately 40-nt long 

variable region downstream the HCV coding-sequence, a internal poly(U/UC) tract 

of heterogeneous length, and a highly conserved 98-nt-long sequence designated X-

tail that is composed of three stem-loops named 3’SL1-SL3 (Figure 5). The variable 

region is required for RNA replication and, together with the poly(U/UC) tract and 

part of the X-tail, enhances IRES-dependent translation (reviewed in134,135). An 

additional cis-acting RNA element has been identified in the 3’ terminal coding 

region of NS5B. This element (5BSL3.2) forms a long distance RNA-RNA 

interaction with 3’SL2 in the X-tail, designated “kissing-loop”, which is 

indispensable for RNA replication148,149. The poly(U/UC) tract beside functioning as 

a spacer between the kissing-loop interaction elements, it was also shown to be 

important for RNA accumulation in a length and sequence dependent manner. 

Finally, the 3’ X-tail is essential for replication in cell culture and infectivity in vivo150. 
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1.7.2 HCV replication cycle 

Replication of Hepatitis C virus takes place in the cytoplasm of the host hepatocytes. 

HCV particles bind to the host cell via a specific interaction of the viral E2 

glycoprotein with cellular receptors such as CD81, SR-B1 and Claudin-1 which were 

shown to be linked to HCV entry151-153. Other co-receptors candidates have been 

identified and include C-type lectins and the LDL receptor154. Bound particles enter 

the cell via receptor-mediated endocytosis in a clatherin-dependent manner, 

followed by a fusion step from within an acidic endosomal compartment155. Upon 

infection and release of the viral RNA into the cytoplasm, HCV proteins are 

generated by means of the IRES-mediated translation. Translation takes place at the 

rough endoplasmic reticulum where host cell signalases and signal peptide peptidases 

proteolitically cleave the generated polyprotein precursor between the core and p7 

regions. The processing at all other sites within the polyprotein is performed by two 

viral enzymes, NS2 and NS3/4A proteases. Formation of membranous vesicles that 

accumulate to form a “membranous web” is induced by NS4B perhaps in 

collaboration with other viral and host cell factors. NS5B RdRp apparently 

assembles - in concert with other viral proteins, such as NS3/4A and NS5A, and 

host cell factors - at the 3’end of positive strand RNA to initiate de novo synthesis. 

Following, the newly generated negative strand RNA then serves as template for 

production of excess amounts of positive strands. These newly synthesized (+)-

strand RNAs are either used for production of new polyprotein copies, a new round 

of RNA replication, or are incorporated into nucleocapsids what is assumed to occur 

in at the ER membrane (reviewed in134,135). The HCV core protein is associated with 

the surface of lipid droplets and the endoplasmic reticulum membranes closely 

surrounding these droplets, and its self-assembly drives virion budding156. Finally, 

virus particles are released out of infected cell via the constitutive secretory 

pathway157.  

 

Thus, similarly to all other (+)RNA viruses, HCV genomic RNA serves as substrate 

to essential and mutually exclusive processes of the virus life cycle such as acting as 

mRNA for translation of viral proteins, as template for minus-strand synthesis 

during replication and as progeny genomes for assembly of viral particles. Little is 

known about host and cellular factors that regulate the transit of HCV RNA from 
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translation to replication. However, strong evidence indicates that NS5A 

phosphorylation status serves as a molecular switch in the regulation of HCV RNA 

replication by affecting the association between NS5A and other components of the 

viral replication complex158. Additionally, the host NFAR proteins were shown to 

interact with regulatory regions present in both 5’ and 3’UTRs of HCV genome and 

to promote its circularization. Curiously these proteins were also observed to stably 

interact with NS5A and a role in the switch between viral translation and viral 

replication was proposed159. Furthermore, recent studies showed that the protein 

SYNCRIP  has dual functions, participating in both RNA replication and translation 

in HCV life cycle160. Given the involvement of several cellular proteins in the 

different steps of HCV life cycle, it is predictable that additional host factors play an 

key roles in the regulation of viral RNA fates. 

 

 

1.7.3 Model systems for studying HCV life cycle in v i t ro 

The lack of reliable cell culture systems supporting HCV RNA replication and 

particle formation were, for a long time, the main obstacle to the decipherment of 

the functional roles played by viral and cellular factors in HCV replication. Several 

efforts were made to propagate HCV in cell culture, but these attempts were entirely 

unsuccessful for long time142. However, we assisted in this decade to a impressive 

development in this area, starting with the first establishment of subgenomic 

replicons in 1999141, up to the development, in 2005, of efficient systems capable of 

producing infectious virus particles in cell culture161-163. 

 

HCV subgenomic replicons are in vitro transcripts of a cloned DNA copy of 

the full-length viral genome in which the sequences coding the structural proteins, 

that are not required for RNA replication, were substituted by selectable markers or 

reporter genes. These replicons are able to efficiently replicate in the human 

hepatoma cell line Huh7141. However, although the introduction of cell culture-

adaptive mutations in the HCV replicon allowed the generation of efficiently 

replicating full-length HCV genomes, virus production has not been observed164-166. 

This restraint has been circumvented with the JFH-1 isolate, a cloned genotype 2a 

consensus genome that was isolated from a Japanese patient with fulminant 

hepatitis161-163,167. Without requiring the introduction of cell culture-adaptive 
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mutations, the subgenomic JFH-1, when transfected into Huh-7 cells, can replicate 

at a much higher levels and lead to the production of HCV particles that are 

infectious both for naive cells and for chimpanzees. 

 

The establishment of these HCV cell culture systems made possible to deep 

characterize HCV viral proteins, and to develop different assays to identify and study 

HCV-host proteins interactions influencing translation and RNA replication. The 

functional relevance of these proteins can be investigated by different methods, 

including RNA interference (RNAi). The sequence-specific gene silencing using 

RNA interference is a recent but already invaluable research tool. The highly 

effective targeting of either host or viral RNAs by specific siRNAs permits the 

characterization of gene functions, increases our understanding of virus-host 

interactions and potentially can reveal novel antiviral targets. The constant progress 

of RNAi techniques, together with genomics, allowed the development of genome-

wide screening technologies, that systematically examine the human genome for the 

genes and pathways that are required by human pathogenic viruses such as Human 

immunodeficiency virus (HIV)168,169, Hepatitis C virus (HCV)171,170, West Nile virus 

(WNV)172 and Influenza A virus173. 

 

These studies were able to identify host factors and associated pathways 

previously implicated in viral infection or pathogenesis, what supports the validity 

and accuracy of such screens. More importantly, they identified new genes and 

pathways that define virus-host interactions. In the concrete case of HCV, several 

host genes that modulate HCV replication and infectious virus production have 

been recently identified, however their specific role is mostly unknown171,170. 

 

Despite the obvious advantages and achievements associated with the use of 

RNAi screens, it should be taken into account the inherent obstacles of the 

technique. This includes off-target effects of siRNAs, incomplete knockdown of 

expression, and sensitivity limitations of the screening assay. Nevertheless, these 

limitations can be overcome with careful validation studies. When combined with 

biochemical and virological studies to validate and define gene function in 

supporting infection, and with improved bioinformatics analysis to map cellular 
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pathways exploited by viruses, the data extracted from RNAi screenings can provide 

a powerful approach to identify druggable factors for the treatment of viral 

infection. 
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2. Aims 
 
 
By using the ability of the (+) RNA virus BMV to replicate in yeast it was previously 

shown that subunits of the LSm1-7 ring, as well as Pat1 and Dhh1 play an essential 

role in the transit of the BMV genome from translation to replication123-125. In non-

infected cells, these proteins mediate the transition of cellular mRNAs from a 

translational to a non-translational state by activating decapping in the 5’-3’ – 

deadenylation-dependent mRNA decay pathway39. Given the conservation of this 

pathway from yeast to humans and the common need of all (+)RNA viruses to 

regulate the transition of their genomes from active translation to a translationally 

inactive state to allow replication, an exciting possibility, and our work hypothesis, is 

that the function of LSm1-7, Dhh1 and Pat1 is used not only by BMV to replicate in 

yeast but also by other (+) RNA human viruses, such as HCV, to replicate in 

mammalian cells. Furthermore, given the key role of these proteins in a common 

step to all (+) RNA viruses, it is essential to characterize the not yet defined 

molecular mechanisms associated with such function. So, the specific aims of these 

thesis are: 

 

1. Characterize the molecular features underlying the role of LSm1-7 ring in 

the translation and replication of Brome Mosaic Virus 

 

2. Evaluate the role of P-bodies components LSm1-7, Rck/p54 and PatL1 in 

the replication of Hepatitis C Virus 
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3. Results 
 
 
In this section scientific results are presented in two parts, both of them containing research papers 

and appendices. These appendices include additional data relevant for future studies and that 

complement the data presented in the papers. 

 

 

Par t I    

Characterization of the molecular features underlying the role of LSm1-7 in 
the translation and replication of Brome Mosaic Virus 

 

Publication I 

LSm1-7 complexes bind to specific sites in viral RNA genomes and regulate 

their translation and replication. RNA 16(4) : 817-27 (2010). 

 
Appendices 

 
 

 

Par t I I   

Evaluation of the role of P-body components LSm1-7, Rck/p54 and PatL1 
in the replication of Hepatitis C Virus 
 

Publication II 

Identification of PatL1, a human homolog to yeast P body component Pat1. 

Biochim Biophys Acta 1773: 1786-1792. (2007) 

 

Publication III 

Translation and replication of hepatitis C virus genomic RNA depends on 

ancient cellular proteins that control mRNA fates. PNAS 106: 13517-13522. 

(2009) 

 

Appendices 
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3.1 Part  I 

Characterization of the molecular features underlying the role of LSm1-7 in 
the translation and replication of Brome Mosaic Virus 
 

 

 

3.1.1 Publication I 

Galão RP, Chari A, Alves-Rodrigues I, Lobão D, Mas A, Kambach C, 

Fischer U, Díez J. LSm1-7 complexes bind to specific sites in viral RNA 

genomes and regulate their translation and replication. RNA 16(4) : 817-27 

(2010). 

 

 

 

The cellular LSm1-7 ring is required for both the translation and recruitment of the 

BMV genome. Yet, how this complex act mechanistically on the BMV RNAs 

remains elusive. My contribution to this manuscript, from which I have the first 

authorship,  was to address this issue experimentally by establishing  gel-shift assays 

employing recombinant LSm1-7 complexes and BMV viral transcripts. Using this in 

vitro binding approach I was able to provide evidence of a direct interaction between 

the LSm1-7 complexes with specific sites in BMV RNA genomes, as well as define 

previously unknown RNA-binding patterns for this complex (Figures 3-6). Further 

in vivo analysis showed that these LSm1-7 RNA target sequences act as regulators of 

translation and recruitment of the BMV genome suggesting that the intrinsic RNA-

binding characteristics of the LSm1-7 complexes determine their function. 
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3.1.2 Appendix I: 

High amounts of recombinant LSm1-7 ring lead to formation of higher-order 

RNPs when interacting with BMV viral RNAs in v i t ro . 

 

Previously, by using electromobility shift assays, we showed that reconstituted  

recombinant functional LSm1-7 rings are able to strongly interact with the 3’UTR of 

all BMV RNAs and with the intergenic region of BMV RNA3, reflected by a 

complete bandshift of the corresponding radiolabeled transcripts in the presence of 

this complex (Publication I). In order to determine the binding affinities of LSm1-7 

complex with its viral RNA targets, we incubated BMV RNA3 3’UTR and BMV 

RNA3 IR 32P-labeled transcripts with increasing amounts of LSm1-7 reconstituted 

complex. Curiously, the increasing amounts of LSm1-7 resulted in a gradual shift of 

the RNAs (Figure S1), rather than (a) distinct step(s) as observed in similar 

experiments performed by Bergman and colleagues using this same complex32.  

 

 

 
Figure S1. LSm1-7 complex forms higher-order structures when bounded to BMV RNA3 3’UTR and 

BMV RNA3 IR. Increasing amounts of LSm1-7 complex were incubated with radiolabeled BMV RNA3 

3’UTR (left panel) or BMV RNA3 IR (right panel) and, after complex formation, products were separated 

on a non denaturing polyacrylamide gel. Gels were autoradiographed at -80°C in maximum sensitivity 

films. 

 

These observations, together with the migration patterns presented by the same 

transcripts in competition experiments (Figure 6, publication I), suggest that binding 

of LSm1-7 complex to these viral RNAs leads, at least in vitro, to the formation of 

higher-order RNPs complexes involving an unknown number of LSm rings. This is 

supported by reports showing that LSm1-7 rings can rearrange into alternate higher-

order structures in solution, principally dimers and occasionally trimers174, and that 
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high-order complexes are frequently observed in experimental conditions in which 

RNA concentrations are limiting, as occurs in our electromobility shift assays37. 

Thus, the higher-order RNPs observed in our assays could be due to multiple rings 

interacting directly with the same transcript and/or the result of LSm1-7 rings being 

able to aggregate between them even when interacting with a target RNA. In any 

case, these findings precludes the simple determination of Kd values for the 

interaction of LSm1-7 with BMV transcripts. Similar results were obtained with a 

HCV 5’UTR transcript (data not shown).  

 

In contrast, Bergman and colleagues were able to define Kd values for the binding 

of similar LSm1-7 recombinant preparations with RNA transcripts containing 5’ 

poly (A) tracts. The different capacity to form higher-ordered RNPs can be due to i) 

the impossibility of more than one LSm1-7 ring to interact directly to the 5’ poly(A) 

transcript, in opposition to what may happen in the binding to the tested BMV 

transcripts (e.g. BMV RNA3 IR  binds to LSm1-7 through the loops L1 and L2), or     

ii) the probable existence of two binding sites with different characteristics in the 

LSm1-7 ring surface, eventually in opposing faces of the complex. This statement is 

supported by our additional data showing that HCV 5’- and 3’-UTRs bind to at least 

two different sites within the LSm1-7 complex (Part II – Appendix I). In such 

scenario, the transcripts used by Bergman could be interacting with LSm1-7 complex 

in a region different from the one used for the binding to BMV transcripts. If this 

region is simultaneously required for protein-protein interactions, it would interfere 

with the aggregation of additional LSm1-7 rings and consequently avoid the 

formation of higher-order complexes. A more detailed knowledge of the structure 

and mode of binding of the LSm-RNA complex is required to address these 

important points. 
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3.1.3 Appendix II: 

LSm1-7 complexes bind to a ß-globin ARE mRNA through the same binding 

site used to interact with BMV 3’UTR and BMV IR 

 

The cellular function of LSm1-7 ring is well characterized in yeast. This complex acts 

together with Dhh1 and Pat1 as decapping activators and they are believed to 

facilitate the exit of cellular mRNAs from active translation to degradation6,39,69,175. 

In human cells the function of the respective homologues has mainly been inferred 

from (i) the yeast work, (ii) their shared localization in P-bodies and (iii) their 

interactions with proteins of the 5´-3- deadenylation- dependent mRNA decay 

pathway. However, it has been described that human LSm1 promotes degradation of 

cellular mRNAs with special features such as mRNAs containing AU-rich elements 

(ARE) in their 3´UTR7. The mechanism by which LSm1 influences the fate of these 

specific mRNAs is unknown. To explore how LSm1 may exert its function we tested 

whether the LSm1-7 complex could specifically interact with the 3´UTR of the β-

globin-ARE mRNA, the reporter mRNA used in the study of Stoecklin and 

colleagues. Indeed, LSm1-7 bound to the 3´UTR of β-globin only if it contained the 

ARE element. Thus, binding correlated with LSm1-7-dependent degradation (Figure 

S2a).  

 

Following, we performed competition assays in which 32P-labeled BMV RNA 

3’UTR and BMV RNA3 IR transcripts were incubated with the LSm1-7 complex in 

the presence of increasing amounts of unlabeled 3’UTR from ß-globin ARE mRNA 

(Figure S2b, upper panel). LSm1-7 binding ß-globin ARE mRNA totally competed 

LSm1-7 binding to both BMV 3’ UTR and BMV IR. In a reversed experimental set-

up, the binding to both BMV 3’UTR and BMV IR completely competed LSm1-7 

binding to the 3’UTR from ß-globin ARE mRNA (Figure S2b, lower panels). These 

observations suggest that BMV RNA3 3’UTR, BMV RNA3 IR and ß-globin ARE 

mRNA bind to the same site within the LSm1-7 complex. 

 

Furthermore, the finding that a recombinant human LSm1-7 complex to is able to 

directly interact with a cellular mRNA and with (+)RNA viral genomes from HCV, a 

human virus (Publication III), and BMV, a plant virus capable of replicate also in 
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yeast, suggests a functional conservation of this complex across kingdoms, not only 

in their cellular roles but also in their function in the replication of (+)RNA viruses. 

To corroborate this statement one should not forget also that Hfq, the bacterial 

counterpart of LSm1-7 complex, binds its targets following similar binding patterns 

and play equal roles in the life cycles of a (+)RNA virus. 

 

 

 
Figure S2. LSm1-7 complexes bind to a 3´UTR of β-globin mRNA that contains an ARE element 

through the same binding site used to bind to BMV 3’UTR and BMV IR. (a) Gel-shift analysis were 

performed using LSm1-7 complexes and radiolabeled transcripts of the 3’UTR of ß-globin mRNA, with 

or without a 51-nt long ARE-element derived from the murine GM-CSF gene (ß-globin ARE and ß-

globin, respectively; (Stoecklin et al., EMBO Rep (7) 72 (2006)). The asterisk marks the position of the 

RNA transcripts bound to LSm1-7 complexes. (b) Labeled BMV 3’UTR and BMV IR transcripts were 

incubated with LSm1-7 complexes in the presence of increasing amounts of unlabeled 3’UTRs ß-globin-

ARE RNA as competitor (upper panels) or radiolabeled 3’UTR of the ß-globin-ARE RNA transcripts 

were incubated with LSm1-7 complexes in the presence of unlabeled transcripts of either BMV 3’UTR or 

BMV IR (lower panels). 
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3.2 Part  I I    

Evaluation of the role of P-body components LSm1-7, Rck/p54 and PatL1 in 
the replication of Hepatitis C Virus 
 
 

3.2.1 Publication II 

Scheller N, Resa-Infante P, de la Luna S, Galão RP, Albrecht M, Kaestner L, 

Lipp P, Lengauer T, Meyerhans A, Díez J. Identification of PatL1, a human 

homolog to yeast P body component Pat1. Biochim Biophys Acta 1773: 1786-

1792. (2007) 

 

 

The 5’-3’-deadenylation-dependent decapping pathway of mRNA degradation is well 

conserved from yeast to humans. With the exception of Pat1, all the corresponding 

human homologues have been identified and shown to localize to P-bodies as do 

their yeast counterparts (57 and references therein). In this research paper we 

described the identification of PatL1 as the human homolog of the yeast protein 

Pat1. PATL1 mRNA was shown to be ubiquitously expressed in all human tissues, 

as well as LSM1 and RCK/p54 mRNAs. Furthermore, as expected for the homolog 

of yeast Pat1, we observed that PatL1 protein accumulated in P-bodies and is 

required for its formation. My personal contribution for this manuscript was the 

setting up of the silencing conditions for the depletion of the proteins PatL1 and 

Rck/p54 within the cells and evaluate its effect in P-body formation (Figure 4).  
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3.2 Part  I I    

Evaluation of the role of P-body components LSm1-7, Rck/p54 and PatL1 in 
the replication of Hepatitis C Virus 
 

 
3.2.2 Publication III 

Scheller N*, Mina LB*, Galão RP*, Chari A, Giménez-Barcons M, Noueiry A, 

Fischer U, Meyerhans A, Díez J.Translation and replication of hepatitis C virus 

genomic RNA depends on ancient cellular proteins that control mRNA fates. PNAS 

106: 13517-13522 (2009). * Equal contribution 

 
 

 

Given the conservation of the 5’-3’-deadenylation-dependent mRNA decay pathway 

from yeast to humans and the common need of all (+) RNA viruses to regulate the 

transition of their genomes from active translation to a translational inactive state to 

allow replication, an exciting possibility is that the function of Dhh1, LSm1-7 and 

Pat1 is utilized not only by BMV to replicate in yeast but also by human viruses to 

replicate in human cells. In this paper we showed that indeed the respective human 

homologues, namely Rck/p54, LSm1-7 and PatL1, are necessary for HCV 

replication. We also showed that the requirement of these proteins for efficient 

HCV RNA translation was linked exclusively to the 5’- and 3’ untranslated regions 

(UTRs) of the viral genome. My main personal contribution to this manuscript was 

to give further insight into the model of action of LSm1-7 on HCV life cycle. By 

performing in vitro electromobility assays with reconstituted LSm1-7 rings, I was 

able to show that this complex specifically binds to defined sequences in the 5’- and 

3’ UTRs that are known to play key roles in the regulation of HCV translation and 

replication (Figures 3 and S5). 
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3.2.3 Appendix I: 

HCV 5’- and 3-’UTRs bind to at least two different sites within the LSm1-7 

complex 

 

As previously described in Part I of this “Results” section, LSm1-7 complex strongly 

binds to areas in Brome mosaic virus (BMV) RNAs that contain important 

regulation signals for translation and recruitment. In particular, we showed 

interactions with the 3’ UTRs of all three genomic RNAs and with the intergenic 

region (IR) of BMV RNA3 (Publication I). Concerning cellular mRNAs, no specific 

binding target for the LSm1-7 complex has been published yet. However, as we 

described in Part I – Appendix II (Fig S2a), LSm1-7 complex specifically binds an 

ARE-containing β-globin mRNA, through the same binding site(s) used to bind 

BMV RNA3 3’UTR and BMV IR. 

 

In order to address if the LSm1-7 complex directly interacts with HCV RNAs 

through the same binding sites used to bind the upper mentioned transcripts, we 

performed competition assays in which 32P-labeled HCV 5’UTR or HCV 3’UTR 

transcripts were incubated with the LSm1-7 complex in the presence of increasing 

amounts of either unlabeled 3´ UTR from β-globin-ARE mRNA, BMV RNA3 

3’UTR or BMV RNA3 IR. An unlabeled self transcript was used as a positive 

control for competition and two non-binding RNAs, the 3´ UTR from β-globin 

mRNA and the BMV RNA1 5´UTR, were used as negative controls (Figures S1b 

and S2a). Both BMV RNA transcripts tested, as well as the β-globin-ARE mRNA, 

competed LSm1-7 binding to the HCV regions. However, these competitions were 

not complete. In a reversed experimental set-up, the binding HCV RNA regions 

completely competed LSm1-7 binding to the 3´ UTR β-globin-ARE mRNA and the 

BMV RNA regions (Figure S1c and S2b). Together these data suggest that both 

HCV RNAs bind to at least two different sites within the LSm1-7 complex while 

only one of these is utilized by the BMV RNA3 3’UTR, the BMV RNA3 IR and the 

β-globin-ARE mRNA.  

 

The existence of different binding sites in LSm1-7 complexes, together with the fact 

that LSm1-7 and the related Hfq complex present similar patterns of binding, may 
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indicate that LSm1-7 ring also has two independent RNA-binding surfaces, as occurs 

with Hfq36. RNA-binding sites at Hfq complex are present in both proximal and 

distal faces allowing the simultaneous binding of two RNA targets. This finding can 

have particular importance to understand not only how LSm1-7 ring interact with 

their different RNA targets, but also give insights into the molecular roles associated 

to their function in cellular mRNAs and viral life cycles. 

 

 

 
 

Figure S1. Interaction of LSm1-7 to a β-globin mRNA that contains an ARE element partially 

competes the binding of LSm1-7 to HCV regions. 

(a) Gel-shift analysis were performed using LSm1-7 complexes and radiolabeled transcripts of the 3’UTR 

of ß-globin mRNA, with or without a 51-nt long ARE-element derived from the murine GM-CSF gene 

(ß-globin ARE and ß-globin, respectively; (Stoecklin et al., EMBO Rep (7) 72 (2006)). The asterisk marks 

the position of the RNA transcripts bound to LSm1-7 complexes (b) Labeled HCV 5’ (upper panels) and 

HCV 3’UTR (lower panels) transcripts were incubated with LSm1-7 complexes in the presence of 

increasing amounts of unlabeled 3’UTRs of ß-globin or ß-globin-ARE RNA as competitors. (c) 

Radiolabeled 3’UTR of the ß-globin-ARE RNA was incubated with LSm1-7 complexes in the presence of 

increasing amounts of unlabeled transcripts of either itself, HCV 5’UTR or HCV 3’UTR.  
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Figure S2. Binding of Lsm1-7 complexes to the 5’UTR and 3’ UTR of HCV is competed by the 

3’UTR and the Intergenic Region (IR) of BMV RNA3.  

(a) Radiolabeled HCV 5’UTR (upper panels) and HCV 3’UTR (lower panels) were incubated with 

reconstituted LSm1-7 complexes in the presence of increasing amounts of either unlabeled 3’UTR or IR 

of BMV RNA3, or unlabeled transcripts of itself, as competitors. The non-binding 5´UTR of BMV 

RNA1 was used as a non-competing control. (b) Labeled 3’UTR (upper panels) or IR (lower panels) of 

BMV RNA3 were incubated with LSm1-7 complexes and increasing amounts of unlabeled 5’UTR of 

BMV RNA1, 5’ UTR or 3’UTR of HCV, or unlabeled transcripts of itself. 
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3.2.4 Appendix II: 

Deletion of single hairpin stem-loops at SLIII does not disrupt LSm1-7 

binding to HCV IRES  

 

The electro-mobility shift analysis presented in publication III, showed that SLIII 

was both necessary and sufficient for binding of the LSm1-7 ring to the 5’UTR 

region of HCV genome, as evidenced by binding to a RNA motif containing 

exclusively the corresponding positions 129-290  (highlighted in Figure S3, left 

panel) and by loss of binding upon removal of it. SLIII displays distinct 40S subunit 

and eIF3 interactions sites, thus playing key role in translation initiation. 40S subunit 

binds at the basal domain IIIdef and domain IIIc, while apical domains IIIab 

provide a platform for eIF3 binding (reviewed at 144). Additionally, NFAR proteins 

were also shown to bind to this region indicating that SLIII functions in viral 

replication159. The potential overlapping of LSm1-7, NFAR proteins and eIF3 

binding sites can have interesting molecular implications concerning translation 

regulation.  

 

To better understand which are the exact binding site(s) of LSm1-7 complex within 

the SLIII, we decided to delete the different hairpin stem-loops present in this 

region and evaluate its effect in the binding of the complex to HCV 5’UTR. We 

focused in the hairpin stem-loops because of the existence of ssRNA stretches in 

these areas that, given the defined binding patterns for this complex (Publication I), 

may be important for LSm1-7 binding to HCV IRES. For these band-shift assays, 

new transcripts were generated using HCV 5’UTR transcript (pos 1-400) as 

backbone, from which stretches related to the different hairpin stem-loops were 

deleted: ∆SLIIIa (positions 154 to 171 deleted – (∆154-171)), ∆SLIIIb (∆191-206), 

∆SLIIIc (∆228-238) and ∆SLIIId (∆249-281). Additionally, two more transcripts 

were generated: ∆SLIIIa/c, in which IIIa and IIIc were simultaneously deleted 

(∆154-171 + ∆228-238), and ∆knot, where a knot present in the apical part of the 

stem loop was removed (∆181-187 + ∆210-218) (Figure S3, left panel). Curiously, 

the deletion of any of these segments affected the binding of LSm1-7 ring to HCV 

5’UTR, as shown in Figure S3, right panel.  
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The data obtained in this set of band-shift assays do not define the position(s) where 

LSm1-7 ring binds to SLIII. Although, the findings presented here may indicate: i) 

the existence of two binding sites within the SLIII, where the removal of one of 

them would not provoke the disruption of the binding, similarly to what we 

observed in the binding of LSm1-7 to BMV IR that was only affected by the 

simultaneously removal of the binding sites L1 or L2 (Publication I); or ii) given that 

the deletions predictably did not caused major rearrangements in SLIII folding (data 

not shown), LSm1-7 binding to SLIII  can be more dependent on the structure than 

in the sequence, as it occurs in its binding to BMV RNAs tRNA-like structures 

(Publication I). Further studies, such as additional band-shift assays with new 

transcripts containing simultaneous deletions of hairpin stem-loops, or assessing 

protection patterns for SLIII in the presence and absence of LSm1-7 by techniques 

like Tb(III) hydrolysis mapping37,176, would be required to definitely define how 

LSm1-7 binds to HCV 5’UTR. 

 

 
Figure S3. LSm1-7 binding to HCV 5’UTR is not affected by single removal of hairpin stem-loops 

in SLIII. (Left Panel) Detailed structural organization of the mapped region from SLIII shown to bind to 

LSm1-7 ring (Adapted from Publication III and 177). Numeration refers to the nucleotide positions in the 

genome of the HCV Con1 strain. (Right Panel) Radiolabeled gel-purified RNA transcripts (described in 

the text) were incubated with reconstituted LSm1-7 rings. After complex formation, products were 

separated on a non-denaturating polyacrylamide gel and visualized by autoradiography. 

 

 

 

aa 
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3.2.5 Appendix III: 

LSm1-7 complex strongly interacts with transcripts containing SLIIId-e, 

SLIV and core elements 
 

Computer-assisted comparative analyses of diverse Hepatitis C Virus (HCV) 

sequences has revealed a remarkably high level of nucleotide sequence conservation 

in the core encoding region, in which synonymous mutations are suppressed178,179. 

These observations suggest that the nucleotide sequence can have a functional role 

beyond simply encoding the core protein147. Four conserved RNA stem-loop 

structures designated SL47, SL87, SL248, and SL443 have been predicted in the 

HCV core encoding region146,179 (Figure S4A). Interestingly, the core structures SL47 

and SL87, but not SL248 and SL443, were shown to be important cis-acting RNA 

elements required for HCV translation and replication. The integrity of these RNA 

elements was suggested to be important for the assembly of higher-order RNA 

structures and/or binding to (a) cellular protein(s), that would regulate HCV 

translation and replication147,180. Accordingly, since we showed that translation and 

replication of HCV depends on LSm1-7 proteins (Publication III), we considered 

the possibility of this complex to directly interact with these RNA elements present 

in the core region. Hence, to test this possibility we performed in vitro electro-

mobility shift assays using recombinant LSm1-7 rings and a set of transcripts 

designed in order to map an eventual interaction with the core gene (Figure S4B). 

 

Unpublished data from our laboratory, previous to the description of the existence 

of cis-acting signals in the stem-loops SL47 and SL87180, showed that LSm1-7 

complex strongly interacts with a transcript containing the nucleotides 250 to 650 

(250-650, Figure S4B, lanes 7-8). This transcript comprises SLIIId, SLIIIe and SLIIIf 

from the IRES, plus the SLIV where is localized the starting codon of the core 

protein, and also, from the core gene, SL47, SL87 and almost the totality of SL248 

(figure S4A). Taking into consideration the highly structured regions of this segment, 

we generated transcripts to address which of the sequence elements interacts with 

LSm1-7 complex. Firstly we tested transcripts designed to (i) exclude the SLs present 

in the core region (250-388); (ii) include SL47 (250-426; 290-426); include SL47 and 

SL87 (250-508; 290-508); or (iii) include SL47, SL87 and SL248 (250-650;  290-650). 



 

 99 

The justification to design these transcripts starting in nt-250 or nt-290 is related to 

the fact that the region comprised between these nucleotides, and where SLIIId is 

included, are still part of the area mapped for the interaction of LSm1-7 to the 

HCV5’UTR (Publication III). Thus, this design allowed us to clearer interpret the 

outcome of these binding assays and evaluate the eventual binding of LSm1-7 to the 

core gene structures. 

 

 
 
Figure S4. LSm1-7 complex strongly interacts with transcripts containing SLIIId-e, SLIV and 

core region elements.  

(A) Predicted RNA structures SL47, SL87, SL248 and SL443 in the core enconding region. The 

polyprotein initiator AUG in SLIV is pointed out by a arrow, and hairpin stem loops IIId-e are indicated 

(Adapted from Publication III and 180). (B) Gel-shift assays were performed using recombinant LSm1-7 

rings and generated RNA transcripts used map an eventual interaction with the core region. After 

complex formation, samples were loaded on a nondenaturating polyacrylamide gel and visualized by 

autoradiography. 
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We observed that transcripts 250-388 and 250-246 weakly bound LSm1-7 complex 

(Figure S4B, lanes 1-4) while curiously, transcripts 290-400 (Publication III, Figure 

3) and 290-426 showed no interaction with the ring (lanes 9-10). The difference in 

the binding of LSm1-7 to these constructs is eventually related with the presence or 

absence of SLIIId, what could indirectly suggest that this is the binding region of 

LSm1-7 to SLIII (Publication III). Although, the data presented previously excludes, 

at least, the possibility of SLIIId being the exclusive binding site since (i) the 

interaction of LSm1-7 with the SLIII results in a total shift of the corresponding 

transcript (Figure 3, publication III), while here we observed only a weak binding, 

and (ii) the removal of SLIIId do not disrupt the strong interaction between the 

complex and HCV 5’UTR (Part II – Appendix II). Furthermore, the finding that 

LSm1-7 do not bind to 290-426 transcript indicates that this complex do not interact 

with SL47. Following, when the sequence corresponding to SL87 was added (250-

508 and 290-508) we observed a slight increase in LSm1-7 binding capabilities 

(Figure S4B, lanes5-6 and 11-12). Importantly, the inclusion of the sequent stretch 

corresponding to SL248 (250-650 and 290-650) led to a complete band-shift (Figure 

S4B, lanes 7-8 and 13-14). Taken together, these observations pointed out to an 

important role of the RNA elements present in the region between nt-508 and nt-

650. To approach the importance of this segment for the binding to LSm1-7 

complex, we tested transcripts without stretches of the IRES SLIII (388-508, 388-

650, 426-650 and 508-650). We showed that the absence of these SLIII elements 

disrupted the previously observed bindings to LSm1-7 complex (compare lanes 7-8 

and 11-12 with lanes 13-18) and that the SL248 alone (508-650) is not able to 

interact with this complex.  

 

The data obtained in these experiments do not provide us enough evidence to 

conclude how LSm1-7 interacts with the core gene region. We could observe that 

sequences from the core region, nt508-650, are required for a total band shift of the 

transcripts 250-650 and 290-650. Although, that same elements by themselves do 

not bind to LSm1-7. Given that we showed in Publication I that not only the 

sequence but also the secondary structure of the RNA can be important for an 

efficient binding, it is possible that LSm1-7 complex can only interact with the 

regions of the core in very specific conformations, that only occur in the presence of 
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elements from the 5’UTR IRES. This would suggest that LSm1-7 may mediate an 

eventual RNA-RNA interaction between the IRES SLIII, or SLIV and RNA 

elements present in the core gene, such as the SL248. As suggested in the previous 

appendix, further mappings or protection assays in the presence or absence of 

LSm1-7 ring, are approaches that can guide to a better definition of the mechanism 

associated to the binding of LSm1-7 complex to these RNA elements. 
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3.2.6 Appendix IV: 

LSm1-7 complex and NF/NFAR proteins interact simultaneously with HCV 

5’ and HCV 3’UTR 

 

The cellular “NF/NFAR” proteins (Nuclear Factors associated with dsRNA) are a 

group of primarily nuclear proteins including NF90/NFAR-1, NF110/NFAR-2 (an 

isoform of NF90/NFAR-1), NF45 and RNA Helicase A (RHA). These proteins, 

with exception of NF45, belong to the widespread and functional diverse family of 

dsRNA binding proteins (DRBP) along with, for example, the dsRNA activated 

protein kinase PKR and the RNase III family including DICER159,181. NF/NFAR 

proteins are suggested to play crucial roles in mRNA post-transcriptional regulation, 

including mRNA stability, export and translation and may also have an important 

function in host defense (reviewed in 181). Interestingly, the NF/NFAR proteins 

were shown to be involved in the HCV RNA replication process159. The work of 

Isken et al. revealed that in cells containing replicating HCV RNA, the predominantly 

nuclear NF/NFAR proteins accumulate in the cytoplasmic viral replication 

complexes. Curiously, NF/NFAR  proteins were also shown to specifically bind to 

replication signals in the HCV genomic 5’ and 3’ termini that essentially overlap with 

the defined regions of interaction with the LSm1-7 complex (159 and publication III). 

Furthermore, a purified [NF90/NFAR1, NF45, RHA] complex was able to trigger 

the formation of a loop structure of the HCV RNA, what was suggested to be linked 

with its binding to HCV 5’- and 3’UTRs and to have an important role for viral 

replication. 

 

As mentioned previously, we have shown that LSm1-7 complex interacts with the 

same regions of HCV 5’- and 3’UTRs mapped to bind to NF/NFAR proteins. Thus, 

we considered the possibility that these complexes could compete for the binding to 

these regions of the HCV genome or, in alternative, if they were able to bind 

simultaneously. In contrast to  our work, the mapping of NF/NFAR proteins 

binding sites in HCV UTRs was performed using UV-cross linking assays with 

cellular extracts, followed by Western blot to identify the proteins of interest159. In 

order to uniform procedures, we established a band-shift assay using a 

chromatographic fraction of the purified [NF90/NFAR1, NF45, RHA] complex, 
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kindly provided by Dr Behrens, and labeled transcripts of the HCV 5’ and 3’UTRs. 

As expected, we showed a strong interaction between [NF90/NFAR1, NF45, RHA] 

complex and both 5’ and 3’UTRs of HCV, in which 1-2µg of this complex was able 

to totally shift the RNA transcripts (Figure S5A). Curiously, we observed a stepwise 

pattern of migration dependent on the amount of [NF90/NFAR1, NF45, RHA] 

complex, what may indicate the formation of higher-orders complexes. 

  

 

 
Figure S5. LSm1-7 and [NF90/NFAR1, NF45, RHA]  complexes interact simultaneously to HCV 

5’ and 3’UTR. (A) Bandshifts assays were perfomed with labeled HCV 5’ or HCV 3’UTR transcripts 

incubated with increasing amounts of a chromatographic fraction of the purified [NF90/NFAR1, NF45, 

RHA] complex (NFAR)), using essentially the same conditions described previously. (B) Similar assays 

were also performed in the presence or absence of 10pmol of reconstituted LSm1-7complex. 

 

Following, to address if the presence of LSm1-7 complex affects the binding of 

NFAR proteins to HCV RNAs, we performed an experiment in which labeled HCV 

5’ or 3’UTR transcripts were incubated with increasing amounts of [NF90/NFAR1, 

NF45, RHA] complex, in the presence or absence of 10pmol of LSm1-7 complex 

(Figure S5B). In the absence of LSm1-7, as expected from the outcome of data 

presented in Figure S5A, we observed a stepwise pattern of migration from both 

transcripts dependent on the amount of [NF90/NFAR1, NF45, RHA] complex 

(Figure S5B, compare lanes 1, 3, 5 and 7 and lanes 9, 11, 13 and 15). Interestingly, 

the presence of LSm1-7 complex led to a super-shift of the transcripts (Figure S5B, 
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lanes 4, 6 and 8 and lanes 12, 14 and 16). Such observation could be due to i) a 

positive competition of the LSm1-7 complex that could provoke to the disruption of 

the binding of the [NF90/NFAR1, NF45, RHA] complex to the RNA or ii) a 

simultaneously binding of both complexes to the transcripts. In the first case, if the 

LSm1-7 complex totally competed the binding of NF/NFAR proteins to the target 

RNAs, one would expect that the transcripts would migrate always at the same level, 

given that the amount of LSm1-7 complex is constant. Although, we can observe 

that in the presence of LSm1-7 complex, the migration of HCV 5’UTR or HCV 

3’UTR labeled transcripts has also a stepwise pattern (Figure S5B, compare lanes 2, 

4, 6 and 8 and lanes 10, 12, 14 and 16). Given the previously described results we 

suggest that such pattern can be attributed to the increasing amount of 

[NF90/NFAR1, NF45, RHA] complex added. In resume, these experiments 

indicate that LSm1-7 and [NF90/NFAR1, NF45, RHA], complexes, previously 

described to bind to similar regions of HCV genome, can interact simultaneously 

with HCV 5’ and 3’UTRs. Although, further experiments are required to clarify if 

both complexes are directly binding to the RNA, or if there is a protein-protein 

interaction involved, as well as if there is a biological meaning to these observations. 
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4. Discussion 
 
Viruses life cycles are remarkably diverse, even within the same group, but have in 

common, however, the dependence on host factors to achieve their multiplication. 

Thus, the identification of common cellular factors requirements might provide not 

only clues about viruses origins and their evolutionary links, but also imply an 

important clinical impact, since such common factors can potentially be used as 

targets for broad-spectrum antiviral strategies. 

 
Members of the group of (+)RNA viruses were shown to interact with the host 

decay machinery in order to express their genomes and regulate their life cycles. 

Previous works using the BMV/yeast system demonstrated that the proteins LSm1-

7, Dhh1 and Pat1, activators of mRNA decapping in the 5’-3’-deadenylation-

dependent mRNA decay pathway, are essential cellular factors required for both 

translation and exit from translation to replication of the BMV genome123-125. Given 

the conservation of the 5’-3’ mRNA decay pathway from yeast to humans, together 

with the common requirement of all (+)RNA viruses to regulate the switch of their 

genomes from an active to an inactive translational state to allow replication, we 

hypothesized that LSm1-7, Dhh1, and Pat1 proteins function not only in BMV 

replication in yeast but can also be required for the replication human (+) RNA 

viruses in human cells.  

  

 
The decapping activators LSm1-7, Dhh1 and Pat1 are conserved from yeast to 

humans 

In yeast, the cellular proteins LSm1-7, Dhh1 and Pat1 interact with each other in an 

mRNA-independent way and accumulate in P-bodies with other components of the 

5’-3’ mRNA decay pathway6,73,75,182. In contrast to the other components of this 

mRNA decay pathway, the human homologue of the yeast Pat1 protein was still 

unknown. Pat1 is a particularly interesting protein since besides acting as activator of 

decapping, translation repressor and promoter of mRNPs assembly, it is also known 

to be involved in the antagonistic process of translation initiation, thus suggesting an 

important regulatory role33,72,74,75. We described the identification of an human gene, 

which we denominated PATL1, coding for an ORF that presents similar features to 
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the yeast PAT1. PATL1 mRNA was ubiquitously expressed in all tested human 

tissues, as well as the mRNAs from LSM1 and RCK/p54, the human homologues of 

the yeast proteins LSM1 and DHH1, respectively. This general expression can be 

considered expectable given the involvement of these proteins in a decay pathway 

that is conserved from yeast to humans, and that is one of the principal routes for 

mRNA turnover. Furthermore, the unequal levels of these mRNAs detected in 

different tissues - and assuming a direct correlation with the corresponding proteins 

levels - may indicate the existence of a tissue-specific regulation of mRNA turnover. 

Such tissue-specific regulation would not be an isolated case since mRNA translation 

and degradation can also be regulated by miRNAs, which are produced in a tissue-

specific manner183. 

 

Regarding the localization of this protein within the cell, we showed that 

fluorescence-tagged PatL1 accumulates in distinct cytoplasmic foci which we 

recognized as P-bodies, since it co-localized with the P-body components LSm1, 

Rck/p54 and Dcp1, resembling the cellular localization of Pat1 in yeast. 

Furthermore, human PatL1 parallels yeast Pat1 which when suppressed leads to P-

body loss69,184. Similar observations are described for the depletion of proteins 

acting in the early stages of the 5’-3’ mRNA decay, such as Dhh1 in yeast, and 

Rck/p54 and LSm1 in humans, indicating their requirement for P-body 

formation69,185. This requirement was linked to their role in regulating the exit of the 

mRNAs from translation to a non-translating state that is essential for P-body 

formation.  Together, these observations strongly indicate that PatL1 is the human 

homolog of the yeast Pat1, suggesting that this protein, together with LSm1-7 and 

Rck/p54, has a conserved role as regulator of mRNA fates both in yeast and 

humans.  

 

 

LSm1-7, Dhh1 and Pat1 play a key role in the replication of (+)RNA viruses 

Given the apparent functional conservation of LSm1-7, Dhh1 and Pat1 proteins in 

yeast and humans, we considered likely that their role in the replication of (+)RNA 

viruses could also be preserved in human cells. Remarkably, our subsequent studies 

demonstrated that the down-regulation of LSm1, Rck/p54 and PatL1 expression 
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affects translation and replication of HCV. This effect was observed in both 

genotype 1b replicons and genotype 2a viral derivatives. In the case of genotype 2a 

infectious HCV, although the observed inhibition of particle production and viral 

RNA accumulation is expected to be associated with an early step of the viral life 

cycles, such as translation or replication, one can not exclude an additional effect on 

RNA encapsidation. In addition to the roles of these proteins in BVM and HCV life 

cycles, others had previously observed that Hfq, the homolog of LSm1 in bacteria, is 

a factor required for the replication of the (+)RNA bacteriophage Qß and that 

efficient retrotransposition of the yeast retrovirus-like element Ty-1 and Ty-3 is also 

dependent on Dhh1, LSm1 and Pat126,186-188. 

 

The life cycle of (+)RNA viruses and retroviruses have in common the need to 

separate the steps of replication and assembly from the translation of their genomes, 

in order to avoid competition between the respective replicative or packaging 

machineries and the elongating ribosomes for acceding the viral RNA77. Thus, the 

fact that some members from both virus groups are dependent on host factors 

which cellular function is linked to the regulation of the switch of the cellular 

mRNAs from a translational to a non-translational state, can indicate that the 

viruses hijacked the proteins cellular function to their own benefit. The implications 

regarding the involvement of proteins from this mRNA decay pathway in viral life 

cycles will be discussed further below. 

 

 

LSm1-7 rings interact directly with important regulatory signals within BMV 

and HCV RNA genomes   

To address the molecular mechanisms underlying the role of these proteins in the 

replication of BMV and HCV we decided to focus on the LSm1-7 ring because it 

interacts directly with cellular mRNAs and thus it was a good candidate to establish 

such kind of interactions with viral genomes. This complex belongs to the Sm-family 

of proteins known to interact directly with their target RNAs, in order to play their 

function in multiple aspects of RNA metabolism, as well as to facilitate RNA-RNA 

and RNA-protein interactions3. Accordingly, the function of LSm1–7 rings as 

activators of decapping of cellular mRNAs involves their direct binding to short 
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oligo (A) tracts at the 3’end of deadenylated cellular mRNAs6,10,33,175. To address the 

possibility that  LSm1–7 rings interact directly with the BMV and HCV RNA 

genomes, we performed in vitro band-shift assays using the newly available functional 

recombinant reconstituted LSm1-7 complexes174. These assays provided important 

information that help us not only to understand better the role of this complex in 

viral life cycles, but also to newly define some biochemistry aspects associated with 

the LSm1-7/RNAs interactions, that I will be discussing next. 

 

Previously to our work only two other studies addressed the binding specificity of 

LSm1-7 to RNA sequences other than homopolymers. Firstly, by performing band-

shift assays with the same reconstituted LSm1-7 rings used in our study, it was 

shown that this complex is able to directly interact and stabilize reporter RNAs 

containing 5’poly(A) tracts32. In the other study, binding assays were performed 

using a purified yeast LSm1-7/Pat1 complex showing a preferential binding of this 

complex to oligoadenylated rather than to polyadenylated RNAs. Additionally it was 

also shown a direct interaction of this complex near or at 3’ends containing oligo(U) 

stretches34. However it is not clear how the presence of Pat1 protein in this complex 

contributes to its binding specificity. 

 

Here, we were able to show that reconstituted LSm1-7 complexes specifically 

recognize important signals, either in BMV and HCV genomes, that regulate their 

translation and/or replication. In the BMV genome LSm1-7 was shown to directly 

interact with the tRNA-like structure (TLS) region present in the 3’end of all three 

genomic RNAs, and to two internal single-stranded A-rich loop sequences (L1 and 

L2) in the intergenic region of BMV RNA3. Concerning its association with the 

HCV genome, LSm1-7 complex recognizes the SLIII, that makes part of the highly 

structured IRES, present in the 5’UTR of the genome, and also the poly(U/UC) tail 

in the HCV 3’UTR. These data constitutes the first evidence that the LSm1-7 

complex is able to directly interact with viral genomes representing also novel 

LSm1-7 interaction sites. 

 

These newly defined RNA-target sites for LSm1-7 rings resemble the ones described 

for Hfq, their bacterial counterpart3,37. Hfq forms an homohexameric ring complex 
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that functions as regulator of mRNA decay and is also known to enable translational 

control and mRNA stability by facilitating RNA-RNA and RNA-protein 

interactions3. Furthermore, the upper mentioned role of Hfq as cellular factor 

required for the replication of the (+)RNA bacteriophage Qß26 has been associated 

with its RNA chaperone activity, as this complex is capable of remodeling the 

structure of the viral RNA in order to allow the access of the viral replicase to the 

3’end and subsequent initiation of replication27. Mutational analysis and competition 

assays have shown that Hfq complex binds RNA substrates on both proximal and 

distal faces of the ring, however with different binding specificities35. The distal face 

binds to poly(A) sequences while the proximal face binds to internal AU-rich regions 

located close to stem-loop structures in non-coding RNAs (ncRNAs) or to highly 

structured regions like tRNAs36,37. As for Hfq, LSm1-7 complexes bound to internal 

regions, in this case A-rich stretches present in L1 and L2 that flank a stem-loop 

RNA structure of the intergenic region of BMV and the poly(U/UC) present in the 

3’UTR of HCV genome. Additionally, it also bound to the AU-rich element (ARE) 

present in a ß-globin mRNA reporter. Furthermore, we showed the LSm1-7 

complex bound to two highly structured regions, the tRNA-like sequence (TLS) in 

the 3´UTRs of BMV RNAs and to the SLIII of HCV 5’UTR IRES.  Interestingly, as 

described for the Hfq/tRNA interactions, is not the sequence motifs per se but the 

structural motifs of these highly structured regions what promote the binding of 

LSm1-7 to their RNA targets. By mapping the minimal BMV 3’UTR sequence 

necessary for optimal binding, we observed that LSm1-7 ring totally shifts the 

transcripts only in the presence of the complete 3’UTR sequence. Removal of 

stretches in the BMV 3’UTR either from the tRNA-like structure or from the non-

tRNA-like structure led to a lower binding efficiency. Regarding the SLIII of HCV 

IRES, we showed that the single removal of the ssRNA hairpins existent – the 

predictable binding sites of LSm1-7 within SLIII - did not disrupt the binding this 

region, indicating that the interaction of LSm1-7 with SLIII is not dependent in the 

sequence or that exists at least two binding sites. 

 

 

 The fact that the described binding properties and functions of LSm1-7 complexes 

are similar to those observed for the bacterial Hfq, suggest a strong conservation 
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through evolution. However, it is still an unanswered question if the LSm1-7 

complexes use both faces of the ring to interact with their target RNAs, as it occurs 

with Hfq. Our cross-competition binding analysis showed that both BMV 

sequences, as well as the ARE-element,  bound through the same binding site(s) in 

the LSm1-7 complex. A similar observation occurred when HCV 5’- and 3’UTRs 

were competed with each other. However, the observation that the binding of 

LSm1-7 ring to HCV RNAs is only partially competed by BMV RNA3 3’UTR, BMV 

RNA3 IR or ß-globin-ARE mRNA, indicates that HCV 5’ and 3’UTR bind to at 

least two different sites within LSm1-7 complex, from which only one of them is 

utilized by the other transcripts. Albeit our data point to the existence of multiple 

binding sites in the LSm1-7 complex, only the attainment of crystal structure from 

the ring will definitely clarify if this complex uses both faces to bind RNAs. In any 

case, the finding that this complex can bind two different transcripts simultaneously 

can have important impact to the clarification of its role in the regulation of either 

cellular mRNA and viral RNA fates. For example, Bergman and colleagues  

proposed recently that LSm1-7 regulates mRNAs generated by poxviridae32. Viruses 

of this family generate viral mRNAs with additional oligo(A) tract located at their 

5’ends. They have shown that the binding of reconstituted LSm1-7 rings to such a 

tract in the 5’end of reporter RNAs does not result in mRNA decay but rather in 

RNA stabilization through inhibition of decapping and degradation. This effect was 

proposed to be the result of a 5’-3’-circularization of the viral RNA mediated by 

binding of the LSm1-7 complexes to the 5’ and 3’ends. 

 

The requirement of LSm1-7 complex for the efficient translation of Hepatitis C 

virus can be mediated by a similar process, as supported by our observation of a 

direct interaction of the LSm1-7 rings with sequences in both 5’ and 3’UTRs. These 

interactions might facilitate rearrangements in the viral RNP structure and/or 

composition, by recruiting proteins such as Rck/p54 and PatL1, that instead of 

promoting decay, can possibly promote HCV RNA translation and subsequent 

transfer to replication. In this context, the potential overlap of the LSm1-7 and eIF3 

binding sites in SLIII of HCV 5’UTR can have interesting implications, since at a 

later stage of the infection process and, eventually, in a different context of factors, 

LSm1-7 complex could also be part of the inhibition of translation by interfering 
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with the interaction of eIF3 with the IRES. The hypothesis that LSm1-7 is 

eventually involved in the circularization of the HCV genome is also supported by 

the observation that NFAR proteins interact essentially with the same regions in 

both HCV 5’ and 3’UTRs159 and that can do it simultaneously with LSm1-7 rings. 

The NFAR proteins are known to promote HCV RNA 5’-3’ interactions although 

the mechanism has yet to be defined. However, the fact that both NFAR and LSm1-

7 rings interact specifically with essential replication signals in the HCV UTRs 

suggests that genome circularization is a decisive precondition of the HCV life cycle, 

what supports the generally accepted concept that 5’-3’ RNA-RNA interactions are 

required for the replication of (+)RNA viruses. 

 

Regarding the molecular mechanisms associated with the role the LSm1-7 complex 

in the replication of BMV we showed that LSm1-7 rings interacted directly with 

tRNA-like structures present in the BMV RNA sequences, and with two A-rich 

loops present in the intergenic region of BMV RNA3. Importantly, in vivo analysis 

showed that these sites are required for the regulation of translation and recruitment 

of BMV RNA. For BMV RNA3, substitution of the TLS region by a poly(A) tail 

suppressed the requirement of LSm1-7 complexes for RNA3 translation and 

recruitment. Since poly(A) tails in cellular mRNAs mediate 5´-3´circularization via 

the binding of the poly(A)binding protein, the LSm1-7/TLS binding may promote 

such 5´- 3´interactions in BMV RNAs, what would mean that LSm1-7 might be 

playing a similar and conserved role in both HCV and BMV RNAs. Furthermore, 

the Sm complexes, as well as LSm2-8 and Hfq, were shown to present RNA 

chaperone-like activities, facilitating a variety of RNA-RNA and RNA-protein 

interactions3. Thus, we consider plausible that LSm1-7 functions similarly in their 

RNA targets. Accordingly, the binding of LSm1-7 to the TLS and the loops L1 and 

L2 of the internal region might facilitate rearrangements in the viral 

ribonucleoprotein (RNP) structure in order to promote the 5’-3’ interaction. 

However, given that LSm1-7 rings do not interact with the 5’UTR of the BMV 

RNAs, this interaction might be mediated by other cellular proteins. A good 

candidate would be Pat1 since it interacts directly with the Lsm1-7 complex and has 

been shown to be important not only for activation of decapping but also for 

translation initiation (REF), The 5´-3´circularization, as occurs with the cellular 
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mRNAs, would then stabilize the RNA permitting an efficient translation and, 

additionally, the 1a-dependent recruitment via recognition of the RE element.  

 

 

Function of the Lsm1-7 complex in the antagonistic processes of BMV RNA 

translation and recruitment 

The observation that the absence of LSm1-7 complexes lead to the inhibition of 

both BMV RNA3 translation and recruitment indicates that the binding of LSm1-7 

complex is required for both processes. Furthermore, as these processes are 

antagonistic, since they can not occur simultaneously in the same RNA molecule, 

alterations such as the presence of 1a protein expression or the absence of some of 

the LSm1-7 interaction sites in the viral genome would result in favoring one over 

the other. Accordingly, we observed that deletion of the L1 and L2 internal loops 

resulted in inhibition of translation and in enhancement of recruitment. Such 

deletion would prevent the binding of the LSm1-7 complex and hence inhibit 

translation by interfering with the 5’-3’ circularization. This translation inhibition 

might then result in a LSm1-7-independent enhancement of recruiting due to the 

absence of the competing translation function. Alternatively, deletion of these 

internal sequences could affect the RNP reorganization in such a way that the RE 

signal might be more accessible to the 1a protein. However, we can not exclude that 

the observed effects may be also due to the binding to the loops L1 and L2 of 

additional host factors not identified yet. 

 

Deletion of both L1 and L2 loops in the intergenic region of the RNA3 was required 

to abolish LSm1-7 binding, however deletion of either L1 or L2 inhibited translation 

and enhanced recruitment. It is yet unclear which are the basis of this particular 

disconnection between the in vitro binding assays and the in vivo functional data. 

However, it might be possible that in the in vivo setting, where the local 

concentration of viral RNA and LSm protein is low, the presence of both L1 and L2 

sites are important to promote efficient LSm1-7 binding. Hence, under in vivo 

conditions, a suboptimal binding site would not suffice to allow LSm binding and 

function. In the in vitro setting, however, we may simply override this subtle effect. 

Such disconnection can also be linked to the eventual RNA chaperone-like activity 
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that LSm1-7 complex might present. Thus, the binding of LSm1-7 to L1 and L2 in 

the intergenic region can be promoting a RNA conformation changes that facilitates 

the recruitment of other cellular or viral components, or favoring a RNA-RNA 

interaction important for the regulation of the transition between translation and 

recruitment. If this is the case, the binding of LSm1-7 just to one of the loops could 

lead to a misfolded conformation of the viral RNA that would not be functional and 

able to correctly mediate such RNA-RNA or RNA-protein interactions, but 

somehow favoring viral RNA recruitment. However, this fact would not necessarily 

correspond to a loss in the efficiency of binding of LSm1-7 complex to the 

transcripts ∆L1 or ∆L2 when compared to IR transcript. 

 

How Lsm1-7 complexes can function in both translation and replication of  BMV 

and HCV genomes? Such an apparently antagonistic function, to promote both 

translation and exit from translation, is not without precedent as cellular proteins 

acting in two antagonistic processes such as translation initiation and translation 

repression have been described189. The regulation of this double function can be 

obtained by different mechanisms. CPEB is an example of a cellular translation 

regulator that can behave as a repressor or an activator depending on its 

phosphorylation status. By its turn, the regulator IRP acts as RNA-binding protein 

under low iron conditions repressing ferritin mRNA translation, while under high 

iron conditions shows cytoplasmic aconitase activity. These functions are mutually 

exclusive and, consistently, high iron conditions lead to a loss of affinity for RNA 

and the subsequent translation of ferritin mRNA. An advantage of using a single 

complex for opposing outcomes seems to be the possibility of responding rapidly to 

different cellular requirements. A similar advantage might apply for the regulation of 

the viral life cycle.  

 

 

Role of P-bodies in the (+)RNA virus life cycle 

P-bodies are cytoplasmic granules where translational repressed messenger 

ribonucleoproteins (mRNPs) accumulate in association with cytoplasmic decapping 

machinery components such as LSm1-7, Dhh1 and Pat1. Furthermore, mRNA and 

protein components of the miRNA, ARE-mRNA decay and NMD pathways can 
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also be observed in P-bodies (reviewed in55). However, the role, if any, that the 

assembly of individual mRNPs into P-bodies plays in promoting translational 

repression, decapping and/or mRNA decay is still an unresolved question. Recent 

studies have failed showing the loss of visible P-bodies as a cause for the inhibition 

of mRNA decay and translational repression pathway7,63,76. 

 

Some lines of evidence argue that the requirement of Lsm1-7, Pat1 and Dhh1 

proteins for replication of BMV is due to a role of P-bodies in concentrating 

genomic RNAs and viral proteins and subsequently promote their interaction with 

cellular membranes (reviewed in190). First, it was observed that BMV RNA2 and 

RNA3 accumulate in P-bodies, being RNA3 accumulation dependent on cis-acting 

signals that contribute to replication efficiency. Second, the viral polymerase 2a was 

also shown to accumulate in P-bodies and to co-immunoprecipitate with LSm1. 

Finally, at least some P-bodies are localized and can be biochemically associated 

with membranes where BMV and other viruses replicate191-193. Thus, a proposed 

model suggests that P-bodies containing genomic RNAs not engaged in active 

translation and viral replication factors, would interact with the cellular membranes 

in order to facilitate the interaction between the membrane-bound replication factor 

1a and the viral components in P-bodies, thereby leading to the assembly of a viral 

replication complex190. 

 

Our data demonstrate that the absence of LSm1-7 complex leads to an inhibition of 

translation and recruitment of  the viral RNA3. As the number of P-bodies in 

considerably reduced in the absence of LSm1 one should expect that the non-

translating RNA3 could not be targeted to these foci and, accordingly to the 

proposed model, this would affect the recruitment of the viral genomes by 1a 

protein and the subsequent formation of viral replication complexes in the 

membranes. In the other hand, the deletion of L1 and/or L2 lead also to translation 

repression but have opposite effect in the recruitment of BMV RNA3. In this case, 

the removal of L1 and/or L2, although inhibiting the translation, it should not 

affect the targeting to P-bodies as the required cis-acting signals are still present as 

well as the essential components for the assembly of these foci. Thus, once in P-

bodies the viral RNAs could be recognized and recruited by 1a protein. As 
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discussed before, the lack of the interaction sites of LSm1-7 complex could facilitate 

the formation of a RNP that favors the 1a-recognition leading to the increased 

levels of recruited RNA3. 

 

Finally, there are also observations for HCV, apart from the hereby described 

function of LSm1-7, Rck/p54 and PatL1 in its replication, that suggest a connection 

between HCV and P-bodies. First, the HCV core protein physically interacts with 

human helicase DDX3, which was recently shown to be essential for HCV-

replication, and both co-localize in cytoplasmic foci reminiscent of P-bodies194-197. 

Secondly, the replication of HCV is enhanced by the interaction of miRNA122 with 

the 5’UTR of the HCV genome198. This observation is curious since one function of 

miRNAs appears to be the ability to target mRNAs to P-bodies in mammalian 

cells199,200. However still very speculative, it has been suggested that assembly of an 

RNP containing P-body components and the HCV RNA is important for HCV 

replication190. 

 

It is now evident that key protein components of P-bodies are required for the 

successful completion of the life cycles of some (+)RNA viruses. However, it is still 

not clear if P-bodies, as a structure per se, play any role in the replication of these 

viruses. Such hypothetical involvement is very difficult to prove since the deletion 

of most of the human components of P-bodies results in their disassembly. 

Subsequent studies combining biochemical, biophysical, molecular, and cell 

biological approaches are needed to resolve this interesting issue and well as other 

questions regarding the importance of P-bodies in cytoplasmic mRNA metabolism 

of decapping and the assembly of repressed mRNPs. 

 



 

 118 



 

 119 

5. Supplemental Material & Methods 

 
Additional Constructs used in gel-shift assays (used in Part II – Appendices 

II and III)  

RNA sequences of interest were amplified by PCR using complete Con1 HCV 

genome (GenBank accession number AJ238799) as DNA template. Forward 

primers contain an EcoRI restriction site at the 5’end followed by the T7 promoter 

and the HCV sequence. Reverse primers contain a BamHI site at the 3’ end. The 

resulting EcoRI/BamHI PCR-fragments were subcloned into pUC18 (New England 

Biolabs). The oligonucleotide sequences used for amplifying the different areas are 

given in the table bellow. DNA fragments used in Part II-AppendixIII, ∆SLIIIa, 

∆SLIIIb, ∆SLIIIc, ∆SLIIId, ∆SLIII knot were obtained in a two-step PCR 

procedure. ∆SLIIIa/c was obtained also from a two-step PCR but using ∆SLIIIa as 

template.  

 

In v i t ro  transcriptions 

In brief, plasmid DNAs were linearized, extracted with phenol and chloroform, 

precipitated with ethanol, and dissolved in RNase-free water. α-32P-UTP labeled 

transcripts were in vitro synthesized from 1µg of the respective linerarized plasmid, at 

37°C for 4h in 25µl reaction mixtures containing 40mM Tris-HCl (pH 7.9), 6mM 

MgCl2, 10mM DTT, 10mM NaCl, 2mM spermidine, 1mM each ATP, CTP, GTP 

and UTP, 10U RNasin, 20U of T7 or SP6 polymerase (Fermentas), and 10 µCi of 

[α-32P]UTP. After 2 hours of incubation, additional 20U the corresponding RNA 

polymerase was added. Similar reaction mixtures were used for synthesis of 

unlabeled transcripts, with the exception of using 2.5-5µg of linearized plasmid and a 

final volume of 50µl. The 32P-labeled transcription products were gel purified in a 

5% acrylamide (19:1), 8M urea gel, and RNAs were then eluted from excised bands, 

over-night at 4°C, in an Elution buffer containing 300mM NaAc (pH8.2), 2mM 

EDTA and 0.1% SDS. Labeled transcripts were precipitated with ethanol, dried with 

speedvac and dissolved in RNase-free water.  In vitro transcriptions reactions 

performed without 32-P UTP were terminated with 1U of RNAse-free DNAse per 

µg of plasmid DNA and 1 hour incubation at 37°C.  RNA transcripts were extracted 

with phenol and chloroform, precipitated with ethanol, and dissolved in RNase-free 
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water. RNA concentration was determined by measurement of the optical density at 

260nm, and RNA integrity was checked by denaturing agarose gel electrophoresis. 

 

Expression and Purification of LSm1-8 Proteins and sub complexes 

LSM1, LSM4 and LSM8 were expressed as individual LSm proteins from pQE30 

vectors, while LSM2/3 and LSM5/6/7 sub-complexes were expressed from 

polycistronic cassettes inserted into pQE30 T5 expression vectors, as described in 

Zaric B, 2005. SG13009 E.coli cells were transformed with the respective plasmid 

DNA and plated on selective media. LB starter cultures were grown at 30°C 

overnight, and 2-12 liters of LB media were inoculated next day. Cultures were 

grown to an A600 of 0.8 at 37°C and induced with 1mM isopropyl 1-thio-D-

galactopyranoside at temperatures ranging 25°C and 37°C. Cells were harvested after 

4-48h of induction, depending on the construct. Cell pellets were resuspended in 

lysis buffer (20 mM HEPES-Na, pH 7.50, 0.5–1.0 M NaCl, 10 mM imidazole-Cl, pH 

7.50, 5 mM _-mercaptoethanol), sonicated,and treated with DNase I. Insoluble 

material was removed by ultracentrifugation, and supernatants were purified by 

immobilized metal ion affinity chromatography (IMAC) on nickel-charged Hi-Trap 

chelating Sepharose columns (Amersham Biosciences). LSm proteins and sub-

complexes were eluted with imidazole step gradients (60, 250, and 500 mM). If 

insufficiently pure, samples were subsequently dialyzed into 100 mM NaCl buffer 

without imidazole and subjected to ion exchange chromatography (100 mM to 1 M 

NaCl). Samples were frozen in liquid nitrogen in ion exchange buffer. 

 
 
Reconstitution and Purification of LSm1-7 and LSm2-8 complexes 

Individual LSm protein or sub-complex preparations were incubated in 4 M urea, 1 

M NaCl, 20mM HEPES (pH7.5) and 5mM DTT dissociation buffer for 2 h at 37 °C  

without shaking. Following, each protein or dissociated protein subcomplex was 

mixed in equimolar amounts and incubated 2-5hr at 37°C and 120rpm for the 

assembly of the desired heptamer. The sample was dialyzed in a 4000-6000 MWCO 

1.8ml/cm tube against buffer with progressively less salt (1 M and 0.5 M NaCl) 

overnight at 4 °C. Reconstituted LSm1–7 and LSm2–8 were then concentrated to 

10k MWCO centrifugal concentrators and injected for purification into Superdex 

200 10/300 GL gel filtration column, equilibrated in 20mM HEPES (pH7.5), 0.15M 
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NaCl, 5mM DTT. Pooled gel filtration fractions we then injected in a HiTrapQ HP 

1ml anion exchange chromatography column. 

 
 
Electro-mobility shift assays 

In a typical binding experiment, 300cpm (≈50fmol) of  labeled transcript is 

incubated with 20pmol of LSm1-7 complexes in a buffer containing 20mM HEPES-

NaOH pH 7.5, 200mM NaCl, 2mM MgCl2, 0.1U/µl RNAsin and 0.1µg/µl yeast 

tRNA in a 5µl assay at 30°C for 1h. A 2x loading buffer containing 4M Urea and 

20% Glycerol was added to each samples and then total volume was loaded on 

previously pre-run 5% native polyacrylamide, 4% Glycerol gels, and run at 4°C for 

2h, 30mA. Gel were autoradiographed at -80°C on maximum sensivity Kodak 

Biomalx Films (Sigma-Aldrich, Munich, Germany).  For gel shift assays that included 

RNA competition, we used 50-100fmol of labeled RNA and the indicated molar 

proportion of non-labeled transcripts, in a 20µl reaction. Buffer composition, LSm 

complex amount and remaining proceedings as described above. 

 

For gel-shift assays performed with NFAR proteins, 300cpm of [α-32P]-labeled 

transcripts were incubated with increasing amounts (0 to 2µg), of chromato-

graphically purified [NF90/NFAR1, NF45, RHA] complex, in a buffer containing 

20mM HEPES-NaOH pH 7.5, 200mM NaCl, 2mM MgCl2, 0.1U/µl RNAsin and 

0.1µg/µl yeast tRNA in a 20µl assay at 30°C for 1h. Remaining proceedings as 

described above. 
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Table 1: Primer sequences used to generate constructs for gel shift assays presented 

in Part II – Appendices II and III 

 

Amplified UTR Region Primer 
Name 

Sequence from 5’ to 3’ end 

250-388; 250-426; 250-
508; 250-650 

HCV250 fwd GGG AAT TCG TAA TAC GAC TCA  CTA TAG 
GCT AGC CGA G 

250-388 HCV388 rev GGG ATC CGT TTG GTT TTT C 
250-426; 290-426 HCV426 rev GGG ATC CCA CCG CCC G 
250-508, 290-508; 388-
508; 

HCV508 rev  GGG ATC CGA CCG CTC GG 

250-650; 388-650; 426-
650; 508-650; 

HCV 650 rev GGG ATC CAG AGC CAC GGG G 

290-426; 290-508; HCV290 fwd  GGG AAT TCG TAA TAC GAC TCA  CTA TAG 
GTG CCT GAT AGG 

388-508; 388-650 HCV388 fwd GGG AAT TCG TAA TAC GAC TCA  CTA TAG 
GAC CGC CGC CCA C 

426-650 HCV 426 fwd  GGG AAT TCG TAA TAC GAC TCA  CTA TAG 
GCA GAT CGT CGG 

508-650 HCV 508 fwd GGG AAT TCG TAA TAC GAC TCA  CTA TAG 
GCG CAA CCT CGT GG 

∆SLIIIa; ∆SLIIIb; 
∆SLIIIc; ∆SLIIId; 
∆SLIIIa/c; ∆knot 

HCVpos1 fwd GGG AAT TCG TAA TAC GAC TCA  CTA TAG 
GCC AGC CCC 

∆SLIIIa; ∆SLIIIb; 
∆SLIIIc; ∆SLIIId; 
∆SLIIIa/c; ∆knot 

HCV 400 rev  GGG ATC CTG TGG GCG GCG GTT GGT 
GTT AC 

∆SLIIIa ∆SLIIIa fwd  ATA GTG GTC TGC GGA ATT GCC AGG ACG 
∆SLIIIa ∆SLIIIa rev CGT CCT GGC AAT TCC GCA GAC CAC TAT 
∆SLIIIb ∆SLIIIb fwd CCG GAA TTG CCA GGA CGA CCG GGC CCG 

CTC CAA TGC CTG G 
∆SLIIIb ∆SLIIIb rev CCA GGC ATT GGA GCG GGC CCG GTC GTC 

C TG GCA ATT CCG G 
∆SLIIIc; ∆SLIIIa/c ∆SLIIIc fwd CCC GCT CAA TGC CTG GAG ATT CCG CGA 

GAC TGC TAG CCG 
∆SLIIIc; ∆SLIIIa/c ∆SLIIIc rev CGG CTA GCA GTC TCG CG AAT CTC CAG 

GCA TTG AGC GGG 
∆SLIIId ∆SLIIId fwd GCG TGC CCC CGC GAG ACT TGT GGT ACT 

GCC TGA TAG GGT 
∆SLIIId ∆SLIIId rev ACC CTA TCA GGC AGT ACC ACA AGT CTC 

GCG GGG GCA CGC 
∆knot ∆knot fwd CCG GAA TTG CCA GGG GTC CTT TCT TGG 

ATC AAC CCC TGG AGA TTT GGG CGT GCC 
CCC 

∆knot ∆knot rev GGG GGC ACG CCC AAA TCT CCA GGG GTT 
GAT CCA AGA AAG GAC CCC TGG CAA TTC 
CGG 
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6. Other Publications during Thesis 

 
 

 

 

Publication IV 

Saccharomyces cerevisiae: A useful model host to study fundamental biology of 

viral replication. Virus Research 120: 49-56. (2006) 

 

 

Publication V 

Saccharomyces cerevisiae: a versatile eukaryotic system in virology. Microb Cell 

Fact. 6: 32. (2007) 
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6.1. Publication IV: 

Alves-Rodrigues I, Galão RP, Meyerhans A, Díez J. Saccharomyces cerevisiae: A 

useful model host to study fundamental biology of viral replicaiton. Virus 

Research 120 : 49-56 (2006). 

 

 

Understanding the fundamental steps of virus life cycles including virus–host 

interactions is essential for the design of effective antiviral strategies. Such 

understanding has been deferred by the complexity of higher eukaryotic host 

organisms. To circumvent experimental difficulties associated with this, systems 

were developed to replicate viruses in the yeast Saccharomyces cerevisiae. The systems 

include viruses with RNA and DNA genomes that infect plants, animals and 

humans. By using the powerful methodologies available for yeast genetic analysis, 

fundamental processes occurring during virus replication have been brought to light. 

Here, we review the different viruses able to direct replication and gene expression 

in yeast and discuss their main contributions in the understanding of virus biology. 
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6.2 Publication V: 

Galão RP, Scheller N, Alves-Rodrigues I, Breinig T, Meyerhans A, Díez J. 

Saccharomyces cerevisiae: A versatile eukaryotic system in virology. Microb Cell 

Fact. 6 : 32 (2007). 

 

 

The yeast Saccharomyces cerevisiae is a well-established model system for 

understanding fundamental cellular processes relevant to higher eukaryotic 

organisms. Less known is its value for virus research, an area in which Saccharomyces 

cerevisiae has proven to be very fruitful as well. The present review will discuss the 

main achievements of yeast-based studies in basic and applied virus research. These 

include the analysis of the function of individual proteins from important pathogenic 

viruses, the elucidation of key processes in viral replication through the development 

of systems that allow the replication of higher eukayotic viruses in yeast, and the use 

of yeast in antiviral drug development and vaccine production. 
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